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Abstract

Cell migration plays an essential role during animal development. In the
hermaphrodite of Caenorhabditis elegans, two distal tip cells (DTCs) undergo three
sequential phases of linear migration during larval stages and lead the formation of
bi-lobed U-shaped gonad arm. Previous studies have shown that the initiation of the
ventral-to-dorsal phase II migration occurs in the late L3 stage and is controlled by the
transcriptional up-regulation of the dorsal guidance receptor UNC-5. On the other hand,
the heterochronic genes control the temporal identity of DTCs: DAF-12/nuclear
hormone receptor, DRE-1/F-box, protein, and LIN-29/zinc finger transcription factor
function redundantly to promote‘phase I andkrll)hase Il migration in the L3 stage. In
contrast, LIN-42/Period prevents phase Il and phaselll.to occur precociously in L2.

Our laboratory has previously isolated; and,characterized a dpy-24 mutation, which

results in precocious DTC dorsal tl} I inrél%;i;L3stage. Previous studies have shown
that dpy-24 represses the transcriptip‘]l of 14}32'45 tq prevent pfecocious DTC dorsal turn.
DPY-24 contains one PR don.lain“ aI:deive zinc fingc:arsj and is detected in DTCs prior to,
but not during or after, dorsal phase. I Vmigratioh. In late L3, lin-29, dre-1, and daf-12
function redundantly to down-regulate the dpy-24 level to promote DTC dorsal turn.
However, how DPY-24 represses unc-5 transcription and how the DPY-24 level is
maintained during phase I and is down-regulated during the phase I to II transition
have not been explored. My structural and functional analysis of DPY-24 reveals that
the PR and zinc finger domains and the region outside of these domains are required for
its complete function in regulating DTC migration. Furthermore, I demonstrated that
DPY-24 zinc fingers are able to bind to unc-5 promoter in EMSA (electrophoretic

mobility shift assay), suggesting that DPY-24 may repress unc-5 transcription directly.

In addition, DAF-12 and LIN-29 each can bind to the unc-5 promoter and when both



are mutated, no unc-5 transcription is observed. Therefore, DAF-12 and LIN-29 may
activate unc-5 transcription by directly binding to its promoter. As for temporal
regulation of dpy-24, I generated transgenic worms carrying dpy-24::GFP reporters and
found that DAF-12 and LIN-29 repress dpy-24 transcription, and DRE-1 decreases
DPY-24 protein stability. Furthermore, dpy-24 expression is also repressed through its
3’UTR. Finally, dpy-24 transcription during phase I is activated by LIN-42 and
maintained by a positive feedback loop. These results elucidate the molecular
mechanism of temporal regulation during cell migration. In phase I, LIN-42 activates
dpy-24 transcription, which in turn_blocks /in-29_and unc-5 transcription and hence
prevents DTC from dorsalward turning:. In phése II,"DPY-24 is down-regulated by
LIN-29 and DAF-12 at the Franscriptional level and ‘by'DRE—l at the post-translational
level, which relieves: the r-epression;)fxlrunc‘-‘.5,ﬂby DPY-24 and allows LIN-29 and

— 2
DAF-12 to activate une-5 transcription, leadifig-to DTC dorsal turn.
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Introduction

Cell migration occurs throughout our lives. During embryonic development, cells
move extensively to their final destination, such as in gastrulation (Keller, 2005) or
nervous system formation (Ayala et al., 2007). In adult, cell migration is required in
homeostasis and immune responses (Luster et al., 2005), and increased cell motility
plays a key role in metastasis (Yamaguchi et al., 2005). Although numerous pathways
regulating cell polarity and motility have been identified (Ayala et al., 2007), the mecha-
nism of temporal regulation in cell migration largely remains unknown.

The nematode Caenorhabditis'elegans goes through four larval stages, L1 to L4,
before growing into adult. In-the hermaphrodite:, the bi=lobed U-shape of the gonad arm
is determined by the migratory paths‘of two distal'tip'cells(DTCs), which are born and
positioned at the anterior and posteriori.laips ©of gonad primordium during L1 stage
(Kimble and Hirsh, 1979). DTCs uqd rgor'%;éeuphases of migration and lead the gonad
arm elongation during larval stages L(ljlg IK&IB);. In the firsf phase (phase 1), the two
DTCs migrate away from thé ﬁid—Lédy along Ven:tral body ‘wall muscles, one toward
the anterior and the other toward the pésterior. In. thé second phase (phase II ), DTCs
turn dorsally during late L3 and migrate to the dorsal side. In the third phase (phase III),
they migrate along dorsal body wall muscles to the mid-body region.

Several classes of genes have been reported to be required for proper DTC migra-
tion (Cram et al., 2006), including extracellular matrix proteins (Merz et al., 2003),
metalloproteases (Blelloch et al., 1999; Nishiwaki et al., 2000), integrin receptors (Lee
et al., 2001; Meighan and Schwarzbauer, 2007), src kinase (Itoh et al., 2005), and the
Rac signaling pathway (Lundquist et al., 2001; Reddien and Horvitz, 2000; Wu and
Horvitz, 1998); their mutations result in different types of migration defect. Specifically,

the ventral-to-dorsal migration in phase II is in part controlled by unc-5/unc-6/unc-40



netrin guidance system (Hedgecock et al, 1990; Wadsworth, 2002). In their
loss-of-function mutants, DTCs often fail to migrate to the dorsal side, while the longi-
tudinal migration in phase I and III is essentially unaffected. UNC-6 is the C. elegans
homolog of netrin (Ishii et al., 1992), an evolutionarily conserved family of extracellular
guidance cue, and is secreted from ventral neurons and hypodermis to form a dor-
sal-ventral gradient peaked at ventral mid-line (Wadsworth et al., 1996). UNC-5 and
UNC-40 are membrane receptors for UNC-6 and function in migrating cells or axon
growth cones (Chan et al., 1996; Leung-Hagesteijn et al., 1992). Previous studies sup-
port a model in which UNC-40 alone mediates-attraction by UNC-6, whereas the com-
bination of UNC-5 and UNC-40 mediates repﬁ-lsion from. UNC-6 (Hedgecock et al.,
1990). During DTC migratipn, the transcriptional up—régulation of unc-5 is coincident
with the initiation of phase- II, and pfetrllature? é-xpression of unc-5 causes precocious

e

DTC dorsal turns (Su et al., 2000), indica;;%ﬂftig;taﬁaq unc-5 is both necessary and sufficient
for DTC dorsal migration. ’k | .L s ‘h ‘

In C. elegans, stage—specifiq térﬂporal identitlwiés’ are specified by a group of genes
called heterochronic genes (Arﬁbfos and Horvitz, 1984). Mutations in heterochronic
genes alter the timing of stage-specific program, such as division pattern, in affected
tissue relative to other tissues, resulting in precocious or retarded phenotype. The het-
erochronic circuit has been studied extensively in the extragonadal tissues, especially in
the epidermal seams (Rougvie, 2005). Most identified heterochronic genes in the seams
do not have apparent roles in DTC migration, except for lin-42, daf-12, dre-1, and
lin-29. The RNAi knockdown of lin-42 causes DTC turning occur one stage earlier,
from late L3 to late L2, suggesting a role for /in-42 during phase I (Tennessen et al.,
2006). On the other hand, daf-12, dre-1, and lin-29 function redundantly during late L3

to promote the later programs (phase II and III) so that in any of their double mutants,

DTCs exhibit the characteristic no-turn phenotype (Fielenbach et al., 2007). LIN-42 is
5



the homolog of the Period (Per) family of circadian rhythm proteins and may act by in-
terfering with transcription activators (Jeon et al., 1999). DAF-12, DRE-1, and LIN-29
are nuclear hormone receptor (Antebi et al., 2000), F-box protein of SCF E3 ubiquitin
ligase (Fielenbach et al., 2007), and zinc finger transcription factor (Rougvie and Am-
bros, 1995), respectively; this indicates that the temporal identity of DTCs is regulated
at multiple levels in gene regulation. Genetic data show that lin-29 is downstream of
lin-42, and daf-12 and dre-1 are partially downstream or in parallel to /in-42. However,
it is not clear how these factors interplay at the molecular level to contribute to the cor-
rect expression of downstream effectorsysuchras;unc-5, at the right time in DTCs.

Our laboratory has previously identifiedv'and characterized a dpy-24 mutation,
which causes a precociouerTC dorsal turn in ‘early L3 stage (Fig. 1C). DPY-24 is
similar to mammalian transcﬁption reprrre‘s_sorsr PRbI—BFl/BliIhp-l and also contains one
PR domain and five zinc fingers (Fig.i ng-:_-’_Pf-'eViqus studies have shown that dpy-24 re-
presses the transcription of‘uné-3 toy pkevel:;ﬁprecqcious dorsal turn. DPY-24 is detected
in DTCs prior to, but not du'riﬁg 01l éfter, phase ﬁ migration. In addition, constitutive
expression of dpy-24 prolongs phase I-migrations (T.‘ E. Huang and Y. C. Wu unpub-
lished results). Finally, lin-29, dre-1, and daf-12 function redundantly to down-regulate
the dpy-24 level during DTC dorsal turn, suggesting that dpy-24 provides the link be-
tween temporal regulators (daf-12, dre-1, and lin-29) and the spatial regulator unc-5.
However, how DPY-24 represses unc-5 transcription and how DPY-24 is
down-regulated during the phase I to II transition by daf-12, dre-1, and lin-29 have
not been explored.

In order to unravel the potential mechanism by which DPY-24 represses unc-5
transcription, I performed structural and functional analysis of DPY-24. I found that

multiple domains of DPY-24, including PR domain, the five zinc fingers, and the region

outside of them, are required for its complete function in regulating both anterior and
6



posterior DTC migration. To reveal the role of DPY-24 zinc fingers, I conducted EMSA
(electrophoretic mobility shift assay) and confirmed that DPY-24 zinc fingers are able to
bind to unc-5 promoter directly through two specific binding sites. Therefore, DPY-24
may directly and actively repress unc-5 transcription during phase 1. Moreover, the
zinc fingers of DAF-12 and LIN-29 both are able to bind to unc-5 promoter, suggesting
that they are direct activators for wunc-5. To examine at which level dpy-24 is
down-regulated, I generated various forms of GFP reporters for dpy-24 expression. It
turns out that dpy-24 is down-regulated at multiple levels: DAF-12 and LIN-29 act to-
gether to repress dpy-24 transcription;gand DRE-1_decreases DPY-24 protein stability.
Furthermore, the dpy-24 level is also down—regﬁ-llated through its 3°UTR. Finally, dpy-24
transcription during phase I is' activated by lin-42 and maintained by a positive feed-
back loop. These results progzide a mdiéqilllar frarhework forus to understand how DTC

.F‘

dorsal migration is tightly ‘controlled in Wﬂ'—é—'t?pe, “

ﬁil: ;_‘ b |



Materials and Methods

Nematode strains

Nematodes were cultured at 20'C on NGM agar inoculated with Escherichia coli
strain OP50 as described (Brenner, 1974). The N2 Bristol strain was used as wild type.
The following alleles were used: dpy-24(s71) 1, dre-1(dh99)V, and
daf-12(rh61rh411)X. Strains other than dpy-24(s71) were provided by the Caenorhabdi-
tis Genetics Center CGC, which is funded by the NIH National Center for Research

Resources (NCRR).

Constructs
To construct Pyg.0::dpy-24 A(PR or ZF), dpy-24'¢DNA deletion was made by in-

verse PCR using plasmid d24s12 (pGEMI-easyldpy-24 ¢DNA) as templates with the

| =

following primers: | L ,]

D24 /A\PR/f: 5’-CAACAAGACCATACGTAAGAGTTCG-3’

D24/APR/t: 5 —GGTTCATAGGAAETGTGCATTCTGC—3 /
D24 A\Znf/f: 5° —GGATATGAAAGACTCGATGAGGGATG—3 ’

D24 A\Znf/r: 5’-GTTTTTCCATTTTCCTGTTGTTGCAC-3’

Pfu polymerase was used to avoid point mutation during PCR. The same enzyme was
also used for all the following experiments except otherwise noted. The PCR products
were then self-ligated again. Double deletion of PR domain and zinc fingers was
achieved by deleting them sequentially. These various forms of dpy-24 cDNA were then
amplified with the following primers, cut with Kpnl, and ligated into Kpnl restriction
site in pPD49_26/Pj,,.2.

DPY-24-Kpnl/f: 5’-GGGGTACCAATTCGCTAGCATGGGTCAAGG-3’

DPY-24-Kpnl/r: 5’-GGGGTACCGAATACTCAAGCTATGCATCCAACG-3’



Pupy-24::dpy-24 (Full-length or /\ZF) were made by fusion PCR. P,y 24s1) Was

first amplified from worm genomic DNA with primers:

D24-5end5kb: 5’-GATGGAAAGTTGACCTAAATGTCGG-3’

D24-n/r: CATCCCCACTTCCTTGACCCAT

dpy-24 cDNA(full-length or A\ZF)::unc-54 3’UTR was amplified by PCR from plas-
mids LDU (pPD49_26/P,4.5/dpy-24 cDNA) or LDU AZ F with primers:

D24-5end/f: 5°-ATGGGTCAAGGAAGTGGGGATG-3’

D: 5’-AAGGGCCCGTACGGCCGACTAGTAGG-3’

The above two PCR products were then-mixed-and run fusion PCR using Roche Long
Template PCR system with the following primefs:

d24-5kbf-nest: GCCTGGAAAACGCCTTTTGAAG—3’ '

D:5 —GGAAACAGTTATGTTTGGTATATTGGG-3 4

The resulting PCR product was direg:t]iy u;;ﬂ_'fer“ ﬁﬁcroinjection.

The plasmid pPD95_75PEST ,which}darries.dGFP (destabilized GFP), was gener-
ated in multiple steps. The GFPfP}%ZST fragmentnv;las first made by fusion PCR. GFP
was amplified by PCR from pPD95_75 by the followiﬁg primers:

GFP/f: 5’-AGCTTGCATGCCTGCAGGTCGACT-3’

GFP-PEST fusion/r:
5’-CTCCGGCGGGAAGCCATGGCTTTTGTATAGTTCATCCATGCCATGTGT-3’
PEST was amplified from pd2EGFP by the following primers:

PEST/f: 5°-AGCCATGGCTTCCCGCCGGAG-3’

PEST/r: 5’-GATCTAGAGTCGCGGCCGCGC-3’

The two PCR products were mixed and run fusion PCR with the following primers:
gfp nested/f: 5’-GCCTGCAGGTCGACTCTAGAGGATCC-3’

PEST nested/r: 5’-CCGAATTCCTACACATTGATCCTAGCAGAAGCAC-3’

The resulting fusion PCR product was then cut with Xmal and EcoRI and ligated into
9



the same restriction sites in pPD95_75 to replace the original GFP.

Pypy-24::dGFP was generated by fusion PCR. Pg,,.245x) was amplified from genomic
DNA by the following primers:
D24-5end5kb: 5’-GATGGAAAGTTGACCTAAATGTCGG-3’
d24Pgfp/r:
5’-AGTCGACCTGCAGGCATGCAAGCTGTCATCCCCACTTCCTTGACCCAT-3’
dGFP::unc-54 3°’UTR was amplified from pPD95_75PEST by the following primers:
GFP/f: 5’-AGCTTGCATGCCTGCAGGTCGACT-3’
D: 5’-AAGGGCCCGTACGGCCGACTAGTAGG-3’
The resulting two PCR produects were then mixed and run fusion PCR using Roche
Long Template PCR system withsprimers d24—5kbf-neét and D’ mentioned above. The
final PCR product was direcﬁy used forrrm_icrqinjeizrction.

Plag2::gfpiidpy-24 was made by f:\;ﬂbn ECR. Plag.>:gfp was amplified from
pPD95_75/Py,,.» by the following pri&rrLers: lIT!{l : ‘
P2 IK/f: 5-GTGGAGTGAAGTEGTTTAGGG 3!~
GFP-DPY-24 fusion/r: |
5’-CCACTTCCTTGACCCATTTTGTATAGTTCATCCATGCCATGTG-3’
dpy-24 cDNA::unc-54 3°’UTR was amplified from plasmid LDU by primers D24-5end/f
and D. The two PCR products were mixed and run fusion PCR using Roche Long Tem-
plate PCR system with primers:
Plag-2 1k nested/f: 5’-GAGATGTATTGTTTGAATTGGAGC-3" and D’. The final PCR
product was directly used for microinjection.

The plasmid pPD95_75PESTdpy-24 3°’UTR was made by subcloning the dpy-24
3’UTR fragment from plasmid dgd (Pgyy-24::gfp::dpy-24 3’UTR) into pPD95_75PEST
by EcoRI and Spel to replace unc-54 3’UTR.

Piag-2::dGFP::dpy-24 3°’UTR was made by PCR amplifying P> with the following
10



primers:

Plag-2 1k nested/f: 5’-GAGATGTATTGTTTGAATTGGAGC-3’

Plag-2/r txn fusion: 5’-CGATCCTTTTCTGAAAAAAGGCAAATTTG-3’

The primers were first phosphorylated by T4 polynucleotide kinase before use in PCR
reaction. The PCR product was purified and blunt-end ligated into Smal restriction site

in pPD95_75PESTdpy-24 3'UTR.

Purification of recombinant proteins
The cDNA of dpy-24 zinc fingers;was amplified by PCR from dpy-24 cDNA using
primers: '
5 —CACCGGAAAAACGAGATACGCTTGC—3 > and
5 —TTACATATCCTCTTCTTTACATGTA_GTTG;3 i

=

The ¢cDNA of /in-29 zinc fingers was.obtaimed by RTEPCR with primers:
' :

|

5 —GGAAGATATCCACAGTTCGAAkAAIE.\.AGC.—’}- :

5 —GGAACAACATCGTTTCCAAAATTGC—?: .\

Then a nested PCR was run with pfimers:

5’-CACCGCAAAACCTTACAAGTGC-3"

5’-TTACTTCGATCGATCCGCGTGCTT-3’

The PCR products were cloned into pENTR/D-TOPO. The expression plasmid was ob-
tained through LR recombination (Invitrogen Gateway system) with pMAL-c2x desti-
nation clone. Following induction in E. coli strain BL21, the cells were sonicated, and
recombinant protein was purified from lysate using NEB amylase resin. The bound pro-

tein was eluted by the buffer of 20 mM Tris-HCI, 200 mM NaCl, 1 mM EDTA, 1 mM

azide, 10 mM DTT, and 10 mM maltose for use in EMSA.

EMSA (Electrophoretic mobility shift assay)
11



The -497 to -442 probe was obtained from annealing single stranded oligonucleo-
tides of the following sequences:
5’-ACACAACTTTCATTTTCCTTATTGCTCCATAAACCATAAGCTTTCTCTTTCT
GCCC-3’
5’-GGGCAGAAAGAGAAAGCTTATGGTTTATGGAGCAATAAGGAAAATGAAAG
TTGTGT-3".

The -540~-481 probe was obtained from annealing single stranded oligonucleo-
tides of the following sequences:
5’-ATTGAAATGCACTTTCCACGTGGCTTCACTTAATCTCCAAAGGACACAACT
TTCATTTTC-3’
5’-GAAAATGAAAGTTGTGTCETTTGGAGATTAAGTGAAGCCACGTGGAAAGT
GCATTTCAAT-3’ ” T .

The mutant probes were obtained in ‘the s;t;i_ﬁ‘-'wély with sequerice alteration as indicated.

@ m 1)
Other larger DNA probes werei a}nplifi‘ed frohl genomic:DNA by PCR using prim-

¥ |

ers as follows: ey 7* ‘. 1
-1000/f: 5° —CCGTTTCAGTAGATCTTCAAAGAAA—3 ;
-751/f: 5°-GTCTATTATAAGCGTGAGCCCAT-3"

-701/r: 5’-ATGTAGCACAAACAATCTTTTTCAAG-3’
-537/r: 5’>-CAATATAGAACATTGAAAATAACTATTGGATG-3’
-499/f: 5’>-GGACACAACTTTCATTTTCCTTATT-3’
-498/r: 5’-CCTTTGGAGATTAAGTGAAGCCACG-3’
-450/r: 5’-GAGAAAGCTTATGGTTTATGGAGC-3’
-442/t: 5’-CTGACTCTTCATAAAAAACAGTTTCTCC-3
-253/f: 5°-GGGTGGACCACCGAAAAAGTG-3°

-198/1: 5’-CTGCACTATGAACTGAGGTTTCTAT-3’

-1/r: 5’-TACTGGAATAGAAATTATGATTAGTGACAA-3’
12



All the probes were labeled with biotin using the LightShift Chemiluminescent
EMSA kit (Pierce) following manufacturer’s provided protocol. EMSA was also per-
formed as suggested by manufacturer. 20 fmol of labeled DNA and 200 ng purified pro-
tein were included in each binding reaction. Unlabeled competitors were added in
200-fold of the unlabeled DNA with the same identity of the labeled probe. They were
incubated in the 10X binding buffer plus 250 £ M ZnCl, at room temperature for 20

minutes and then run on 6% polyacrylamide gel in 0.5X TBE.

Transgenic worms

Transgenic worms were made by microinj eétion using.P,,,.2::GFP or Py,,.5::GFP as
co-injection marker. The injection mixtures include IX microinjection buffer, target
DNA, and co-injection mafker. Pmyo_gr:r;G_FP was injected at 1 ng/ 11 along with 50
ng/ 121 carrier DNA and 50 ng/u 1 lklj ladh:_e.l_-é.f;-'and Py..5::GFP %was injected at 100 ng/ « 1.
Piag-2::dpy-24 /\ (PR “or ZF) and& %lag_zztzgfp::dpy—24 were. injected at 20 ng/ul.
Papy-24::dpy-24 (Full-length or AEF ) and Pdp),_zn4;f:§1_GFP were injected at 2 ng/ 1.

Piag-2::dGFP::dpy-24 3°UTR was ihjected at S0 ng/ 1.

RNA interference (RNAI)

To make dre-1 RNAI construct, dre-1 full-length cDNA was PCR amplified from
yk1678a10 by the phosphorylated primers:
dre-1/f: 5’-ATGTCGTCCTCTTCGTCACCATTCTTC-3’
dre-1/r: 5’-TTAAATTTCGGTGCCAGTCTCAGTGGAG-3’

To make lin-42 RNAi construct, lin-42 cDNA in yk818a03 was amplified by
phosphorylated primers:
lin-42 exon 4/f: 5’-CTCGATTCCATACCTTGGTCTCCTACCC-3’

lin-42 exon 9/1: 5’-TTAATTCTGAGAATCCCGTAGCATTAGG-3’
13



To make /in-29 RNAI construct, [in-29 cDNA in yk1430g04 was amplified by the
phosphorylated primers:
lin-29 cDNA 359/f: 5’-GTTTTCACAATTTGGAAGATATCCACAG-3’
Kpnl lin-29/r: 5’-GGTACCTTAATAGGAATGATTTTTCATATT-3
The PCR products were purified and ligated into EcoRV restriction site in L4440. For
dre-1, the resulting plasmid was further cut by Accl and purified the larger fragments
which contained vector backbone and self-ligated to obtain L.4440/dre-1(1.6kb). The
RNAI for dre-1 was performed by feeding method as described (Kamath et al., 2000).
lin-29(RNAi) and lin-42(RNAi) was-performed by injection of dsRNA. To prepare
dsRNA, the template was amplified from:their RNAi constructs by primers:
L4440 T7 5°/1: 5’—GCAACCTGGCTTATCGAAATTAATAC—3’
L4440 T7 3°/1: 5’ CAGTCACGACGTTGTAAAACGACG 3’

"J ‘

The PCR products were purified and| useéﬁ's'nthq template for in vitro transcription by

T7 polymerase to obtain dSRNA. '{hLe rea tlon product was. directly injected into the

gonads of young adults, and thelr’ prbgenles were scot¢d.

14



Result

DPY-24 acts cell-autonomously and requires multiple domains for its complete
function in regulating DTC migration

Previous experiments have shown that dpy-24 loss-of-function mutation causes
precocious activation of unc-5 transcription during phase I of DTC migration, while
prolonged expression of dpy-24 prevents normal unc-5 transcription after phase II.
Therefore, dpy-24 functions to repress unc-5 transcription; however, the underlying
mechanism is still unknown.

To examine whether dpy-24 acts cell-autonomously to regulate DTC migration,
dpy-24 cDNA was expressed in.dpy-24(s71) mll"[ant by<lag-2 promoter (Pjyq.2::dpy-24),
which is specifically expressed in'DTCs throughout DEC migration, to see if it is suffi-
cient to rescue the DTC migration defect\jﬁs afresult, the percentage of DTC migration
defect was reduced from about 80%‘@ T) aﬁ_?;l:éb% in both anterior and posterior DTCs
(Table 1). This rescue of DTC migr:‘?tion dé%éét is :similar to fhe level rescued by dpy-24
cDNA expressed by its own érémot!:rL (Pdpy_24::dpy-2:4)3(Table 1). Therefore, dpy-24 may
function cell-autonomously to regulate DTC migfation.

Next, I want to find out the domains required for dpy-24’s function. The repression
mechanism of DPY-24’s homologs in other species, including PRDI-BF1 and Blimp-1,
has been studied extensively (John and Garrett-Sinha, 2008). Their binding sites in tar-
get genes, such as IFN-beta and CIITA, have been identified and shown to be important
for their repression (Agawa et al., 2007; Chen et al., 2007; Doody et al., 2007; Ghosh et
al., 2001; Keller and Maniatis, 1991; Kuo and Calame, 2004; Lin et al., 1997; Magnus-
dottir et al., 2007; Martins et al., 2008; Shaffer et al., 2002; Tooze et al., 2006), and this

binding specificity was conferred by the first two zinc fingers (Keller and Maniatis,

1992). In contrast, PR domain has been shown to have protein interaction ability
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(Huang et al., 1998). Although its function in PRDI-BF1 or Blimp-1 is still unclear,
several experiments suggest that PR domain also contributes to repression activity
(Ghosh et al., 2001; Gyory et al., 2003; Yu et al., 2000). In addition, PRDI-BF1 and
Blimp-1 have been shown to repress target genes by recruiting Groucho family
co-repressors (Ren et al., 1999), histone methyltransferase (Ancelin et al., 2006; Gyory
et al., 2004), and histone deacetylase (Yu et al., 2000) by regions outside of PR domain.

To assess the functional importance of different domains in DPY-24, I generated
different DPY-24 mutant proteins with deletion of PR domain, all five zinc fingers, or
both (DPY-24APR, DPY-24AZF, and DRY-24APRAZF). They were then expressed in
dpy-24(s71) mutant under the control of P> of Pypy-24t0 examine their residual func-
tions. It was found that DPY—24AZF can rescue anteriér fully but posterior DTCs only
partially, while DPY—24APR” and DPY—24_APRAZF can only'v'veakly rescue both anterior

=

and posterior DTCs (Tablé 1).. These fesﬁ?ﬁhéggét that DPY'-24 zinc fingers is impor-
' m 1
tant for posterior DTC, andPR dom‘a ns arid.somé other unidentified regions also plays

roles in regulating both anterior and posterior, DTC migration.

DPY-24 zinc fingers bind to unc-5 promoter through D1 and D2 binding sites

Since DPY-24 zinc fingers are important for at least posterior DTCs, and since
unc-5 is one target of dpy-24, it is possible that DPY-24 binds to unc-5 promoter
through its zinc fingers and that this binding is important to repress unc-5. To examine if
the unc-5 promoter may contain DPY-24 binding site(s), the unc-5 promoter sequence
was first narrowed from 4.6 kb to 1 kb. The temporal expression pattern of the tran-
scriptional reporter Py,c.s.11):gfp in DTCs is similar to that of Py,.su4.6w):2fp (data not
shown). Thus, the 1 kb region of unc-5 promoter contains cis-elements necessary for
proper expression in DTC.

The binding sites of Blimp-1 and PRDI-BF1 have already been identified previ-
16



ously as mentioned previously, and homology modeling of DPY-24 zinc fingers reveals
the binding specificity of AAXAGxxAXAG. Further examination combined with
Blimp-1 and PRDI-BF1 binding sequences shows a conserved core sequence of
GAAAG (Dr. Y. S. Chen). We then searched the 1 kb unc-5 promoter and found two
potential DPY-24 binding sites: GAAAATGAAAG and GAAAGAGAAAG, which we
name D1 and D2, respectively (Fig. 2A).

Next, I employed the electrophoretic mobility shift assay (EMSA) to investigate
the possibility that DPY-24 binds to the unc-5 promoter. The 1 kb region of the unc-5
promoter was divided to 5 overlapping fragments. I found that DPY-24 zinc fingers
fused with maltose binding protein (MBP) at its; nmino terminus (MBP::DPY-247F) can
bind to the fragment corresponding to -497~- 442, but not the others (Fig. 2B). In addi-
tion, two forms of binding nnmplex (Drra‘nd D’) i:i/ere obsetved (Fig. 2B). The presence
of D* with slower mobility suggests two. ;5?'&'—24 binding sités, consistent with the pre-
diction of homology modeling: Botii l‘lprmsI were absent in the lane containing unlabeled
competitor DNA, indicating the bin(iing specificitgl of DPY-24 to the DNA sequence.

To examine whether the binding could be medieited by D1 and/or D2, I mutated
either or both sites. Particularly, D1 and D2 were mutated to CAAACTCAAAC (D1m)
and CAAACACAAAC (D2m) (Fig. 2A). MBP::DPY-24ZF could still bind to D1m and
D2m. However, only the D, but not D’, form of the binding complex was present (Fig.
2C), consistent with the binding of a single site. Double mutations (D12m) in both D1
and D2 abolished MBP::DPY-24ZF binding (Fig. 2C). These results indicate that

DPY-24 binds to the unc-5 promoter through direct interaction with the D1 and D2 sites

in the EMSA assay.

DAF-12 and LIN-29 can bind to unc-5 promoter

Previous studies have found that in daf-12;/in-29 double mutant, DTCs usually fail
17



to initiate dorsal turns; furthermore, the transcription of unc-5 after phase II is also di-
minished (T. F. Huang and Y. C. Wu, unpublished data), suggesting that DAF-12 and
LIN-29 are activators for unc-5 in DTCs. To investigate whether their activation is di-
rectly or indirectly through the down-regulation of DPY-24, their binding ability to
unc-5 promoter was also examined by EMSA. As a result, both the zinc fingers of
DAF-12 and LIN-29 are able to bind to unc-5 promoter (Fig. 3A&3B). LIN-29 zinc
fingers have multiple binding sites in unc-5 promoter (Fig. 3A), and DAF-12 zinc fin-
gers can bind to -751~-450 region of unc-5 promoter (Fig. 3B), which contains two po-
tential DAF-12 response elements, Alyand A2 (Fig. 3C). I further split this region into
two fragments and found that there is an additibnal DAF-12 binding site in -751~-539
(Fig. 3D). To examine whether DAF-12 directly binds té Aland A2, I performed again
mutational analysis and fouﬁd that DAF—_IZ gpec;ifically binds Al but not A2, because
the mutation in A1 but not A2 sequenjce (;;El'ﬁpts ;phe DAE-12"binding to the probe (Fig.
1Byl
To sum up, DAF-12 binds Al, and one unidehtif.if;d binding site in unc-5 promoter,

3E).

and LIN-29 can also bind directly to-unc-5,promoter _through multiple binding sites in
EMSA. These results suggest that DAF-12"and LIN-29, besides down-regulating the

dpy-24 level, may serve as direct activators for unc-5 to promote DTC dorsal turn.

dpy-24 is down-regulated at the transcriptional level by DAF-12 and LIN-29

It has been shown previously by immunostaining that DPY-24 can be detected in
DTCs only during phase I migration, but the double-mutation of daf-12, dre-1, or
lin-29 causes ectopic DPY-24 expression after phase I (T. F. Huang and Y. C. Wu, un-
published data). Therefore, daf-12, dre-1, and [in-29 function redundantly to
down-regulate the dpy-24 level, yet its molecular mechanism has not been studied.

We first investigated if dpy-24 may be down-regulated at the transcriptional level.
18



In order to monitor the dpy-24 transcription level, a GFP-PEST fusion protein (or dGFP,
for destabilized GFP) was used as a reporter, which has been shown to have shorter
half-life than normal GFP (Li et al., 1998). This Pg,,.>4::dGFP was first introduced into
wild-type worms to observe its expression pattern. Previous studies in the lab show that
wild-type DTCs do not turn dorsalward until the vulval precursor cell P6.p divides
twice, generating 4 P6.p descendant cells. Whereas in dpy-24 mutant, DTCs preco-
ciously turn dorsalward even before P6.p divides. Therefore, for simplicity, we examine
the descent number of the P6.p to define the developmental stage of the worm. The P6.p
1-cell indicates early L3, whereas P6.p-4=cell indicates late L4. In one transgenic line,
77.3% of DTCs expresses GFP during phase Iv'migration (Fig. 4A & Table 2). Consis-
tent with the change in DPY—24 protein level, dpy-24r transcription was nearly com-
pletely turned off after dorsz;l turn (Fig,rr4D & Taible 2), with 'only few DTCs (<4%) ex-
press GFP. P,y »4::dGFP €xpression aftefh;&fsal “tlim may be due to the residual GFP
produced before dorsal turn and nO&t ¥0mpll”etely c.legraded. Alternatively, the transcrip-
tion of dpy-24 is not completély rep}eésed after do}éél_turn.

Among the upstream regulafors of 'dpy-24(i.e. daf-]Z, dre-1, and lin-29), daf-12
and /in-29 encode a nuclear hormone receptor (Antebi et al., 2000) and a zinc finger
transcription factor (Rougvie and Ambros, 1995), respectively, and they have both been
shown to regulate target genes at the transcriptional level (Rougvie and Ambros, 1995;
Shostak et al., 2004). Therefore, it is likely that they mediate the transcriptional
down-regulation of dpy-24. To test this possibility, the transcriptional reporter
(Papy-24::dGFP) was crossed into daf-12(rh61rh411) null mutant or into worms treated
with [in-29(RNAi). The daf-12 mutation alone does not alter the temporal expression
pattern of dpy-24 in DTCs (Fig. 4E), while lin-29(RNAi) prolonged the expression win-

dow of dpy-24 in DTCs into L4 (Fig. 4F & Table 2). Although daf-12 mutation alone

has no effect on dpy-24 expression pattern, it can enhance the ectopic dpy-24 transcrip-
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tion caused by lin-29(RNAi) (Fig. 4G & Table 2)). These results suggest that DAF-12
and LIN-29 function together to repress dpy-24 transcription, while LIN-29 acts more

predominantly than DAF-12

DPY-24 protein stability is decreased by DRE-1

dre-1, which encodes a F-box protein, has been shown to work in the context of
SCF (Skpl-Cullin-F-box protein) E3 ubiquitin ligase to promote DTC turning
(Fielenbach et al., 2007), in which cullin provides the scaffold to recruit F-box substrate
recognition protein through the adaptor-Skplrand transfers ubiquitin to the substrate to
promote its degradation. However, the, direct doWnstream target for DRE-1 has not been
identified. Since dre-1 is inyolved in the down—regulatién of the dpy-24 level in DTCs,

it is possible that DPY-24 15 targeted by DRE-l—éontaining 'u'biquitin E3 ligase for deg-

=

radation. To test this possibility, we gene@&:é ﬁénslational fusion construct in which
GFP was fused to the N-terminus of& APPY—IZZL and.was expressed by the /ag-2 promoter.
The lag-2 promoter has been shéwn todrive !tfaqsgene experiments in the DTCs
throughout larval developments. The GFP fusion prétein allows us to see if DPY-24
protein stability is modulated before and after DTC dorsal turn. In the wild-type back-
ground, about 30% of DTCs express detectable GFP-DPY-24 before dorsal turn (Fig.
5A & Table 2). However, this percentage decreased to about 20% after the DTCs turned
dorsalward (Fig. SB & Table 2), indicating that DPY-24 stability decreased after DTC
dorsal turn.

To see if this decrease in DPY-24 stability is caused by DRE-1, the reporter
(Prag-2::gfp::dpy-24) was crossed into the dre-1(dh99) weak allele background and fur-
ther treated with dre-1(RNAi). As a result, the percentage of DTCs expressing detectable

GFP-DPY-24 before and after dorsal turns became the same (Fig. SC&S5D & Table 2).

Therefore, DPY-24 protein stability is decreased by DRE-1 after dorsal turn, possibly
20



through E3-ubiquitin-ligase-mediated proteolysis.

dpy-24 may be down-regulated by microRNA

In extragonadal tissues, microRNAs (miRNAs) have been found to be essential
components in heterochronic circuit. They are transcriptionally controlled and can re-
press the translation of temporal regulators in previous developmental stage, thus pro-
moting the progression into following stages. Famous members include /in-4 and let-7
(Rougvie, 2005). However, no miRNA has been reported to participate in the temporal
control of somatic gonad, including D'FC migration. Although the dpy-24 level is found
to be down-regulated at transeriptional‘and poét—translational level, the possibility of
post-transcriptional regulatiqn, orsmicroRNA silencing,r cannot be ruled out, especially
when dpy-24 3’UTR is predicted to haYe‘ _sevgr‘al? rconserved'r'niRNA binding sites in the
miRBase database (Fig. Sl)(Griffithé—Jo;%;aEOQ4; Griffiths-Jones et al., 2006; Grif-

R |

To reveal this potential : regulation  of | ?iRNA in the dpy-24 level,

fiths-Jones et al., 2008).

Plag.2::dGFP::dpy-24 3’UTR was ‘generated and sent‘ into wild-type to see if dpy-24
3’UTR can interfere with the expression of reporter. About 50% of DTCs in early L2
expresses this GFP (Fig. 6A & Table 3). Surprisingly, this expression is nearly com-
pletely diminished in late L2 (Fig. 6B & Table 3), which is one stage earlier than the
down-regulation of dpy-24 transcription and protein stability. Therefore, dpy-24 is sub-
ject to multiple but sequential down-regulation mechanisms, which may act together to

facilitate switching of DTCs from phase I into phase II and phase III.

dpy-24 transcription is activated by lin-42 and maintained by a positive feedback

If dpy-24 is subject to these multiple down-regulation mechanism, how do DTCs
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activate and maintain the expression level of dpy-24 during phase I ? Previous studies
have shown that another heterochronic gene, /in-42, is expressed in DTCs before dorsal
turn and suppress lin-29 activity. Therefore, it is possible that dpy-24 transcription is
either directly or indirectly activated by LIN-42.

To confirm this possibility, transgenic worms carrying Pyp,.24::dGFP were treated
with lin-42(RNAi). After the treatment, the percentage of DTCs expressing GFP de-
creased during phase 1 from about 80% to about 20% (Fig. 4B & Table 4). This result
suggests that LIN-42 is required for dpy-24 transcription during phase I migration.

Finally, I wanted to know whether thereris-a positive feedback loop on dpy-24 ex-
pression. The migratory behavior of DTCs ethbits bistability. That is, DTCs maintain
high expression level of dpy—24 and low expression levél of ‘unc-5 before mid-L3; dur-
ing late-L3, DTCs efficientiy switchrtb ‘the staté of low dpjz-24 level and high unc-5

level. It has been shown prev1ously that ?ﬁi’ﬁl’a\(e feedback loop or a double-negative

sucthtablllty (Ferrell, 2002). To identify such a

feedback loop is usually necessary fFr
loop, I crossed the transcnptlonal ;’éporter (Pd,,y_24w..d'('}FP) into dpy-24(s71) mutant and
found that the dpy-24 mutation ‘se‘verely' impaired-its bwn transcription, with only 10%
of DTCs before mid-L3 expressed GFP (Fig. 4F & Table 4), supporting that there is in-

deed a positive feedback loop to maintain dpy-24 transcription.
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Discussion

dpy-24 may repress unc-5 transcription and regulate DTC migration by different
mechanisms in the anterior and posterior DTCs

dpy-24 has been shown to be required for the repression of unc-5 transcription in
DTCs during phase I migration, and my structural and functional analysis of DPY-24
indicates that it functions cell-autonomously to regulate DTC migration. Taken together,
DPY-24 is likely a transcription repressor for unc-5. Surprisingly, DPY-24AZF can still
regulate the migration of the anterior but not the posterior DTCs, giving us two implica-
tions. The first is that DPY-24 regulates the migration of the anterior and posterior
DTCs by different mechanisms;-Actually;-it heirs'already been recognized that the ante-
rior and posterior DTC migration-are not identical"at the-molecular level (Nishiwaki,
1999), because some mutations affect the&to different degrees, including dpy-24 (data
not shown). Second, the lack of Mp?l“[ancg;;ﬂbPY-24 zinc fingers in the anterior DTCs

suggests that it may have a more global role ihere,‘- while the requirement of zinc fingers

in posterior DTCs suggests that it n!zfy act more spéciﬁcally on a smaller subset of tar-
get genes. This is consistent with the dby-24 mutant phenotype, such that the anterior
DTCs also display severe defect in phase Il migration, while the posterior ones are less
affected. The ability of DPY-24 zinc fingers to bind to unc-5 promoter in EMSA assay
indicates that DPY-24 is potentially a direct transcription repressor for unc-5 at least in
posterior DTCs and supports the above hypothesis. Furthermore, the identification of
exactly two binding sequences, D1 and D2, can help us predict other potential dpy-24
targets (Table S1).

In contrast, DPY-24APR and DPY-24APRAZF only retain partial function in regu-

lating both anterior and posterior DTCs, suggesting that PR domain is required for both

anterior and posterior DTCs and that some unidentified regions outside PR domain and
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zinc fingers is also important. The PR domain has been shown to serve as pro-
tein-protein interaction interface (Huang et al., 1998). In addition, DPY-24’s mammal-
ian homologs PRDI-BF1/Blimp-1 can recruit co-repressors or histone modification en-
zymes to repress their target genes (Ancelin et al., 2006; Gyory et al., 2004; Ren et al.,
1999; Yu et al., 2000). Therefore, it is possible that DPY-24 also forms a complex
around the promoter of unc-5 and other target genes to mediate repression. This can also
explain why zinc fingers are not required in the anterior DTCs; the DNA-binding ability
may be conferred by other partners in the complex.

To sum up, DPY-24 may employ different;mechanisms to repress unc-5 transcrip-
tion and have different roles,in the anterior and *pbsterior DTCs, while both may involve
interaction with other protejns. The identification of DPY-24 interacting protein will

possibly elucidate more cleaﬂy the mecha_rlisms of DPY-24 fépression.
| :-:’ |
1l m |

The heterochronic circuitin DTC rrlfigratihn coi}Yerges onrthe regulation of dpy-24
level ; 1

Previous studies have established that [in-42 speéifies the DTC phase 1 temporal
identity by suppressing lin-29 (Tennessen et al., 2006) and working partly upstream or
in parallel to daf-12 and dre-1 (Fielenbach et al., 2007). During late L3, daf-12, dre-1,
and lin-29 function redundantly to promote phase II and phase Il programs
(Fielenbach et al., 2007). However, how they coordinate together to specify temporal
identity has not been studied. Here, I found that the functions of these heterochronic
genes converge on the regulation of the dpy-24 level (Fig. 7A). It has been shown pre-
viously that dpy-24 loss-of-function causes precocious phase II execution, and exces-

sive DPY-24 is sufficient to prolong phase I program, suggesting that the dpy-24 level

is a critical factor controlling the timing of DTC turning. During phase I, LIN-42 acti-
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vates dpy-24 transcription, thereby maintaining the phase I identity. During late L3,
the lin-42 level is declining as its innate periodic nature; DAF-12 and LIN-29 repress
dpy-24 transcription, and DRE-1 decreases DPY-24 protein stability; this multiple
down-regulation mechanism, which may be weak individually, ensures the efficient
switch from phase 1 into phase II and phase III.

LIN-29, which is a zinc finger transcription factor, has been shown to bind directly
to the promoter of its target genes and either activate or repress their transcription
(Rougvie and Ambros, 1995). Therefore, the lin-29 repression on dpy-24 transcription
may be a direct regulation. Further analysis of dpy-24 promoter may help to verify this
assumption. In contrast, the daf-12 repression oﬁ dpy-24 transcription is likely indirect.
Previous experiments support a model in which'the hérmone for DAf-12 is produced
during late L2 (Gerisch and Antebi, 2004b), apd iiganded DAF-12 served as a transcrip-
tion activator to promote reproducti\i'e g:trSWth i‘n‘L3 (Fielenbach and Antebi, 2008).
Therefore, it is possible that DAF—I&Z actii%fes séme other‘mtermediate regulators and
cooperates with LIN-29 to repfess rc}pjz—24 transcribﬁio_n. The decrease of DPY-24 stabil-
ity by DRE-1 is likely through ubiquitin’ E3,ligase mahner, and this could be confirmed
by testing the interaction between DPY-24 and DRE-1 or detecting the ubiquitinated
DPY-24 in vivo. Finally, it would also be interesting to check whether dpy-24 and lin-42
act in the same pathway to promote phase I migration.

However, it should be noted that these genes possibly also have parallel functions
besides regulating the dpy-24 level to contribute to the correct expression of down-
stream effectors, such as unc-5. This is supported by the result that DAF-12 and LIN-29
can directly bind to unc-5 promoter in EMSA. In addition, in wild-type worms carrying
the transgene Py,g.2::gfp::dpy-24, DTCs expressing GFP-DPY-24 still managed to exe-

cute phase II and phase III programs properly, suggesting the existence of activators

which outweighed the repression by DPY-24. Eventually, to turn or not to turn (dorsally)
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more likely depends on the relative levels of these temporal regulators (Fig. 7A).

dpy-24 may be repressed by miRNA, which may be activated by liganded DAF-12

In addition to the down-regulation of dpy-24 transcription and DPY-24 stability, 1
have found that the dpy-24 3’UTR also mediates gene silencing earlier at late L2 stage,
likely by binding of miRNA to interfere with the translation. However, in wild type,
endogenous DPY-24 can be detected in DTCs until late L3, suggesting that DPY-24 is
very stable before dorsal turn so that DPY-24 produced at L2 can persist into L3 stage.
This highlights the importance of the doewn-=regulation of DPY-24 stability by DRE-1
and is consistent with the dre-1 mutant phenotype, in“which DTCs make dorsal turn
slightly later than in wild—type (Fielenbach et al.; 20075, perhaps because clearance of
DPY-24 is defective. ” 77 W/ .

It has been reported that DAFfIQ di‘::g_ﬁiy“aptivates miRNAs upon ligand binding
but tightly represses them in the ab&s4nce (I)f.ligaqd (Bethkeret al., 2009). Mutations in
DAF-12 ligand binding doma‘in‘ algd causes sevnefer DTC" migration defect, in which
DTCs fail to leave phase [ migration' and exhibit flo-turn phenotype (Antebi et al.,
2000), suggesting that hormone binding is required to release the unliganded DAF-12
repression on DTC later programs. daf-9 encodes cytochrome P450 and is required for
the production of DAF-12 ligand (Gerisch and Antebi, 2004a; Gerisch et al., 2001; Jia et
al., 2002). daf-9 expression in hypodermal cells is up-regulated in mid-L2 and act up-
stream of daf-12 to promote reproductive growth (Gerisch and Antebi, 2004a). Consid-
ering all these data, it is reasonable to postulate that the miRNAs that repress dpy-24 is
also activated by liganded DAF-12. This miRNA repression on dpy-24 translation may

be the response of DTCs to global hormone signal. Further experiments will be needed

to prove this hypothesis.
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Multiple but sequential down-regulations of the dpy-24 level decide the timing of
DTC dorsal turn

Unlike extragonadal tissues, the temporal progression of DTC migration seems to
be uncoupled from the molting cycle in C. elegans. For example, seam cells undergo
divisions each larval stage and exhibit distinct patterns. However, the correlation be-
tween DTC temporal identity and larval stages is less clear. The phase I of DTC mi-
gration occurs during L2 and early L3 stages, and the phase II is finished in late L3.
The phase III occurs in late L3 and L4 stages. The hormone-dependent progression of
DTC migration provides a mechanismyby which DTCs integrate the signal from other
tissues. However, it is still unknown how. DTC*rfurning 18 confined in the short window
in late L3. |

Here, I found that dpy;24 expressidr_l is ra‘ctilially dowh—fegulated at two steps: the
translation may be blocked by miRNA at::;-éfe-'aLZ, and the trahscription and protein sta-
bility is down-regulated later ‘at latL#ﬁ. ”}‘H‘i,s may help toxesolve the puzzle of how
DTCs is programmed to make ‘tu‘rnrsio‘nly atdate-L3 One possibility is that the low level
of LIN-42 and high level of DAF—IZ—aCtivated‘miRNA together determine the DTC
turning at late L3. As a homolog of circadian rhythm protein, LIN-42 level oscillates
with molting cycle in C. elegans, with highest level during inter-molt and lowest level at
molting. At late L2, liganded DAF-12 activates the transcription of miRNAs for dpy-24.
Until late-L3, either when DPY-24 level has dropped beyond a threshold or when
miRNAs have accumulated enough, further combined with the decline in LIN-42 level
before molting, dpy-24 expression is further down-regulated at both transcriptional and
post-translational level, and DTCs can now enter into phase II and phase Il migration.

In brief, two layers of temporal events, i.e. [in-42 oscillation and daf-12 activation by

ligand, together determine the timing of DTC turning (Fig. 7B).
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The switch-like behavior of DTC dorsal migration is contributed by a positive
feedback loop involving dpy-24

During DTC phase I migration, dpy-24 is expressed while unc-5 is repressed,
ensuring that DTCs maintain their positions at ventral side. At late L3, there is a con-
comitant down-regulation of dpy-24 and up-regulation of unc-5, initiating the dorsal
migration. Afterward, DTCs maintain their position at dorsal side throughout the entire
phase Il and migrate back to the mid-body region. Therefore, the migratory behavior of
DTCs exhibits bistability, i.e. the DPY-24(+)/UNC-5(-) ventral-side migration and the
DPY-24(-)/UNC-5(+) dorsal-side migration.

In my study, I found that dpy-24 transcripbién is maintained by a positive feedback
loop. This positive feedback loopsmay be important fof the switch-like DTC migratory
behavior. With this positive ”feedback 1@0p, DPY—24 can'maintain its own level during
phase I to prevent the execution of phi?é_"ﬁ“o; phase /Il programs, which can only
occur when an outside trigger down{#gula,lté.the dpy—Z4 levek. Subsequently, the dpy-24
level remains low because of the lotss of activatio!n‘fbry its“own protein, so the phase II
and phase Il programs can be effiéiently executed:

In conclusion, the robustness and fidelity of DTC migration is achieved in several
ways (Fig. 7A). The early phase (phase 1) of DTC migration is specified by lin-42 and
dpy-24, while the latter is reinforced by a positive feedback to avoid precocious turn.
The initiation of later phases (phase II and phase III) is promoted by three redundant
genes (daf-12, dre-1, and lin-29), whose functions include down-regulation of dpy-24,
to avoid retarded turn. Finally, the timing of this switch from phase 1 to phase II and

phase Il may be precisely decided by multiple layer of regulation. These results may

elucidate the principles for temporal regulation during cell migration.
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stages to lead the formation of b lo,be gonad 1n aglul't (Klmble 1979). (B) The gonad
shape in wild-type. The corresponding phase I, II, and Il of DTC migration are noted.
The triangle marks the position where the DTC made the dorsal turn. The DTC are
pointed by the arrow. The migratory path is marked by the dotted line. (C) The gonad
shape in dpy-24(s71) mutant. The DTC initiated dorsal turn precociously. (D) The

schematic diagram of DPY-24 domain structure.
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5 AGGACACAACTTTCATTTTCCTTATTGCTCCATAAACCATAAGCTTTCTCTTTCTGCCCT 3

-500 -450
3 TCCTGTGTT|IGAAAGTAAAAGIGAATAACGAGGTATTTGGTATTCIGAAAGAGAAAGACGGGA 5
D1 D2
3> CAAACTCAAAC 5 3’ CAAACACAAAC 5°
D1m D2m

Labeled Probe _-1000~-701 -751~-498  -497~-442  -442~.198 -253~-1

CompetitorDNA = = * = = & & & &4 & & + & =2 %

DPY-24 Zinc fingers - +
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Competitor DNA - -~ %
DPY-24 Zinc fingers - + +
D'—»
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Fig. 2 DPY-24 zinc fingers caﬂ%}% M promoter through D1 and D2

(A) Prediction of two DPY-24 binding sites, D1 and D2, in unc-5 promoter by homology
modeling. -500 to -450 5’ regulatory region of unc-5 was shown (+1 as the first nu-
cleotide in coding region). This work is a favor done by Dr. Yi-Shen Chen. (B) DPY-24
zinc fingers have two binding sites in EMSA (Electrophoretic Mobility Shift Assay). The
shifted band at position D suggests the binding of one DPY-24 zinc fingers to the probe,
while the band at position D’ suggests the binding of two DPY-24 zinc fingers to the
same probe. (C) Mutation of D1 or D2 disrupts the binding of DPY-24 zinc fingers to
unc-5 promoter, suggesting that DPY-24 zinc fingers can bind specifically to D1 and D2
sites. D1m or D2m indicates the mutation of D1 and D2, respectively.
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Labeled Probe -751~-450 -751~-537  -540~-481 Labeled Probe _ Al o
Competitor DNA -~ -~ * - - * - - * Compefitor DNA - - *+ - - + - - +
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Fig. 3 DAF-12 and LIN-29 bind directly to unc-5 promoter in EMSA

(A) LIN-29 zinc fingers can bind to multiple regions in unc-5 promoter. (B) DAF-12
zinc fingers can bind to -751~-450 of unc-5 promoter, which contains two potential
DAF-12 binding sites, namely Al and A2 (C). (D) Further analysis of this region re-
veals an unidentified binding site besides Al and A2 in -751~-537. (E) Mutation in Al
disrupts the binding of DAF-12 zinc fingers, while mutation in A2 has no effect, sug-

gesting that DAF-12 binds A1 but not A2.
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Early L3

. {Qh61rh411)

l/n-29( NA/)

Fig. 4 Transcriptional regulatlon of dpyl-24

(A) In wild-type, Pgy.24::dGFP is expressed in DTCs before dorsal turn (early L3) but
down-regulated after dorsal turn (D). This transcriptional down-regulation is disrupted in
lin-29(RNAi) (F) or daf-12(rh61rh411);lin-29(RNAi) (G) but not daf-12(rh61rh411) single
mutant (E). The expression in early L3 is diminished in lin-42(RNAi) (B) or dpy-24(s71)

mutant (C). Scale bar 10 ¢z m.
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Early 1.3

dre-1(dh99),
dre-1(RNAI)

Fig. 5 DRE-1 decreases DPY-24 stability after dorsal turn.

(A) In wild-type, DTCs express Pyg.0::gfp::dpy-24 during phase I migration. The percent-
age of GFP expression decreased after dorsal turn (B), suggesting that the protein stability is
decreased. (C)(D) In dre-1(dh99);dre-1(RNAi), this decrease in GFP expression disap-
peared. Furthermore, the timing of DTC turning is delayed. Their vulvae were shown in (F)
and (G), indicating that they are in early and late L4 stages, respectively. DTCs are pointed

by arrows. Scale bar 10 ¢ m.

38



DIC GFP

Fig. 6 dpy-24 may be repressed by
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(A) The structure of the molecular network controlling DTC dorsal turn. LIN-42 and
DPY-24 prevents DTC dorsal turn, while DAF-12, DRE-1 and LIN-29 redundantly
promote it. A positive feedback loop and a double-negative feedback loop may con-
tribute to the switch-like behavior of DTCs. (B) Schematic representation of the rela-
tive levels of multiple regulators during DTC migration. The timing of DTC dorsal
turn may be specified by multiple events, including production of DAF-12 ligand, low

level of DPY-24 and LIN-42, and high level of LIN-29 and DRE-1.
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Table 1. Functional analysis of the DPY-24 zinc fingers and PR domain

DTC migration defect (%)°

Transgene” Line®
A P
None 82 71
Pupy24::dpy-24 1 45 22
Ppy24::dpy-24 2 40 16
Pdpy_2421dpy—24AZF 1 30 59
Pupy2s::dpy-24AZF 2 38 49
Plog2i:dpy-24 1 20 19
Plog.2::dpy-24 2 32 31
Plug.2::dpy-24AZF 1 24 . JF 43
Plog2i:dpy-24AZF 2 52 64
Piug.2::dpy-24APR ] Na=ad |op 75
| Ao |
Piug2::dpy-24APR A || == b 51
Il m 1
Piug.2::dpy-24APRAZF AN H , 49
Prug2::dpy-24APRAZF D o 46 . 57

*dpy-24(s71) mutants carrying different trans gene were generatéd by micfoinjection. APR and AZF indicate
deletions of PR domain and all five zinc fingers, respectively.

® Different numbers indicate different lines of the same transgene.

¢ Percentage of DTCs shown an abnormal migration pattern. “A” and “P” indicate anterior and posterior DTCs,

respectively.
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Table 2. Down-regulation of the dpy-24 level by daf-12, lin-29, and dre-1

L Pgpy-24(5k0)::dGFP (Transcriptional fusion reporter)

GFP percentage (%) Down-

Genetic background Line* . ¢
Before P6.p 4-cell  After P6.p 4-cell regulation (%)

A. daf-12 and lin-29 repress dpy-24 transcription after DTC dorsal turn

N2 1 77.3 34 95.6
daf-12(rh61rh411) 1 75.0 1.2 98.4
lin-29(RNAi) 1 86.0 25.5 70.4
daf-12(rh61rh411);lin-29(RNAI) 1 80.8 58.5 27.5

IL. Pyg.5::gfp::dpy-24 (Translational fusion protein)

B. dre-1 down-regulates DPY-24 protein stability after DTC dorsal turn

N2 1 27.4 16.9 38.3
N2 2 31.4 20.2 35.5
dre-1(dh99);dre-1(RNA) 1 46.8 48.8 42
dre-1(dh99);dre-1(RNA) 2 28.4 28.2 0.7

* Different numbers indicate different transgenic lines.
® Percentage of DTCs expressing GFP reporter. The timing of vulva precursor cell P6.p division into 4-cell stage is the same with
that of DTC dorsal turn in wild-type.

¢ Down-regulation=100% - (GFP percentages after P6.p 4-cell/GFP percentages before P6.p 4-cell)%
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Table 3. dpy-24 is down-regulated at post-transcriptional level at late L2 stage

Piyg.2::dGFP::dpy-24 3'UTR

GFP percentage (%)°
Genetic background Line*
Early L2 Late L2
N2 1 45.2 33
N2 2 57.5 7.5

“ Different numbers indicate different transgenic lines.

® Percentage of DTCs expressing GFP reporter.
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Table 4. dpy-24 is positively regulated by lin-42 and dpy-24 itself

Pyyy.24::dGFP (Transcriptional fusion reporter)
GFP percentage (%)"
Genetic background Line®
Before P6.p 4-cell
N2 1 77.3
lin-42(RNAi) 1 27.0
dpy-24(tp3) 1 9.3

* Different numbers indicate different lines.
" Percentage of DTCs expressing GFP reporter. The timing of vulva precursor cell P6.p division into 4-cell stage is the same

with that of DTC dorsal turn in wild-type.
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GUAUUGUUGUUGGUGGGCGG - mir-264
S R R R R R
19- TATGAAAAC-ACTACCCGTC - dpy-24 3" UTR

GGGUUCUUAUGGUCUGUAUAGU -~ mir-50
S RN RN RRRRRN
38- TCCCACAAT-CCAGTCATATCA - dpy-24 3" UTR

CGUAAGUGGCGCACGGA — mir-124
IRRITR T
88~ (CCTCCACTGCGTGCGRY/dpy-24 3" TR
G vF B @

l HJ I I l; S , %
115- ATT"[TGGTAGAATAA dpyx 24 3 bgirrR
m,f j 'JI' .-]'.L--jﬁ"f 1-
Fig. S1 Potential miRNA binding sites in dpy-24 3’°UTR
The alignments between miRNAs and their binding sites in dpy-24 3’UTR are shown. Starts
of binding sites are indicated on the left, with number 1 as the first nucleotide after the stop

codon. These binding sites are also conserved in C. briggsae as predicted by miRBase

(http://microrna.sanger.ac.uk).
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Table S1. Conserved dpy-24 binding sites in C. elegans genome

Rank  Mismatch C. elegans Binding Sites C. Briggsae Binding Sites ORF 1 Gene Name  ORF2 Gene Name
0 0 GAAAGAGAAAG GAAAGAGAAAG  F57G12.1 - C23H4.1 cab-1
1 0 GAAAGTGAAAG GAAAGTGAAAG  C24B53 ptr-1 C24B5.1 -

2 0 GAAAGTGAAAG GAAAGTGAAAG  C24F3.4 - C24F3.6 col-124
3 0 GAAAGGGAAAG GAAAGGGAAAG  C52A114 - -

4 0 GAAAGAGAAAG GAAAGAGAAAG  D20212a - -

5 0 GAAAGAGAAAG GAAAGAGAAAG  T28B8.4 - FO8A10.1a -

6 0 GAAAGTGAAAG GAAAGTGAAAG  F11H8.3 col-8 F11HS.1 rfl-1

7 0 GAAAGTGAAAG GAAAGTGAAAG  F38B7.1b - -

8 0 GAAAGTGAAAG GAAAGTGAAAG  TI0BI0.S - HO3AILL -

9 0 GAAAGTGAAAG GAAAGTGAAAG  B0205.4 - RI3HS.1b  daf-16
10 0 GAAAGAGAAAG GAAAGAGAAAG. . T27A106 - T27A10.7 -

11 0 GAAAGCGAAAG GAAAGCGAAAG 4. Y15E3A.l  nhr91 -

12 0 GAAAGAGAAAG GAAAGAGAAAG ™ Y40H7A.5 s1d-23 Y40HTA6 -

13 0 GAAAGAGAAAG GAAAGAGAAAG ZKig0sa - ZK180.6 -

14 1 GAAAGGGAAAG GAAAGAGAAAG ~B0035.5 ' B0035.6 -

15 1 GAAAGTGAAAG GAAAQ@G&A_A@" ~Fh6F2.22 kin-20 C02D4.1 -

16 1 GAAAGGGAAAG GAAA CG@&. F'Ch6D9.5 ' C16D9.6 -

17 1 GAAAGGGAAAG GAA;L AGA.fIShG F§2D5.6 - C32D5.7 -

18 1 GAAAGTGAAAG | 'GAA GGARAG  C33A54 N C53A5.5 -

19 1 GAAAGAGAAAG ":GAAA({}TGAAAG ¢5!6G2.1a 3 4 -

20 1 GAAAGCGAAAG GAAAGGQAAAG F38B66 - F38B6.3 -

21 1 GAAAGCGAAAG GAAAGTGAARG ~ F43C9.1 - -

22 1 GAAAGCGAAAG GAAAGTGAAAG  F57B7.3 col-156 T11F9.1 -

23 1 GAAAGCGAAAG GAAAGAGAAAG  KO8FS.la - KOSFS.2 -

24 1 GAAAGGGAAAG GAAAGAGAAAG  RO8D7.5 - ROSD7.6 -

25 1 GAAAGAGAAAG GAAAGTGAAAG  TI0A3.la  unc-10 KO03A1.2 -

26 1 GAAAGGGAAAG GAAAGTGAAAG  ZK520.5 - WO6F12.1a  liv-5
27 1 GAAAGAGAAAG GAAAGTGAAAG  ZC449.4 - 7C449.5 -

28 1 GAAAGAGAAAG GAAAGGGAAAG  ZK669.la - -

29 1 GAAAGTGAAAG GAAAGAGAAAG  ZK682.2 - 7K682.4 hih-10
30 1 GAAAGAGAAAG GAAAAAGAAAG  CO2F4.3 - CO2F4.4 -

31 1 GAAAAGGAAAG GAAAGGGAAAG  COSE7.2 - COSE7.1b -

32 1 GAAAAAGAAAG GAAAGAGAAAG  C07G23a  cct-5 F25F2.1a -

33 1 GAAAGAGAAAG GAAAAAGAAAG  C36F7.1 - C36F7.2 -

34 1 GAAAGAGAAAG GAAAAAGAAAG  TI2B34 - C48A7.2 -

35 1 GAAAAAGAAAG GAAAGAGAAAG  C49F8.1 - C49F8.2 -
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Table S1. (Continued)

Rank  Mismatch C. elegans Binding Sites C. Briggsae Binding Sites ORF 1 Gene Name  ORF 2 Common?2
36 1 GAAAGTGAAAG GAAAATGAAAG  T28CI26 - FI3H6.1 ;

37 1 GAAAAAGAAAG GAAAGAGAAAG  Fl4Fll.le - -

38 1 GAAAGGGAAAG GAAAAGGAAAG  F35D2.4 ; F35D2.5a  syd-1
39 1 GAAAAAGAAAG GAAAGAGAAAG  F38HI2S5 - F38HI123 -

40 1 GAAAAAGAAAG GAAAGAGAAAG  DI1022.8 cah-2 RIOHI.1 -

41 1 GAAAGAGAAAG GAAAAAGAAAG  F52E104 - TO1B4.1 twk-21
42 1 GAAAAAGAAAG GAAAGAGAAAG  T06D10.I - TO6D102 -

43 1 GAAAGGGAAAG GAAAAGGAAAG  T21B6.5 ; T21B6.1 dgn-1
44 1 GAAAATGAAAG GAAAGTGAAAG  7ZK524.4 - T28F4.1 ;

45 1 GAAAGAGAAAG GAAAAAGAAAG  WO3AS.4 - WO03A55 -

46 1 GAAAGTGAAAG GAAAATGAAAG _ Y65B4A3 - Y65B4A2 -

47 1 GAAAAAGAAAG GAAAGAGAAAG ~. YTSB8A.l  php-3 Y75B8A2b  nob-1
48 1 GAAAGAGAAAG GAAAAAGAAAG " ZK177.8a - -

49 2 GAAAACGAAAG GAMMGTGAAAG BO0A9590a - B0228.4b -

50 2 GAAAGAGAAAG 1/ [GAAAATGAAAG _~B03531 \ -

51 2 GAAAGCGAAAG GAAM}G‘:&AG“ ~C09G1.4 - B0395.1 nhx-1
2 2 GAAAATGAAAG GAAAGAGAA: . COLH6.9 -

53 2 GAAAAGGAAAG GAAJ\ TGA.{{E'G ‘lci_zcs.1 . HSPI6B F26H9.8 -

54 2 GAAAAAGAAAG GAAt GGAAAG cppigs "'t Cl12DI126 -

55 2 GAAAAAGAAAG . ' GAA (tiGGAAAG eisBa2 < A KIOHIO.1 -

56 2 GAAAGTGAAAG GAKAAAGAAAG " C18B12'6 4 - -

57 2 GAAAGGGAAAG GAAAAAGAAAG —CISDII die-1 ZK945.1 ;

58 2 GAAAAGGAAAG GAAAGAGAAAG  C32D5.7 ; C32D5.8 -

59 2 GAAAATGAAAG GAAAGAGAAAG  F13D2.4 ; C34F6.1 -

60 2 GAAAGAGAAAG GAAAAGGAAAG  C36F7.1 - C36F7.2 -

61 2 GAAAATGAAAG GAAAGAGAAAG  C37F5.1 lin-1 -

2 2 GAAAGAGAAAG GAAAATGAAAG  C48G7.1 ; ;

63 2 GAAAATGAAAG GAAAGAGAAAG  C54D2.1 ; C54D2.5a  cca-l
64 2 GAAAAGGAAAG GAAAGCGAAAG  D1065.3 - D1065.4 sth-210
65 2 GAAAAGGAAAG GAAAGCGAAAG  D1069.3 - -

6 2 GAAAAAGAAAG GAAAGGGAAAG  D2024.6 cap-1 D2024.4 -

67 2 GAAAGAGAAAG GAAAACGAAAG ~ C53CILI - FI0D7.1 ;

68 2 GAAAATGAAAG GAAAGAGAAAG  F10G8.5 nes-2 F10G8.7 -

69 2 GAAAGTGAAAG GAAAAAGAAAG  RI53.1b ; FISAl.6a -

70 2 GAAAGAGAAAG GAAAATGAAAG  F28D1.9 ; F28D1.10  gex-3
71 2 GAAAGCGAAAG GAAAAGGAAAG  F28F5.6 ; F28F5.1 ;
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Table S1. (Continued)

Rank  Mismatch C. elegans Binding Sites C. Briggsae Binding Sites ORF 1 Gene Name  ORF 2 Common?2
72 2 GAAAAAGAAAG GAAAGCGAAAG  F34D10.6 - C44F1.1 -

73 GAAAAGGAAAG GAAAGCGAAAG  F40A3.7 - Y97EI0B.6 -

74 2 GAAAGAGAAAG GAAAATGAAAG  FS55E10.7 - F40B5.2a -

75 2 GAAAGTGAAAG GAAAAAGAAAG  F42G10.1 - F42G102  mkk-4
76 2 GAAAATGAAAG GAAAGAGAAAG  F42HI05 - -

77 2 GAAAAAGAAAG GAAAGTGAAAG  F46C8.5 ceh-14 F46C8.6 dpy-7
78 2 GAAAACGAAAG GAAAGAGAAAG  F47D129a - F47D12.1a  gar2
79 2 GAAAGTGAAAG GAAAAAGAAAG  FATF6.2 lin-43 F4TF6.5 -

80 2 GAAAACGAAAG GAAAGTGAAAG  F48B9.5 - F48B9.4 -

81 2 GAAAGAGAAAG GAAAATGAAAG  F52F12.2 col-64 F52F12.3 mom-4
82 2 GAAAGAGAAAG GAAAAGGAAAG. _ F57F5.5 pke-1 F10C2.2 kup-1
83 2 GAAAAAGAAAG GAAAGCGAAAG +y H22D07.1 - TOSH103 -

84 2 GAAAAGGAAAG GAAAGAGAAAG KOIAI23 - F12D9.1 -

85 2 GAAAAAGAAAG GAAAGGGAAAG 'MOIAS.2 - KO01B6.1 -

86 2 GAAAAAGAAAG "7/ /GAAAGCGAAAG -K10D26 . -

87 2 GAAAAAGAAAG GAAAGJGG&Q_A@E;A? KIIES.Ig|  unc-d3 Y43C5B2 -

88 2 GAAAACGAAAG GAAAGAGAAAGS M04co.cal = FIGAIL3 -

89 2 GAAAATGAAAG GAA}\ AGA%&EJG F}Q(ﬁsmo.s - -

90 2 GAAAGGGAAAG GAAAAAGAAAG R(_)6A10.4‘ L ZK993.2 -

91 2 GAAAGGGAAAG ":GAAA/%AGAAAG 'HBHQI o T15H9.7 dnj-20
92 2 GAAAGGGAAAG GAAAATGAAAG , T20C16 d T22C1.7 isP301
93 2 GAAAGTGAAAG GAAAAGGAAAG - FasCsil - T25C12.1a  lin-14
94 2 GAAAGTGAAAG GAAAAAGAAAG ' W02G9.4 - W02G9.3 -

95 2 GAAAGCGAAAG GAAAATGAAAG  YI1IB2A.12 - -

96 2 GAAAGAGAAAG GAAAATGAAAG  Y38EI0A22 - Y38EI0A.23 -

97 2 GAAAGTGAAAG GAAAAAGAAAG  Y40BIOA9 - F36F12.3 -

98 2 GAAAATGAAAG GAAAGAGAAAG  Y47D3B.7  hlh-20 -

99 2 GAAAATGAAAG GAAAGAGAAAG  YS3CI0A3 - YS3C10A4 -

100 2 GAAAATGAAAG GAAAGAGAAAG  Y61A9LA3b - Y61A9LA.l -

* Cisortho program (http:/dev.wormbase.org/cisortho/) was used for the prediction. GAAA%/,NGAAAG was presumed to be the DPY-24

binding motif. Adjacent ORFs and their gene names near each binding site were shown. Only binding sites with the top 100 highest scores

were listed.
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