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ABSTRACT Endogenous short RNAs and the conserved plant homeodomain (PHD) zinc-finger protein ZFP-1/AF10 regulate over-
lapping sets of genes in Caenorhabditis elegans, which suggests that they control common biological pathways. We have shown
recently that the RNAi factor RDE-4 and ZFP-1 negatively modulate transcription of the insulin/PI3 signaling-dependent kinase PDK-1 to
promote C. elegans fitness. Moreover, we have demonstrated that the insulin/IGF-1-PI3K-signaling pathway regulates the activity of
the DAF-16/FOXO transcription factor in the hypodermis to nonautonomously promote the anterior migrations of the hermaphrodite-
specific neurons (HSNs) during embryogenesis of C. elegans. In this study, we implicate the PHD-containing isoform of ZFP-1 and
endogenous RNAi in the regulation of HSN migration. ZFP-1 affects HSN migration in part through its negative effect on pdk-1
transcription and modulation of downstream DAF-16 activity. We also identify a novel role for ZFP-1 and RNAi pathway components,
including RDE-4, in the regulation of HSN migration in parallel with DAF-16. Therefore, the coordinated activities of DAF-16, ZFP-1, and
endogenous RNAi contribute to gene regulation during development to ensure proper neuronal positioning.

WITH the identification of endogenous short interfering
RNAs (endo-siRNAs) in many organisms, including

plants, fungi, flies, nematodes, and mammals (reviewed in
Li and Liu 2011), has come the challenge of identifying their
biological and physiological roles. Caenorhabditis elegans en-
do-siRNAs that are generated by RNA-dependent RNA poly-
merases (RdRP) on messenger RNA (mRNA) templates
(Ruby et al. 2006; Aoki et al. 2007; Pak and Fire 2007) have
been termed 22G-RNAs due to the fact that they preferen-
tially begin with guanosine and are 22 nucleotides in length
(Gu et al. 2009). There are two main classes of 22G-RNAs,
which are designated according to their interacting Argo-
naute protein. The first class includes 22G-RNAs antisense
to protein-coding genes, which are found in complex with
the Argonaute CSR-1 (Chromosome Segregation and RNAi-
deficient) (Claycomb et al. 2009; Gu et al. 2009). 22G-RNAs
of the second class, which are present in complex with the

WAGO family of Argonautes, are antisense to transposons,
pseudogenes, cryptic loci, and some coding genes (Gu et al.
2009).

RDE-4 is a double-stranded RNA (dsRNA)-binding pro-
tein and a member of the Dicer complex required to initiate
silencing in response to exogenous RNAi (Parrish and Fire
2001; Tabara et al. 2002) and for the production of some
endo-siRNAs (Lee et al. 2006; Vasale et al. 2010). We have
previously demonstrated that RDE-4 cooperates with the
RNAi-promoting factor Zinc-Finger Protein 1 (ZFP-1) (Dudley
et al. 2002; Grishok et al. 2005; Kim et al. 2005) in modu-
lating insulin/IGF-1 signaling (IIS) through its negative
effect on transcription of the conserved 3-phosphoinositide-
dependent kinase-1 (pdk-1) gene (Mansisidor et al. 2011).
The upregulation of pdk-1 in rde-4(ne299) and zfp-1(ok554)
mutants was shown to be responsible for the increased sen-
sitivity to stress and shortened life span observed in these
animals (Mansisidor et al. 2011). We have recently discov-
ered a novel function of the IIS pathway in the hypodermis,
which serves to nonautonomously regulate hermaphrodite-
specific neuron (HSN) migration in a DAF-16-dependent
manner (Kennedy et al. 2013). Therefore, we were intrigued
by the possibility that RNAi may also contribute to the reg-
ulation of IIS during embryogenesis to influence neuronal
migration. Indeed, here we describe a role for both RNAi
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factors and the chromatin-binding protein ZFP-1 in the reg-
ulation of HSN migration.

ZFP-1 is a homolog of mammalian AF10 (Acute Lympho-
blastic Leukemia 1-Fused gene from chromosome 10) and is
best known for its role in leukemia caused by its fusion to
the mixed lineage leukemia (MLL) gene, which creates the
MLL-AF10 oncogene (Chaplin et al. 1995). However, the
normal developmental roles of AF10 remain elusive; there-
fore, studying its homolog ZFP-1 in C. elegans may help
advance our understanding of this protein. In fact, recently,
the highly conserved N-terminal plant homeodomain (PHD)
fingers of ZFP-1 were shown to be essential for C. elegans
viability (Avgousti et al. 2013). The PHD-finger domain of
ZFP-1 interacts with methylated lysine 4 of histone H3
(H3K4me3) and promotes the localization of the protein
to the promoters of active genes (including pdk-1) enriched
in H3K4me3 during embryogenesis (Avgousti et al. 2013).
Moreover, ZFP-1 was recently shown to be required for the
recruitment of DOT-1.1, a histone H3 lysine 79 methyltrans-
ferase, to the promoters of highly expressed genes through-
out development and to function, along with DOT-1.1, in
the negative modulation of their transcription in a negative
feedback mechanism (Cecere et al. 2013).

Here, we demonstrate that the long isoform of ZFP-1,
which contains the N-terminal PHD fingers, is required for
HSN migration. Combining epistasis analysis with the ex-
amination of DAF-16 subcellular localization, we show
that the upregulation of pdk-1 in zfp-1 loss-of-function
mutants contributes to the observed HSN undermigration
phenotype by limiting DAF-16 nuclear activity. Further-
more, we implicate a number of RNAi factors, including
the dsRNA-binding protein RDE-4, the dicer-related heli-
case DRH-3, and the Argonaute CSR-1, in the regulation
of HSN migration. However, these genes are likely to
function in parallel to DAF-16. Our study expands the
limited understanding of the normal developmental roles
of both ZFP-1/AF10 and endogenous RNAi by highlight-
ing their requirement in establishing proper neuronal po-
sitioning during development.

Materials and Methods

C. elegans strains

Strains were maintained at 20� using standard methods
(Brenner 1974). Bristol N2 was the wild-type strain used.
The following strains were provided by the Hobert lab:
SK4013 zdIs13 (tph-1::gfp)IV (Clark and Chiu 2003) and
OH8482 otIs225 (cat-4::gfp)II; him-8IV. The following strain
was provided by the Hengartner lab: zfp-1(op481)III. The
following strains were provided by the Jose lab: AMJ217
rde-4(ne301)III; jamEx52 (Punc-54::rde-4(+)&39 UTR plus
Punc-54::gfp&39 UTR) and AMJ188 rde-4(ne301)III; jamEx3
(Pf25b3.3::rde-4(+)&39 UTR plus Pf25b3.3::gfp&39 UTR).
The following mutant and transgenic strains were obtained
through the Caenorhabditis Genetics Center: LGI—CF1038

daf-16(mu86), WM153 C04F12.1(tm1637), WM206 drh-3
(ne4253), WM30 rde-3(ne298), NL2098 rrf-1(pk1417), EL476
rrf-2(ok210); LGII—TJ1052 age-1(hx546), NL2099 rrf-3
(pk1426); LGIII—RB774 zfp-1(ok554), CB4681 nDf17/qC1
dpy-19(e1259) glp-1(q339); LGIV—WM193 {csr-1(tm892)IV;
neIs20 [pie-1::3xFLAG::csr-1 + unc-119(+)]}; LGV—WM158
ergo-1(tm1860), rde-1(ne300); LGX—JT709 pdk-1(sa709),
VC446 alg-1(gk214). Compoundmutant strains and transgenes
used are as follows: AGK82—zfp-1(ok554)III; tph-1::gfpIV,
AGK153—zfp-1(op481)III; tph-1::gfpIV, AGK154—{zfp-1
(ok554) unc-119(ed3)III; tph-1::gfpIV; armIs5 [ZFP-1::FLAG
unc-119(+)]}, AGK133—{zfp-1(ok554) unc-119(ed3)III; tph-
1::gfpIV; armEx5 [ZFP-1::GFP unc-119(+)]}, AGK156—{zfp-1
(ok554) unc-119(ed3)III; tph-1::gfpIV; armEx14 [PHD1-PHD2::
FLAG ZFP-1 short unc-119(+)]}, AGK211—{zfp-1(ok554) unc-
119(ed3)III; tph-1::gfpIV; armIs2 [unc-119(+)]}, AGK343—
{zfp-1(ok554)III; tph-1::gfpIV; armEx91 [punc-86::zfp-1(long
isoform)::gfp pPD118.33 (myo-2::gfp)]} (line 1 in figure S2A of
this paper), AGK335—{zfp-1(ok554)III; tph-1::gfpIV; armEx85
[punc-86::zfp-1(long isoform)::gfp pPD118.33 (myo-2::gfp)]}
(line 2 in figure S2A of this paper), AGK336—{zfp-1(ok554)III;
tph-1::gfpIV; armEx86 [punc-86::zfp-1(long isoform)::gfp
pPD118.33 (myo-2::gfp)]} (line 3 in figure S2A of this paper),
AGK339—{zfp-1(ok554)III; tph-1::gfpIV; armEx89 [punc-86::
zfp-1(long isoform)::gfp pPD118.33 (myo-2::gfp)]} (line 4 in fig-
ure S2A of this paper), AGK580—daf-16(mu86)I; tph-1::gfpIV,
AGK236: pdk-1(sa709)X; tph-1::gfpIV, AGK155: zfp-1(ok554)
III; pdk-1(sa709)X; tph-1::gfpIV, AGK470: age-1(hx546)II; tph-
1::gfpIV,AGK285:age-1(hx546)II; zfp-1(ok554)III; tph-1::gfpIV,
AGK277: daf-16(mu86)I; age-1(hx546)II; zfp-1(ok554)III; tph-
1::gfp IV, AGK98: rde-4(ne299)III; tph-1::gfpIV, AGK246—rde-4
(ne299)III; pdk-1(sa709)X; tph-1::gfpIV, AGK268—age-1
(hx546)II; rde-4(ne299)III; tph-1::gfpIV, AGK124—alg-1
(gk214)X; tph-1::gfpIV, AGK81—C04F12.1(tm1637)I; tph-1::
gfpIV, AGK208—{csr-1(tm892)IV; tph-1::gfpIV; neIs20 [pie-
1::3xFLAG::csr-1 + unc-119(+)]}, AGK654—drh-3(ne4253)I;
tph-1::gfpIV, AGK146: tph-1::gfpIV; ergo-1(tm1860)V,
AGK144—nrde-3(gg066); tph-1::gfpIV, AGK218: tph-1::gfpIV;
rde-1(ne300)V, AGK194: rde-3(ne298)I; tph-1::gfpIV, AGK123:
rrf-1(pk1417)I; tph-1::gfpIV, AGK121: rrf-2(ok210)I; tph-1::
gfpIV, AGK145: rrf-3(pk1426)II; tph-1::gfpIV, AGK710—{zfp-1
(ok554)III; tph-1::gfpIV; armEx257 [pdpy-7::daf-16b::tagrfp
pPD118.33 (myo-2::gfp)]}, AGK711—{tph-1::gfpIV; armEx257
[pdpy-7::daf-16b::tagrfp pPD118.33 (myo-2::gfp)]}, AGK724—
{pdk-1(sa709)X;armEx257[pdpy-7::daf-16b::tagrfppPD118.33
(myo-2::gfp)]}, AGK725—{zfp-1(ok554)III; pdk-1(sa709)X;
armEx257 [pdpy-7::daf-16b::tagrfp pPD118.33 (myo-2::gfp)]},
AGK 721—{rde-4(ne299)III; tph-1::gfpIV; armEx257 [pdpy-
7::daf-16b::tagrfp pPD118.33 (myo-2::gfp)]}, AGK688—
{rde-4(ne299)III; tph-1::gfpIV; armEx273 [pdpy-7::rde-4::
tagrfp pPD118.33 (myo-2::gfp)]} (line 1 in figure 5B of this
paper), AGK689—{rde-4(ne299)III; tph-1::gfpIV; armEx274
[pdpy-7::rde-4::tagrfppPD118.33(myo-2::gfp)]}(line2infigure
5B of this paper), AGK690—{rde-4(ne299)III; tph-1::gfpIV;
armEx275 [pdpy-7::rde-4::tagrfp pPD118.33 (myo-2::gfp)]}
(line 3 in figure 5B of this paper).
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Molecular biology and transgenic lines

Standard molecular biology techniques were used to con-
struct transgenes. Germline transformation was performed
by direct injection of various plasmid DNAs into the gonads
of adult wild-type animals as described (Mello et al. 1991).
A zfp-1(long isoform) complementary DNA (cDNA) was
obtained by PCR with N2 cDNA as a template with the for-
ward primer containing the BalI site 59- ATGAAGAAGTGGC
CAATGAAGGAGATGGTAGGTGGATGC-39 and the reverse
primer containing the AgeI site 59-CAAGTTATTGGTTACC
GGTCCTTTTCCATTCGGAGTTGCAGATG-3.9 A 5.1-kb frag-
ment upstream of the unc-86 transcriptional start site was
isolated by PCR from genomic DNA with the forward primer
containing the SphI site 59-CGTGACACTGCATGCTTCAA
AAACTGTCAACTAACAAGAT-39 and the reverse primer con-
taining the SalI site 59-CGGATGCGGTTGTCGACTCATTCA
ATTTCACTTTTTCATTCG-3.9 The zfp-1 cDNA and the unc-86
promoter were subcloned into the Fire Kit GFP vector
pPD95.75. The resulting punc86::zfp-1::gfp transgene was
injected at 0.5 ng/ml with the co-injection marker
pPD118.33 (myo-2::gfp) at 4 ng/ml. The rde-4 cDNA was
obtained by PCR with N2 cDNA as a template with the
forward primer containing the BamHI site 59-TCACGTG
GATCCATGGATTTAACCAAACTAACGTTTG-39 and the reverse
primer containing the KpnI site 59-TACTCAGGTACCCCAT
CAAATCATAGGTGTTGA-39. The dpy-7 (Gilleard et al. 1997)
promoter was obtained by PCR with N2 genomic DNA as a tem-
plate. The dpy-7 promoter was amplified with the forward
primer containing the SphI site 59-GTTATTGCATGCTCCACGATT
TCTCGCAACACATCCC-39 and the reverse primer containing
the SalI site 59-GCGTCGGTCGACAAAGAACAGGGTGTGAT
AAATGAAT-3.9 DNA was inserted into a modified Fire Kit
vector pPD95.75, in which we replaced the GFP with
a TAGRFP sequence using the KpnI/EcoRI sites. Pdpy-7::
rde-4::tagrfp was generated by inserting a SphI/SalI dpy-7
fragment and BamHI/KpnI rde-4 cDNA fragment into our
modified pPD95.75 vector. The resulting pdpy-7::rde-4::
tagrfp transgene was injected at 2.5 ng/ml with the co-injection
marker pPD118.33 (myo-2::gfp) at 2.5 ng/ml. Tissue-specific
GFP or TagRFP expression was confirmed using Nomarski and
fluorescence microscopy.

Visualization of the HSN neurons

The HSN neurons were detected by staining adult hermaph-
rodites with rabbit anti-serotonin (Sigma) as previously
described (Garriga et al. 1993) or by using the zdIs13[tph-
1::gfp] or otIs225[cat-4::gfp] transcriptional reporters.

Microscopy and quantification

Live animals or embryos were mounted on 2% agarose pads
and immobilized with 25 mM sodium azide (Sigma). Worms
were examined using a Zeiss AxioImager Z1. All phenotypes
were scored as the percentage of animals with at least one
undermigrated HSN, and results are presented as stacked
bar graphs in Figure 1, Figure 2, Figure 4, and Figure 5 to

represent the proportion of HSNs in positions along the
anterior–posterior (A–P) body axis in these animals. When
one or both HSN cell bodies were located posterior to their
normal position near the vulva in adult animals, the animal
was scored as a mutant. The colored stacks within each
column on the graphs presented in Figure 1, Figure 2, Figure
4, and Figure 5 represent the severity of migration of HSNs
along the A–P axis within only those animals containing at
least one undermigrated HSN. Thus, since there are two
HSNs within each animal and not every HSN is undermi-
grated, a colored region could represent a HSN that remains
unaffected in the animal, i.e., the pink color in the graphs,
while the other HSN within the same animal is undermi-
grated (one HSN must be affected for an animal to be in-
cluded in the graph) and therefore represented by the
reddish/purple, green, or blue color. Statistical significance
was calculated using the z-test.

RNA extraction and RT-PCR

RNA extraction and reverse transcriptase PCR (RT-PCR) was
carried out as described previously (Mansisidor et al. 2011).
The following primers were used to detect the pdk-1 tran-
script: 59-CCTACAGCCAGGTATTCCG-39 (forward) and 59-
GATCACGAAATAAATTCTAGCCTGG-39 (reverse).

Results

C. elegans ZFP-1/AF10 regulates the migration of
the HSNs

In our recent study (Kennedy et al. 2013), we showed that
insulin/IGF-1-PI3K signaling modulates the activity of the
DAF-16/FOXO transcription factor in the hypodermis to
nonautonomously regulate the anterior migrations of the
two bilaterally symmetric HSNs during embryogenesis of
C. elegans. With the discovery that ZFP-1 negatively regu-
lates pdk-1, a component of the IIS pathway, via direct re-
pression of pdk-1 transcription (Mansisidor et al. 2011), we
were prompted to investigate the connection between ZFP-1
and IIS during HSN migration. We found that the zfp-1
(ok554) loss-of-function mutant (Cui et al. 2006; Avgousti
et al. 2013; Cecere et al. 2013) and the zfp-1(op481)mutant
(Gysi et al. 2013)—both of which lead to the generation of
mRNAs that contain premature stop codons after the PHD
fingers—display HSN undermigration defects (Figure 1, A–
C). We used a tryptophan hydroxylase GFP reporter (tph-1::
gfp) that marks the HSNs in adult animals for scoring the
migration phenotype.

The zfp-1(op481) allele was originally isolated in a muta-
genesis screen performed to identify genetic enhancers of
a null mutation in the heparan sulfate proteoglycan core
protein SDN-1, which is involved in D-type motor axon guid-
ance (Gysi et al. 2013). Moreover, the op481 allele was
shown to exhibit an identical axon guidance phenotype as
the ok554 allele of zfp-1 (Gysi et al. 2013). Surprisingly,
however, the axon guidance phenotype in the zfp-1(ok554);
sdn-1(zh20) double mutant was dependent upon the presence
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of the integrated transgene used to visualize the axon guid-
ance defects (Gysi et al. 2013). Therefore, to exclude the
possibility that the tph-1::gfp transgene was enhancing or
causing the zfp-1 mutant undermigration phenotype, we
stained wild-type worms and zfp-1 mutant worms with an
anti-serotonin antibody (Garriga et al. 1993). The extent of

HSN undermigration was similar in stained and transgenic
worms, thereby ruling out the above possibility (Supporting
Information, Figure S1, A–C). These results also suggest that
ZFP-1 specifically affects the process of HSN migration,
rather than cell fate, since all undermigrated HSNs showed
expression of the neurotransmitter serotonin, a late step in

Figure 1 HSN undermigration defects in zfp-1 mutants. (A) Epifluorescent images of the HSN in adults of wild-type (A) and zfp-1(ok554) mutant
animals (B), visualized with a tryptophan hydroxylase GFP reporter (tph-1::gfp). Images are oriented with the posterior of the animal to the right.
Asterisks indicate the vulva and the arrowhead in A denotes the position of properly migrated HSN(s). The arrow in B illustrates a HSN that has failed to
migrate the full distance in the zfp-1(ok554) mutant animal. Bars, 20 mm. (C) Quantification of the percentage of animals with an undermigrated HSN
from a minimum of two pooled independent experiments per strain in control tph-1::gfp (n = 177) vs. zfp-1(ok554) (n = 172) and zfp-1(op481) (n = 130)
mutants. (D) The long isoform of ZFP-1 (867 aa) has two predicted PHD zinc fingers in the N terminus and an octapeptide motif and leucine zipper in the
C terminus. The short isoform of ZFP-1 (635 aa) lacks the PHD fingers but retains the OM-LZ motifs. zfp-1 fosmid constructs used to rescue the HSN
undermigration defects present in the zfp-1(ok554) mutant are illustrated below the ZFP-1 proteins. Expression data for these ZFP-1 transgenes can be
found in Avgousti et al. (2013). (E) Two different ZFP-1 fosmid constructs rescue the HSN undermigration defects in the zfp-1(ok554)mutants. The ZFP-1
fosmid construct expressing only an intact short isoform did not rescue the HSN undermigration defects present in the zfp-1 mutant. Quantification of
the percentage of animals with an undermigrated HSN from a minimum of two pooled independent experiments per strain in the (2) control armIs2
Unc-119 (+); zfp-1(ok554) unc-119 (ed3) (n = 106) vs. the addition of the armEx5 zfp-1::gfp (n = 128), armIs5 zfp-1::flag (n = 172) or armEx14 PHD1-
PHD2::flag (n = 135) fosmids into the (2) control background. HSNs were visualized with a tph-1::gfp reporter. The stacked bars show information
about the position of all HSNs in the affected worms (see the description below). Worm schematic legend (located at the bottom center of the figure):
Stacked bars represent the proportion of HSNs at different positions along the A–P body axis within only those animals containing at least one
undermigrated HSN. Thus, since there are two HSNs within each animal and not every HSN is affected, one region (light pink) represents the wild-
type HSN that remains unaffected in animals containing a second undermigrated HSN, which is represented by either the reddish/purple, green, or blue region.
***P , 0.001, N.S., not significant (z-test). For all figures, error bars represent standard error of the proportion (SEP) for the entire stacked column.
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HSN maturation (Desai et al. 1988). Therefore, the pheno-
type of the zfp-1 loss-of-function mutant is similar to the HSN
defects that we observed in daf-16 null mutants (Kennedy
et al. 2013).

Long isoform of ZFP-1 is required for HSN migration

There are two isoforms of the ZFP-1 protein (Figure 1D):
a long isoform that contains two PHD fingers, an octapep-
tide motif (OM) and a leucine zipper motif (LZ), and
a shorter isoform that lacks the PHD fingers but retains
the OM and LZ (Avgousti et al. 2013). The OM-LZ motifs

present in both the long and the short isoforms have been
shown to be required for MLL-AF10-mediated oncogenesis
(DiMartino et al. 2002), whereas the PHD fingers present in
the long isoform of ZFP-1 have recently been shown to be
required for early development of C. elegans independent of
the OM-LZ motifs (Avgousti et al. 2013). Moreover, it was
demonstrated that the long isoform of ZFP-1 is preferentially
expressed in the germline and embryos and that the short
isoform is highly expressed at larval stages (Avgousti et al.
2013). Also, there is evidence that the long isoform of ZFP-1
binds to the pdk-1 promoter during embryogenesis, when

Figure 2 ZFP-1 functions through DAF-16 and in parallel to DAF-16 to regulate HSN migration. (A) Relative pdk-1 mRNA expression in mixed embryos.
mRNA expression of pdk-1 in zfp-1(ok554) and wild-type worms was measured by RT-quantitative PCR and normalized to wild type. Actin (act-3) was
used as an internal control. Results of two biological replicas are shown; error bars represent standard deviation. (B) Schematic of the IIS pathway
affected by ZFP-1. When pathway components in red are active, DAF-16 is phosphorylated and inactive due to its retention in the cytoplasm. When
pathway components in green are active, DAF-16 is no longer phosphorylated and can translocate into the nucleus to regulate its target genes. (C) The
zfp-1(ok554)mutant enhances the daf-16(mu86) null mutant phenotype. Quantification of the percentage of animals with an undermigrated HSN from
at least two pooled independent experiments per strain in control tph-1::gfp (n = 129) vs. zfp-1(ok554) (n = 165), daf-16(mu86) (n = 117), and daf-
16(mu86); zfp-1(ok554) (n = 275) mutant animals. (D) A pdk-1 loss-of-function mutant suppresses the HSN undermigration defects in zfp-1 mutant
animals. Quantification of the percentage of animals with an undermigrated HSN from two pooled independent experiments per strain in control tph-1::
gfp (n = 129), zfp-1(ok554) (n = 134), and zfp-1(ok554); pdk-1(sa709) (n = 125) mutant animals. Note that pdk-1(sa709) animals do not exhibit HSN
migration defects at 20 �C (not shown). (E) An age-1(hx546) loss-of-function mutant suppresses the HSN undermigration defects in zfp-1 mutant
animals in a DAF-16-dependent manner. Quantification of the percentage of animals with an undermigrated HSN from two pooled independent
experiments per strain in control tph-1::gfp (n = 129) vs. zfp-1(ok554) (n = 134), age-1(hx546); zfp-1(ok554) (n = 146), and daf-16(mu86); age-1
(hx546); zfp-1(ok554) (n = 125). Note that age-1(hx546) animals do not exhibit HSN migration defects at 20 �C (not shown). HSNs were visualized
with a tph-1::gfp reporter. See Figure 1 for detailed description of worm schematic legend. ***P ,0.001, N.S., not significant (z-test). Error bars
represent SEP.
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HSN migration takes place (Avgousti et al. 2013). Therefore,
we sought to determine if the long isoform of ZFP-1 was
required for HSN migration.

First, we made use of two different zfp-1 fosmid con-
structs that express recombinant ZFP-1 protein isoforms
tagged with either GFP or FLAG at the C-terminal portions
of the proteins (Mansisidor et al. 2011) (Figure 1D) to res-
cue the zfp-1(ok554) HSN undermigration phenotype.
These constructs contain all the regulatory sequences pres-
ent at the zfp-1 locus and recapitulate endogenous patterns
of expression of ZFP-1 isoforms (Avgousti et al. 2013). We
found that both fosmid constructs significantly rescued the
HSN undermigration defects present in the zfp-1(ok554)
mutant (Figure 1E). Next, to clarify which isoform(s) were
required for rescue, we made use of another zfp-1 fosmid
that introduces a FLAG tag downstream of the PHD fingers

followed by a stop codon, thereby leaving only the larva-
enriched short isoform intact (Avgousti et al. 2013) (Figure
1D). In contrast to the fosmids that express both isoforms,
this construct was unable to rescue the HSN undermigration
defects present in the zfp-1 mutant (Figure 1E). Moreover,
overexpressing the N-terminal fragment of the ZFP-1 long
isoform (PHD1-PHD2::FLAG), which is identical to the trun-
cated fragment retained in the zfp-1(ok554) mutant (Figure
1D) (Avgousti et al. 2013), in the zfp-1(ok554)mutant back-
ground does not affect the penetrance of the HSN under-
migration phenotype (Figure 1E). This result indicates that
the residual fragment expressed in the zfp-1(ok554) mutant
does not have neomorphic properties responsible for the
HSN migration phenotype observed in the zfp-1(ok554) mu-
tant because increased dosage of the fragment does not lead
to increased severity of the phenotype. On the contrary,

Figure 3 Mislocalization of hypo-
dermally expressed DAF-16 in the
zfp-1(ok554)mutant is partially re-
stored by loss of pdk-1. (A) In wild-
type animals, DAF-16b::TagRFP
expressed from a hypodermal
promoter is localized to the hy-
podermal nuclei during the
comma, 1.5-, and 2-fold embry-
onic stages when HSN migration
is occurring and is mostly cytoplas-
mic or perinuclear during the 3-
fold stage (left panels). In the
zfp-1(ok554) mutant, DAF-16b::
TagRFP fails to persist in the nuclei
during the 2-fold stage when HSN
migration is still occurring (right
panels). Arrows in the 2-fold pan-
els point to hypodermal nuclei to
illustrate that DAF-16b::TagRFP is
nuclearly localized at this stage in
wild-type embryos but not in zfp-1
(ok554) mutant embryos. (B) In
the pdk-1(sa709) loss-of-function
mutant, DAF-16b::TagRFP persists
in the hypodermal nuclei from the
2-fold stage into the 3-fold stage
in 30 of 72 embryos (left panels).
The pdk-1(sa709) mutation par-
tially suppresses the absence of
DAF-16 nuclear location in zfp-
1(ok554) mutant embryos during
the 2-fold stage (right panels).
Arrows in the 2-fold panels point
to hypodermal nuclei to illustrate
that DAF-16b::TagRFP is nuclearly
localized in the pdk-1(sa709) mu-
tant embryos and shows signifi-
cant nuclear localization in the
zfp-1(ok554); pdk-1(sa709) mu-
tant embryos. Arrows in the 3-fold
panels highlight examples of hy-
podermal nuclei in embryos in
which DAF-16b::TagRFP persists
after HSN migration has ended.
Bars, 20 mm.
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Figure 4 RNAi pathway genes rde-4, drh-3, and csr-1 affect HSN migration. (A) Differential interference contrast image of adult hermaphrodite (top)
and corresponding epifluorescent image of the HSN (bottom) in an adult rde-4(ne299) mutant animal. HSNs are visualized with a tryptophan hydrox-
ylase GFP reporter (tph-1::gfp). Image is oriented with the posterior of the animal to the right. Asterisk indicates the vulva and the arrowhead denotes
the position of a properly migrated HSN. The arrow illustrates a HSN that has failed to migrate the full distance from its birthplace in the tail. (B)
Quantification of the percentage of animals with an undermigrated HSN from a minimum of three pooled independent experiments per strain in tph-1::
gfp (n = 127) and cat-4::gfp (n = 127) controls vs. rde-4(ne299) (n = 211), drh-3(ne4253) (n = 376), and the partially rescued csr-1(tm982) (n = 342)
mutant animals. Note that the cat-4::gfp reporter was used to visualize the HSNs in the partially rescued csr-1(tm892) strain. (C) Placing rde-4(ne299)
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previously reported data demonstrate that reducing the dos-
age of the PHD-finger domain is lethal (Avgousti et al. 2013).
Importantly, it was also previously shown that the lethality of
animals containing one copy of the zfp-1(ok554) allele placed
in trans to a deficiency chromosome (nDf17) was rescued by
the fosmid expressing the PHD finger region (PHD1-PHD2::
FLAG) (Avgousti et al. 2013), which indicates that the trans-
genic construct PHD1-PHD2::FLAG is functional. Combined,
these results indicate that the short isoform or the increased
dosage of the PHD1-PHD2 portion of the long isoform are not
sufficient to rescue the HSN migration defects present in the
zfp-1(ok554) mutant and that the presence of the long iso-
form containing both the PHD fingers and the C terminus of
the protein is required for proper HSN migration.

ZFP-1 works both parallel to and through DAF-16 to
control HSN migration

ZFP-1 has been shown to negatively regulate pdk-1 expres-
sion at multiple developmental stages (Mansisidor et al.
2011), including the embryo (Figure 2A). To determine
whether the HSN undermigration phenotype present in
zfp-1 loss-of-function mutants was due to a de-repression
of pdk-1 and increased IIS leading to decreased nuclear
DAF-16 activity (Figure 2B), we performed an epistasis anal-
ysis between zfp-1 and IIS pathway components. First, we
created a double-mutant strain between zfp-1(ok554) and
the null allele daf-16(mu86) (Lin et al. 1997) to establish
whether DAF-16 is the sole output of ZFP-1 involved in HSN
migration. We observed a significant enhancement of the
daf-16(mu86) HSN undermigration phenotype, indicating
that the undermigration phenotype caused by a loss of zfp-
1 activity may not be due exclusively to decreased DAF-16
activity (Figure 2C).

Next, we asked whether or not the HSN undermigration
defects in zfp-1(ok554) could be contributed, in part, to re-
duced DAF-16 activity due to increased pdk-1 expression.
We performed epistasis analysis between the pdk-1(sa709)
loss-of-function mutant (Paradis et al. 1999; Mansisidor
et al. 2011) and the zfp-1(ok554) mutant to determine
whether decreasing pdk-1 expression in the zfp-1 mutant
background could suppress the HSN undermigration
defects. We observed full suppression of the HSN undermi-
gration defects in the double mutant (Figure 2D), suggest-
ing that repression of pdk-1 by ZFP-1 plays a significant role
in regulating HSN migration.

To further demonstrate that enhanced IIS in the zfp-1
(ok554) mutant is responsible for inhibiting HSN migration,

we also performed epistasis analysis between zfp-1(ok554)
and age-1(hx546)/PI3K reduction-of-function mutants
(Friedman and Johnson 1988; Tissenbaum and Ruvkun
1998). Similar to our analysis of pdk-1 and zfp-1 mutants,
we also observed a full suppression of HSN undermigration
defects in age-1; zfp-1 double mutants (Figure 2E). To de-
termine whether the suppression of the zfp-1 mutant phe-
notype in IIS pathway mutants was due to a release of DAF-16
inhibition, we created a triple mutant: daf-16(mu86); age-1
(hx546); zfp-1(ok554) to remove daf-16 activity from the
age-1; zfp-1 double mutant. We determined that a loss of
daf-16 activity in the age-1; zfp-1 double-mutant background
now prevented the suppression of the zfp-1(ok554) mutant
phenotype by age-1(hx546) (Figure 2E). Together, these
results suggest that the negative regulation of the IIS path-
way by ZFP-1 contributes to the control of HSN migration in
a DAF-16-dependent manner.

Since the phenotype of the zfp-1(ok554) allele is fully
suppressed by mutations in pdk-1 and age-1 (Figure 2, D
and E), we can attribute the HSN undermigration seen in
the zfp-1(ok554) mutant solely to reduced DAF-16 activity.
However, the genetic enhancement observed in the daf-16;
zfp-1 double mutant reveals an additional function for ZFP-1
in parallel with DAF-16, which becomes more essential for
proper HSN migration in the absence of DAF-16. Given that
both DAF-16 and ZFP-1 regulate transcription, it is likely
that they are involved in the regulation of common down-
stream target genes, which ultimately affect HSN migration.

zfp-1(ok554) limits DAF-16 nuclear localization in the
embryonic hypodermis

To investigate the effect of the negative regulation of pdk-1
by ZFP-1 on DAF-16 subcellular localization during HSN
migration, we examined expression of the DAF-16b::TagRFP
protein from a transgene driven by the dpy-7 hypodermal
promoter (Kennedy et al. 2013) in the zfp-1(ok554) mutant
background. Previously, we showed that DAF-16 localizes to
the hypodermal nuclei in the embryo to promote HSN mi-
gration (Kennedy et al. 2013). Therefore, we reasoned that
if negative regulation of pdk-1 by ZFP-1 during HSN migra-
tion contributes to inhibition of IIS to promote nuclear DAF-
16 activity, then, in the zfp-1 mutant, nuclear localization of
DAF-16 should be affected. We find that, in the wild-type
background, hypodermally expressed DAF-16 is predominantly
nuclear during the comma, 1.5-, and 2-fold stages, when HSN
migration is occurring (Sulston et al. 1983; Pan et al. 2006),
and then it becomes cytoplasmically and/or perinuclearly

over a deficiency allele, nDf17, also resulted in HSN undermigration defects. Quantification of the percentage of animals with an undermigrated HSN in
control animals [rde-4(ne299)/qC1] (n = 22) vs. rde-4(ne299)/nDf17 animals (n = 26). (D) RDE-4 works in parallel to DAF-16 to regulate HSN migration.
Quantification of the percentage of animals with an undermigrated HSN from a minimum of two pooled independent experiments per strain in control
tph-1::gfp (n = 127) vs. daf-16(mu86) (n = 150), rde-4(ne299) (n = 211) and daf-16(mu86); rde-4(ne299) (n = 270) mutant animals. (E) A pdk-1 loss-of-
function mutant does not suppress rde-4 null HSN undermigration defects. Quantification of the percentage of animals with an undermigrated HSN in
control tph-1::gfp (n = 64) vs. rde-4(ne299) (n = 50), rde-4(ne299); pdk-1(sa709) (n = 60). (F) An age-1 loss-of-function mutant does not suppress rde-4
null HSN undermigration defects. Quantification of the percentage of animals with an undermigrated HSN in control tph-1::gfp (n = 50) vs. rde-4(ne299)
(n = 50) and age-1(hx546); rde-4(ne299) mutant animals. HSNs were visualized with a tph-1::gfp reporter. See Figure 1 for detailed description of worm
schematic legend. ***P , 0.001, N.S., not significant (z-test). Error bars represent SEP.
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localized by the 3-fold stage (Figure 3A, left panels). In fact, we
have recently reported the finding that dynamic nuclear local-
ization of DAF-16 takes place in the embryonic hypodermal
tissue during normal development (Kennedy et al. 2013). In
the zfp-1(ok554) mutant background, although hypodermally
expressed DAF-16 is initially nuclearly localized during the

comma and 1.5-fold stage (Figure 3A, right panels), it becomes
restricted from the nucleus prematurely by the 2-fold stage (Fig-
ure 3A, right panels). This result suggests that the change in
DAF-16 nuclear localization at the 2-fold stage is responsible
for the HSN migration defects observed in the zfp-1(ok554)
mutant.

Figure 5 RDE-4 functions in neurons to promote HSN migration. (A) In rde-4(ne299) null animals, the distribution of DAF-16b::TagRFP expressed from
a hypodermal promoter is unchanged when compared to wild-type embryos (see Figure 3A, left panels). The distribution remains localized to the
hypodermal nuclei during the comma, 1.5-, and 2-fold embryonic stages when HSN migration is occurring and is mostly cytoplasmic or perinuclear
during the 3-fold stage. Note that in a few 3-fold embryos (6/63), we observed persistent nuclear localization of DAF-16b::TagRFP. The arrows in the 3-
fold panels highlight the cytoplasmic/perinuclear localization of DAF-16b::TagRFP in the remaining 57 of the 63 embryos. Bars, 20 mm. (B) Expression of
RDE-4 driven by the dpy-7 promoter does not rescue the HSN undermigration defect in rde-4(ne299) mutants. The rde-4(ne299) mutants that had the
rescuing array (+) or their siblings that had lost the array (2) were scored. Number of animals scored per line are the following: line 1, (2) n = 55 and (+)
n = 74; line 2, (2) n = 77 and (+) = 90; line 3, (2) n = 90 and (+) = 90. (C) Expression of RDE-4 driven by a pan-neuronal promoter (rgef-1) but not
a body-wall muscle promoter (unc-54) rescues the HSN migration defect of rde-4(ne301) mutants. The rde-4(ne301) mutants that carried either the
punc-54::rde-4 or prgef-1::rde-4 array (+) and their corresponding siblings that had lost the array (2) were scored. Number of animals scored for the
punc-54::rde-4-containing strain are the following: (+) n = 69 and (2) n = 137. Number of animals scored for the prgef-1::rde-4-containing strain are
the following: (+) n = 93 and (2) n = 111. HSNs were visualized by anti-serotonin staining. See Figure 1 for detailed description of worm schematic
legend. **P ,0.01, N.S., not significant (z-test). Error bars represent SEP.
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As predicted by our epistasis analysis between pdk-1 and
zfp-1 for the HSN undermigration phenotype (Figure 2D),
the pdk-1(sa709) loss-of-function mutant also suppresses
the change in DAF-16 nuclear localization in zfp-1(ok554)
mutant embryos (Figure 3, A and B, right panels). First, we
confirmed that, consistent with a release of DAF-16 nuclear
inhibition under conditions of reduced insulin/IGF-1 signal-
ing, the DAF-16 nuclear localization is more prominent in
the pdk-1 (sa709) loss-of-function mutant compared to wild-
type embryos (Figure 3, A and B, left panels). Specifically,
we find that DAF-16 remains nuclear localized throughout
the threefold stage in 30 of 72 pdk-1(sa709) embryos (42%)
(Figure 3B, left panels) compared to 0 of .80 wild-type
embryos (Figure 3A, left panels). Next, we determined that
in zfp-1(ok554); pdk-1(sa709) double-mutant two- and
threefold embryos that the subcellular localization of DAF-
16 is shifted toward greater nuclear localization when com-
pared to the zfp-1(ok554) single mutant (Figure 3, A and B,
right panels). The loss-of-function pdk-1 mutant does not
fully suppress the absence of DAF-16 nuclear localization
observed in zfp-1(ok554) twofold embryos (Figure 3A, right
panels) when compared to localization in wild-type embryos
at this stage (Figure 3A, left panels) since both nuclear and
cytoplasmic localization is often observed in the same em-
bryo in zfp-1(ok554); pdk-1(sa709). However, we reason
that even partial restoration of nuclear localization of
DAF-16 at the twofold stage in the zfp-1(ok554) mutant is
sufficient to activate downstream DAF-16 target genes re-
quired for HSN migration. We also note that a significant
number (33%) of zfp-1(ok554); pdk-1(sa709) embryos ex-
hibit the persistence of nuclear DAF-16 at the threefold
stage (Figure 3B, right), which is consistent with pdk-1
(sa709) being epistatic to zfp-1(ok554).

In total, these results suggest that ZFP-1 functions nonau-
tonomously in the hypodermis to negatively regulate IIS and
modulate DAF-16 nuclear localization during HSN migration.
Consistently, we also find that the cDNA of the long isoform of
zfp-1 fused to GFP driven by the unc-86 promoter, which is
expressed in a subset of neurons including the HSN (Baumeis-
ter et al. 1996), does not rescue the HSN undermigration
defects seen in zfp-1(ok554) mutants (Figure S2, A and B).
Interestingly, a conserved microRNA has also been recently
reported to function nonautonomously in the hypodermis to
regulate genes required for proteoglycan biosynthesis to ensure
proper HSN migration (Pedersen et al. 2013). Overall, the ac-
tion of ZFP-1 in controlling DAF-16 dynamics in the hypodermis
that we describe here complements well our earlier findings of
the nonautonomous roles of both DAF-16 and DAF-18 (PTEN)
in regulating HSNmigration (Figure 2B) (Kennedy et al. 2013).

RNAi factors RDE-4, DRH-3, and CSR-1 regulate
HSN migration

A genome-wide expression study has revealed that ZFP-1
and RDE-4, a dsRNA-binding protein required for the initi-
ation of exogenous RNAi (Parrish and Fire 2001; Tabara
et al. 2002), regulate close to 250 overlapping genes

(Grishok et al. 2008). Consistent with this finding, both
RDE-4 and ZFP-1 have been shown to affect longevity and
the stress response by negatively regulating the conserved
IIS kinase pdk-1 (Mansisidor et al. 2011). Therefore, we
examined a null allele of rde-4 (Tabara et al. 2002), as well
as mutants in 11 other RNAi components that represent
multiple small RNA pathways [i.e., CSR-1, WAGO, ERI (en-
hanced RNA1), microRNA, and nuclear and exogenous
RNAi (reviewed in Grishok 2013)] for defects in HSN mi-
gration (Table 1). We crossed RNAi mutants to a tph-1::gfp
reporter strain and identified three mutants that display
HSN migration defects: the rde-4(ne299) null mutant (Tab-
ara et al. 2002), the drh-3(ne4253) loss-of-function mutant
(Gu et al. 2009), and a csr-1(tm892) partially rescued strain
(Claycomb et al. 2009) (Table 1 and Figure 4, A and B).
Strikingly, the highest percentage of undermigration defects
was observed in rde-4 null mutants, with almost all affected
animals exhibiting migration defects in both HSNs, as shown
by the relatively small proportion of HSNs in the wild-type
position (Figure 4B, pink in stack). Also, in addition to
the undermigration defect observed in 16% of the drh-
3(ne4253) mutant animals (Figure 4B), we also noted
a smaller percentage of animals with an overmigration de-
fect (�9%). drh-3 encodes a dicer-related helicase, which
participates in multiple endogenous RNAi pathways in C.
elegans (Gu et al. 2009), and csr-1 encodes an Argonaute,
which binds 22G-RNAs antisense to protein-coding genes
(Claycomb et al. 2009; Gu et al. 2009). Consistent with only
a reduction of function in the drh-3 and csr-1mutants, fewer
animals exhibited HSN undermigration defects compared to
the rde-4 null mutant (Figure 4B). We used a drh-3 loss-of-
function allele since null mutants are infertile (Gu et al.
2009). Since csr-1(tm892) mutants are also sterile, we
used a partially rescued transgenic strain, where CSR-1
is expressed in the germline to produce 38% viable prog-
eny (Claycomb et al. 2009) that we could analyze for mi-
gration defects.

To further confirm that the HSN undermigration defect
that we observed in rde-4 null mutants is due to mutations
in rde-4 and not to the background of the strain, we placed
the rde-4(ne299) allele over a deficiency allele, nDf17,
which is balanced by chromosome qC1 [dpy-19(e1259)
glp-1(q339)] (Edgley et al. 2006). We crossed rde-4
(ne299) males to nDf17/qC1 animals and scored F1 animals
for HSN migration defects. We determined the genotypes of
the F1 animals by the presence or absence of the qC1 phe-
notypes, which are dumpy and sterile, segregating in the F2
generation. Only F1 animals carrying the deficiency allele
nDf17 displayed penetrant HSN undermigration defects
(Figure 4C). Moreover, we also stained rde-4(ne299) worms
with an anti-serotonin antibody (Garriga et al. 1993) to
further exclude the possibility that the HSN undermigra-
tion defects observed in rde-4 null animals were the re-
sult of transgene background effects. We observed HSN
undermigration defects in stained worms without the tph-1::
gfp transgene (Figure S3, A and B). Similar to zfp-1mutants,
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rde-4mutants are not affected in the production of serotonin
since undermigrated HSNs contain the neurotransmitter.

RDE-4 works in parallel to DAF-16 and in the neuronal
tissue to regulate HSN migration

Since RDE-4 was shown to inhibit pdk-1 transcription
(Mansisidor et al. 2011), we analyzed epistatic relationships
between the rde-4 mutant and IIS pathway components to
determine if RDE-4, like ZFP-1, also regulates HSN migra-
tion in part by inhibiting IIS to promote DAF-16 nuclear
localization. First, we combined the rde-4(ne299) null allele
with the daf-16(mu86) null allele and observed a significant
enhancement of the daf-16 null phenotype (Figure 4D). This
result suggests that rde-4 and daf-16 are working in parallel
genetic pathways to affect HSN migration.

Since we found that the zfp-1 mutant phenotype can be
suppressed by a reduction in pdk-1 and age-1 expression, we
also performed epistasis analysis using rde-4(ne299) and
either the pdk-1(sa709) mutant or the age-1(hx546) mutant
to determine if the HSN undermigration phenotype seen in
rde-4(ne299) could also be suppressed by reduced IIS. In
contrast to the epistasis experiments with zfp-1, we observed
no suppression of the HSN undermigration defects in either
double-mutant combination (Figure 4, E and F).

In addition, we have analyzed the cellular distribution of
hypodermally expressed DAF-16b::TagRFP in rde-4(ne299)
null mutant embryos (Figure 5A) and found it to be similar
to that observed in the wild-type background (Figure 3A,
left panels): DAF-16 is predominantly nuclear during the
comma, 1.5-, and 2-fold stages when HSN migration is oc-
curring before becoming more restricted to the cytoplasm
(Figure 5A). The absence of any alterations in DAF-16 nu-
clear localization during HSN migration in the rde-4 mutant
background compared to wild type is consistent with the

lack of suppression that we observe for the HSN undermi-
gration defect in the rde-4(ne299); pdk-1(sa709) double
mutant (Figure 4E). Combined, these results indicate that
RDE-4 does not contribute to the regulation of HSN migra-
tion by promoting hypodermal DAF-16 nuclear localization
during embryogenesis. Consistently, we also find that the
cDNA of rde-4 fused to TagRFP driven by the hypodermal
promoter dpy-7 fails to rescue the HSN undermigration
defects seen in the rde-4 null mutant (Figure 5B).

To determine the site of action of RDE-4 in HSN migra-
tion, we utilized two different functional tissue-specific rde-4
transgenes (A. Jose, personal communication). The rde-4
cDNA was driven by either a body-wall muscle promoter,
unc-54, or a pan-neuronal promoter, rgef-1, in the rde-4
(ne301) null mutant background (strains were generously
provided by the A. Jose lab). Expression of rde-4 cDNA in the
neuronal tissue but not in the body-wall muscle rescued the
HSN migration defects of rde-4 mutants (Figure 5C). This
result suggests that RDE-4 functions cell-autonomously to
control HSN migration and is in agreement with our findings
that RDE-4 does not function in the same genetic pathway
or tissue as DAF-16.

We observed that the HSN undermigration defect is less
severe in the genetic background of the two rde-4 mutant
strains expressing the extrachromosomal muscle- and neu-
ronal-specific transgenes (Figure 5C) compared to the
strains used throughout the rest of this study. We have used
strains containing the rde-4(ne299) allele while the strains
from the Jose lab contain the rde-4(ne301) allele. Although
these two alleles contain an identical lesion and were iso-
lated from a clonal population during a screen for RNAi-
defective mutants (Tabara et al. 1999), they have been
maintained and outcrossed independently. As a result, they
may have slightly different genetic backgrounds accounting

Table 1 RNAi mutants surveyed for HSN migration defect

RNAi pathway gene Class Nature of mutation HSN migration defect?

alg-1 (gk214) Argonaute Loss of functiona No
C04f12.1 (tm892) Argonaute Loss of functionb No
csr-1 (tm892) Nuclear Argonaute Partially rescued mutantc Yes
drh-3 (ne4253) Helicase Loss of functiond Yes
ergo-1 (tm1860) Argonaute Loss of functionb No
nrde-3 (gg066) Nuclear Argonaute Nulle No
rde-1 (ne300) Argonaute Putative nullf No
rde-3 (ne298) Nucleotidyl-transferase Loss of functionf No
rde-4 (ne299) dsRNA binding Nullf Yes
rrf-1 (pk1417) RdRP Nullg No
rrf-2 (ok210) RdRP Nullh No
rrf-3 (pk1426) RdRP Nullg No

HSNs were visualized by crossing a tph-1::gfp reporter into individual mutant strains.
a Grishok et al. (2005).
b Yigit et al. (2006).
c Claycomb et al. (2009).
d Gu et al. (2009).
e Guang et al. (2008).
f Tabara et al. (1999).
g Sijen et al. (2001).
h Deletion allele provided by the C. elegans Gene Knockout Project. The deletion covers part of the expected promoter region and the first two exons.
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for the variability in HSN undermigration defects observed
between the two rde-4 alleles.

Discussion

Our genetic analysis has identified the conserved chromatin-
binding factor ZFP-1/AF10, the dsRNA-binding protein
RDE-4, the dicer-related helicase DRH-3, and the Argonaute
CSR-1 as regulators of neuronal migration during C. elegans
embryogenesis. We demonstrate that ZFP-1 facilitates proper
HSN migration in part through its negative regulation of the
conserved IIS kinase gene pdk-1 (Mansisidor et al. 2011) and
the resulting activation of DAF-16/FOXO, which we have pre-
viously shown to act in the hypodermis to promote HSN mi-
gration (Kennedy et al. 2013). We also show that both ZFP-1
and RDE-4 work in parallel to DAF-16 to stimulate HSN mi-
gration during embryogenesis.

Recently, the mammalian homolog of ZFP-1, AF10, was
shown to exist in a complex with the H3K79 histone meth-
yltransferase DOT1L, which was called DotCom (Mohan
et al. 2010). Interestingly, b-catenin, an important downstream
mediator of Wnt signaling, was shown to co-immunoprecipitate
with DOT1L complex components in HEK293T cells (Mohan
et al. 2010). Moreover, reduced expression of Wingless/Wnt
targets was observed after knockdown of the fly AF10 ortho-
log Alhambra (or Dalf), as well as after the knockdown of
other DotCom orthologs, in Drosophila larvae (Mohan et al.
2010). Additionally, AF10 was independently found in a com-
plex with the downstream effectors of Wnt signaling TCF4
and b-catenin in colorectal cancer cells and implicated in the
regulation of Wnt target genes in these cells as well as in
zebrafish (Mahmoudi et al. 2010).

In C. elegans, it is well known that Wnt signaling controls
HSN migration in a b-catenin-independent manner (Harris
et al. 1996; Forrester et al. 2004) by acting as a repellent
to guide the HSN out of the embryonic tail and into the
mid-body of the animal (Pan et al. 2006). However, the con-
nection between AF10 and canonical Wnt signaling (b-catenin-
dependent) in vertebrates highlights the intriguing possibility
that the interaction between ZFP-1/AF10 and Wnt pathway
components may be conserved in C. elegans. Based on our
observations that the negative regulation of pdk-1 by ZFP-1
affects DAF-16 hypodermal nuclear localization during HSN
migration and that an HSN-specific promoter driving the
expression of a ZFP-1::GFP transgene fails to rescue the
HSN undermigration defects in zfp-1 mutant animals, it
is likely that ZFP-1 functions nonautonomously to pro-
mote HSN migration. One possibility is that ZFP-1, inde-
pendently or in combination with DAF-16, regulates the
transcription of the Wnt’s, which affect HSN migration
nonautonomously (Pan et al. 2006). Another possibility
is that ZFP-1 regulates the transcription of negative reg-
ulators of Wnt signaling, such as CAM-1, that can function
as sinks to limit extracellular Wnt’s and impede HSN mi-
gration (Kim and Forrester 2003; Forrester et al. 2004;
Green et al. 2007). Future studies will elucidate these

potential roles of ZFP-1 in the regulation of Wnt signaling
during HSN migration.

There are multiple endo-siRNA pathways in C. elegans,
including the CSR-1 RNAi pathway (Claycomb et al. 2009;
Gu et al. 2009), the WAGO RNAi pathway (Gu et al. 2009),
and the ERI RNAi pathway (Lee et al. 2006; Gent et al. 2009;
Han et al. 2009; Vasale et al. 2010). The biological roles
of the endo-RNAi pathways in C. elegans remain largely
uncharacterized. A major known role of the WAGO endo-
RNAi pathway is in genome surveillance: the silencing of
transposable elements, aberrant transcripts (Gu et al.
2009), and gene duplications (Vasale et al. 2010; Fischer
et al. 2011). The ERI pathway has been implicated in regu-
lating genes required for spermatogenesis and fertility (Gent
et al. 2009; Han et al. 2009; Conine et al. 2010), whereas the
CSR-1 RNAi pathway has been recently shown to positively
regulate histone mRNA expression (Avgousti et al. 2012).

Mutations in rde-4 have been associated with decreased
life span (Welker et al. 2007; Mansisidor et al. 2011) and
increased sensitivity to oxidative stress (Mansisidor et al.
2011) and temperature (Blanchard et al. 2011). An increase
in stress sensitivity and reduced life span of rde-4 mutants
has been attributed to the upregulation of pdk-1 (Mansisidor
et al. 2011). Here, we describe a novel role for RDE-4 in
embryonic neuronal migration, which is consistent with pre-
vious observations that the generation of some somatic 22G-
RNAs is dependent on RDE-4 (Lee et al. 2006; Gu et al.
2009). Interestingly, RDE-4 has also been recently shown
to participate in the production of endogenous 22G-RNAs
required to mediate odor adaptation in adult animals (Juang
et al. 2013).

The majority of 22G-RNAs that are in the complex with
the Argonaute CSR-1 are antisense to protein-coding genes
(Claycomb et al. 2009), suggesting that multiple genes and
genetic pathways may be regulated by these endo-siRNAs.
Similar to the regulation of embryonic HSN migration de-
scribed here, both CSR-1 and DRH-3 have been implicated
in another embryonic process: the specification of the excre-
tory duct cell, a component of the worm’s renal system
(Rocheleau et al. 2008). A genome-wide RNAi screen iden-
tified these RNAi pathway genes to act redundantly with the
KSR-1 (kinase suppressor of Ras) scaffolding protein in Ras-
mediated excretory duct cell specification (Rocheleau et al.
2008). Since DRH-3 is a component of the RdRP complex
(Gu et al. 2009; Thivierge et al. 2012) required for the bio-
genesis of all 22G-RNAs, including those present in the
complex with CSR-1 (Gu et al. 2009), it is most likely that
DRH-3-dependent CSR-1-bound endo-siRNAs regulate
a number of genes affecting developmental events, such
as HSN migration and excretory duct specification.

Furthermore, RDE-4 and Dicer have been implicated in
the production of 26G-RNAs, which subsequently promote
RdRP-dependent, Dicer-independent biogenesis of some
WAGO-bound 22G-RNAs (Vasale et al. 2010). Therefore, it
is possible that RDE-4 works upstream of some CSR-1
22G-RNAs that regulate genes affecting HSN migration.
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Surprisingly, none of the RdRPs implicated in 26G-RNA
and 22G-RNA production (Ruby et al. 2006; Aoki et al.
2007; Pak and Fire 2007; Vasale et al. 2010) displayed
an HSN migration phenotype when examined as null
mutants (Table 1). One possible explanation for this is
redundancy among the RdRPs required for HSN
migration.

In summary, our work has highlighted a novel biological
role for the conserved chromatin-binding factor ZFP-1/AF10
and the endo-siRNA pathway in neuronal migration in
C. elegans.
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Figure S1   HSN migration defects in zfp‐1(ok554) determined by anti‐serotonin staining. (A) Epifluorescent images of the HSN 
stained with anti‐serotonin in wild type (A) and zfp‐1(ok554) adult animals (B). Asterisks indicate the vulva and the arrowhead 
denotes the position of a properly migrated HSN. The arrow in (B) indicates a HSN that has failed to migrate the full distance 
from its birthplace in the tail of the zfp‐1(ok554) mutant animal. Note that undermigrated HSNs still differentiate, as they 
express the neurotransmitter serotonin, a late step in HSN development. Images are oriented with the posterior of the animal 

to the right. Scale bars: 20 m. (C) Quantification of the percentage of animals with an undermigrated HSN from two pooled 
independent experiments in wild type (n=78) versus zfp‐1(ok554) (n=72) animals. Worm schematic legend: Stacked bars 
represent the proportion of HSNs at different positions along the A‐P body axis within only those animals containing at least 
one undermigrated HSN. Thus, since there are two HSNs within each animal and not every HSN is affected, one colored region 
(light pink) represents the wild type HSN that remains unaffected in animals containing a second undermigrated HSN, which is 
represented by either the reddish/purple, green or blue region. Error bars represent standard error of the proportion (SEP).  
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Figure S2   ZFP‐1 may function nonautonomously to promote HSN migration. (A) Expression of ZFP‐1::GFP in the HSN does not 
rescue the HSN undermigration defect of zfp‐1(ok554) mutants. The zfp‐1(ok554) mutants that had the transgenic array (+) or 
their siblings that had lost the array (‐) were scored. Number of animals scored per line are: Line 1: (‐) n=32 and (+) n=40; Line 2: 
(‐) n=40 and (+) n=40; Line 3: (‐) n=40 and (+) n=40; Line 4: (‐) n=40 and (+) n=33. HSNs were visualized with a tph‐1::gfp 
reporter. See Figure S1 for detailed description of worm schematic legend. The z‐test was used to determine significance. Error 
bars represent SEP. (B) ZFP‐1::GFP driven by the unc‐86 promoter is expressed in a subset of neurons, including the HSN, in zfp‐
1(ok554). The dotted yellow line represents the developing gonad. The HSN is indicated by an arrow and a second arrow in the 
tail illustrates a tail neuron, which also expresses ZFP‐1::GFP. 
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Figure S3   HSN migration defects in rde‐4(ne299) determined by anti‐serotonin staining. (A) Epifluorescent image of the HSN 
stained with anti‐serotonin in rde‐4(ne299) animals (B). The asterisk indicates the vulva and the arrow indicates a HSN that has 
failed to migrate the full distance from its birthplace in the tail to flank the vulva. Note that undermigrated HSNs still 
differentiate, as they express the neurotransmitter serotonin, a late step in HSN development. Image is oriented with the 

posterior of the animal to the right. Scale bars: 20 m. (B) Quantification of the percentage of animals with an undermigrated 
HSN from two pooled independent experiments in wild type (n=78) versus rde‐4(ne299) (n=100) animals. See Figure S1 for 
detailed description of worm schematic legend. Error bars represent SEP.  

 


