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SUMMARY

Both transcriptional regulation and signaling path-

ways play crucial roles in neuronal differentiation

and plasticity. Caenorhabditis elegans possesses

19 GABAergic motor neurons (MNs) called D MNs,

which are divided into two subgroups: DD and VD.

DD, but not VD, MNs reverse their cellular polarity

in a developmental process called respecification.

UNC-30 and UNC-55 are two critical transcription

factors in DMNs. By using chromatin immunoprecip-

itation with CRISPR/Cas9 knockin of GFP fusion, we

uncovered the global targets of UNC-30 and UNC-55.

UNC-30 and UNC-55 are largely converged to re-

gulate over 1,300 noncoding and coding genes, and

genes in multiple biological processes, including

cAMP metabolism, are co-regulated. Increase in

cAMP levels may serve as a timing signal for re-

specification, whereas UNC-55 regulates genes

such as pde-4 to keep the cAMP levels low in VD.

Other genes modulating DD respecification such as

lin-14, irx-1, and oig-1 are also found to affect

cAMP levels.

INTRODUCTION

During development, cells differentiate into distinct groups with

different gene expression patterns, morphologies, and func-

tions. Gene regulatory networks with multiple elements at

different regulatory levels must be engaged to create distinct

features for all cell groups in a complex organism. Often, a spe-

cific cell group can be further divided into subgroups based on

secondary features; in this case, tuning mechanisms must be

present for the generation of more delicate distinctions among

cells with shared primary features (Doitsidou et al., 2013; Faigle

and Song, 2013; Hobert, 2016; Kerk et al., 2017). For example,

GABAergic neurons in human neocortex can be divided into

two populations (Letinic et al., 2002). One group originates

fromprogenitors in the neocortical ventricular and subventricular

zones of the dorsal forebrain and expresses Dlx1/2 and Mash1

transcription factor (TF) genes. The other group originates from

progenitors in the ganglionic eminence of the ventral forebrain

and expresses Dlx1/2 but not Mash1.

In the model organism Caenorhabditis elegans, 19 GABAergic

motor neurons (MNs) called D MNs are responsible for relaxing

body wall muscles (BWMs). D MNs share many common fea-

tures to distinguish them from other neuronal classes (White

et al., 1986). A homeobox TF gene unc-30 is the master control

gene of D MN fate (Brenner, 1974; Jin et al., 1994; Tursun et al.,

2011). In unc-30 mutants, D MNs lose their morphology and do

not produce GABA. unc-30 turns on multiple genes directly

such as unc-25 (encoding glutamic acid decarboxylase for

GABA synthesis) and unc-47 (encoding a transmembrane vesic-

ular GABA transporter) in D MNs (Eastman et al., 1999). Despite

their shared features, DMNs can be further divided into two sub-

classes, DD and VD MNs. There are six DD MNs, and they are

born during embryogenesis in the first stage (L1) worm. In

contrast, the 13 VD MNs are born postembryonically from a

different set of lineages during the first molt between the

L1 and L2 stages (Sulston and White, 1980; White et al., 1986).

DDMNs release GABA to inhibit ventral BWMs in L1 larvae, while

changing their polarity to release GABA from their dorsal pro-

cesses to inhibit dorsal BWMs late in the first molt (White et al.,

1978). This astonishing neural plasticity called DD respecifica-

tion or remodeling happens without either gross morphological

change or generation of new processes in DD MNs.

Several genes such as lin-14, irx-1, hbl-1, oig-1, and unc-8 and

the related molecular pathways have been shown to regulate DD

respecification in a temporal and/or spatial way (Hallam and Jin,

1998; Petersen et al., 2011; Thompson-Peer et al., 2012; Howell

et al., 2015; He et al., 2015; Miller-Fleming et al., 2016). lin-14,

irx-1, and hbl-1 are TFs, and oig-1 and unc-8 are transmembrane

proteins. The expression of oig-1 (One Immunoglobulin domain-

containing protein-1) in DD MNs is regulated by unc-30, lin-14,

and irx-1; furthermore, an oig-1 deficiency leads to precocious

DD respecification (Howell et al., 2015; He et al., 2015).

UNC-8 is a cationchannel involved in thedynamicsof presynaptic

domainsofDDMNsduring the respecificationby increasing intra-

cellular calcium levels, and eventually activating a caspase-

dependent disassembly pathway of the presynaptic apparatus

(Miller-Fleming et al., 2016). Caspase-dependent elimination of

presynapse is also involved in neuronal plasticity of C. elegans

RME neurons (Meng et al., 2015).

VD MNs are born postembryonically as inhibitors for ventral

BWMs, and they do not remodel in contrast to DD MNs.
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Figure 1. CRISPR/Cas9 Knockin of In-Frame GFP and UNC-30 and UNC-55 ChIP-Seq

(A) Diagram of GFP knockin in front of the unc-30 and unc-55 stop codon, respectively. Expression pattern of UNC-30::GFP and UNC-55::GFP fusion is shown.

Areas inside the dashed boxes are enlarged on the right. CDS, coding sequences. Scale bar, 20 mm.

(legend continued on next page)
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unc-55, a TF gene belonging to the nuclear receptor superfamily,

is necessary and sufficient for the distinctions between DD and

VD MNs (Shan et al., 2005; Shan and Walthall, 2008; Zhou and

Walthall, 1998). unc-55 is expressed in VD MNs but not in DD

MNs. In unc-55 mutants, VD MNs innervate dorsal BWMs just

like respecified DD MNs, while ectopic expression of unc-55 in

DD MNs blocks DD respecification. unc-55 is thought to modify

a shared unc-30 genetic program among D MNs, thus creating

differences between DD and VD MNs. So far, genes such as

flp-13, oig-1, and hbl-1 have been identified as common targets

for both unc-30 and unc-55 (Cinar et al., 2005; Shan et al., 2005;

Thompson-Peer et al., 2012; Howell et al., 2015; He et al., 2015).

unc-55 represses the expression of flp-13, irx-1, hbl-1, and

unc-8, while it promotes the expression of oig-1, in VD MNs

(Cinar et al., 2005; Melkman and Sengupta, 2005; Shan et al.,

2005; Petersen et al., 2011; Thompson-Peer et al., 2012; Howell

et al., 2015; He et al., 2015; Miller-Fleming et al., 2016).

It is critical to identify additional effectors in DD respecifica-

tion, since previous studies are suggestive of likely parallel acting

pathways. One way to reveal additional effectors and to further

elucidate differences between DD and VD MNs would be the

identification of more targets of the two mighty TFs, UNC-30

and UNC-55, that regulate the differentiation of the 19 D MNs

in C. elegans. In this study, we have identified global targets of

UNC-30 and UNC-55 using endogenous GFP fusion proteins

of UNC-30::GFP and UNC-55::GFP expressing in the D MNs.

The 19 D MNs account for �2% of C. elegans somatic cells.

Thus, the sensitivity of the chromatin immunoprecipitation

sequencing (ChIP-seq) technique used here provides a very use-

ful method for generating valuable datasets for future studies. As

a proof of principle, all known direct targets of UNC-30 and

UNC-55 have been identified in our ChIP-seq. Moreover, the

ChIP-seq data are successful in identifying global target genes

and pathways. We found that transcriptional programs of

UNC-30 and UNC-55 largely converged to regulate multiple bio-

logical processes in D MNs, and revealed the crucial role played

by cAMP levels in DD respecification and creating differences

between the two subclasses of D MNs.

RESULTS

Identifying unc-30 and unc-55 Targets with ChIP-Seq

Most ChIP-seq analyses inC. elegans have been performed with

overexpressed GFP fusion proteins (Araya et al., 2014; Mukho-

padhyay et al., 2008; Zhong et al., 2010). The availability of

CRISPR/Cas9 technology makes it possible to develop ChIP-

seq for GFP fusion protein with endogenous expression (Dickin-

son et al., 2013; Friedland et al., 2013). We knocked in an

in-frame GFP just in front of the stop codon of unc-30 and

unc-55 with CRISPR/Cas9 (Figures 1A and S1). The expression

pattern of the gene and the size of the resultant UNC-30::GFP

and UNC-55::GFP fusion protein matched predictions and ob-

servations of previous research, with UNC-30::GFP expressed

in D MNs and UNC-55::GFP in the VD and cholinergic AS MNs

(Figures 1A, S1A, and S1B; Jin et al., 1994; Zhou and Walthall,

1998). unc-30::gfp and unc-55::gfp fusion genes were also func-

tionally equivalent to the wild-type gene, as there was no loco-

motion defect, and a Pflp-13::rfp reporter had normal expression

pattern in either homozygous or heterozygous unc-30::gfp and

unc-55::gfpworms compared with that ofwild-type, respectively

(Shan et al., 2005; data not shown).We then performedChIP-seq

with these CRISPR/Cas9 knockin strains.

Bioinformatic analyses of the ChIP-seq data identified 2,875

and 2,609 binding peaks for UNC-30 and UNC-55, respectively

(cutoff >3 and p < 10�5) (Figures 1B and S1C; Table S1). Both

UNC-30 and UNC-55 bind mostly within 1.0 kilobase pairs (kb)

from the gene transcription start sites (TSS), and their ChIP-

seq signals formed a major peak around �0.2 kb upstream of

TSS (Figure 1C). These features are typical ChIP-seq patterns

of TFs (Boeva, 2016). flp-13 and oig-1 are known targets shared

by unc-30 and unc-55, and both flp-13 and oig-1 were identified

(Figure 1D). Locations of UNC-30 ChIP peak on flp-13 and oig-1

were 52 to�297 bp and�638 to�1,287 bp, respectively, which

contained the UNC-30 site identified by Shan et al. (2005) (for

flp-13) and Howell et al., 2015 (for oig-1). The location of the

UNC-55 ChIP peak on flp-13 was 152 to �2,597 bp, which con-

tained the site of UNC-55 function identified previously (Shan

et al., 2005). The pattern of peaks and the identification of known

targets indicated that our ChIP-seq was successful.

Global Analyses of ChIP-Seq Data

A total of 2,019 and 1,873 coding genes had significant binding

signals for UNC-30 and UNC-55, respectively (Figure S1D);

1,309 genes (assigned as cluster 1) were shared by UNC-30

and UNC-55; 710 genes (cluster 2) were unique targets of

UNC-30; 564 genes (cluster 3) were unique targets of UNC-55

(Figure 2A). There were also some noncoding genes identified

as UNC-30 and UNC-55 targets (Figure S1D). The distribution

of peaks relative to genomic region fromdifferent clusters shared

a similar pattern (Figure 2B). The UNC-30 and UNC-55 ChIP-seq

signals of common targets formed close peaks around TSS (Fig-

ure 2C). We also acquired the binding motif of UNC-30 and

UNC-55, respectively (Figure 2C), and each matched with previ-

ous studies (Cinar et al., 2005; Shan et al., 2005). For shared

target genes, the distance between UNC-30 and UNC-55 sum-

mits was mostly (�76.7%) within 0.2 kb (Figure 2D). It was inter-

esting to notice that the binding sites of UNC-30 or UNC-55 in

co-regulated genes (cluster 1) were more conserved (Figure 2E),

indicating that binding by these two conserved TFs might play

critical regulatory functions and be subject to evolutionary

restraints.

We noticed that essentially all known targets of unc-30 were

identified (Figure S1E; Byrd et al., 2001; Cinar et al., 2005;

Eastman et al., 1999; Hallam et al., 2002; Hung et al., 2007; Na-

kata et al., 2005; Sakaguchi-Nakashima et al., 2007). So far,

there are only several known unc-55 targets, and they were

(B) Heatmap of UNC-30 and UNC-55 ChIP-seq signals around 1.0 kb of the peak center.

(C) Distribution of UNC-30 and UNC-55 ChIP-seq signals around 1.0 kb of the transcription start site (TSS).

(D) ChIP-seq peaks of flp-13 and oig-1, two genes known to be shared targets of UNC-30 and UNC-55. Locations of the UNC-30 ChIP peak on flp-13 and oig-1

are 52 to �297 and �638 to �1287, respectively. Locations of the UNC-55 ChIP peak on flp-13 and oig-1 are 152 to �2,597 and �838 to �1087, respectively.
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also identified in our ChIP-seq (Figure S1F; Thompson-Peer

et al., 2012; Miller-Fleming et al., 2016; Kerk et al., 2017). We

also verified some of the newly identified unc-30 or unc-55 target

genes with transcriptional reporter (Figures S2). Two genes

myrf-1 and myrf-2 demonstrated just recently to regulate DD

respecification were also identified in our ChIP-seq (Figure S2;

Meng et al., 2017). These results showed that the ChIP-seq

data were a valuable resource for identifying unc-30 and

unc-55 targets, and the two TFs largely converged to co-regulate

more than 1,300 genes.

UNC-30 and UNC-55 Regulate Multiple Signaling

Pathways and the cAMP Metabolic Process

Gene Ontology (GO) analyses of biological process of targets

shared by UNC-30 and UNC-55 revealed that they were en-

riched for genes in neuronal development, JUNK and MAPK

signaling pathways, cAMP metabolic process, etc (Figures 2F

and S3A; Eran et al., 2009). Separate analyses of UNC-30

and UNC-55 target genes revealed that both UNC-30 and

UNC-55 targets were enriched for functions such as neuronal

development and multiple signaling pathways (Figures S3B

and S3C). Both GABAergic and cholinergic genes were found

to be enriched in UNC-55 targets, matching the expression

pattern of unc-55 in both VD and AS MNs (Figure S3C). We

also analyzed UNC-30 and UNC-55 unique targets (cluster 2

and cluster 3, respectively) (Figures 2F, S3D, and S3E). Cluster

2 targets were specifically enriched for functions in cell motility

and migration and Wnt signaling (Figures 2F and S3D). Cluster

3 targets were specifically enriched for functions in GTPase,

Rho, and Ras signaling, as well as cytosolic calcium regulation

and histone H3 phosphorylation (Figures 2F and S3E). Both

cluster 2 and cluster 3 targets should possess important roles

awaiting further characterization. Considering that unc-55 is ex-

pressed in both VD and AS MNs, and unc-30 is expressed in D

MNs, we thus focused on the shared target genes of unc-30

and unc-55 (cluster 1 genes), which are more likely to function

in D MNs.

In biological processes enriched for cluster 1 genes, JUNK

and MAPK signaling pathways had been shown to play roles in

the development and plasticity of DMNs (Byrd et al., 2001; Ham-

marlund et al., 2009; Kawasaki et al., 1999; Kim and Jin, 2015; Li

et al., 2012; Nakata et al., 2005; Nix et al., 2011; Pastuhov et al.,

2012; Villanueva et al., 2001; Yan et al., 2009). Interestingly, we

noticed that genes in the cAMPmetabolic process were also en-

riched (Figures 2F and 2G). cAMP is a potent second messenger

known to regulate axon guidance, neural plasticity, and multiple

other critical life events (Gancedo, 2013). Despite this impor-

tance, little is known about its role in the development of

DMNs. We then focused on the cAMPmetabolic process. There

are six genes, two cAMP phosphodiesterase (pde), and four ad-

enylyl cyclase (acy) genes in this GO term inC. elegans. Adenylyl

cyclases catalyze the formation of cAMP, and phosphodiester-

ases hydrolyze cAMP; thus, they directly manage cAMP levels

in cells. Five of these six genes showed significant enrichment

of UNC-30 and UNC-55 ChIP-seq signals, among which pde-4

had the strongest UNC-30 and UNC-55 binding signals

(Figure 2G).

pde-4 Is a Shared Target of UNC-30 and UNC-55

As cAMP is a critical molecule known to play roles in neural plas-

ticity, we wondered whether UNC-30 and UNC-55 managed

cAMP levels in D MNs through the transcriptional regulation of

cAMP metabolic genes, thus to modulate the differentiation

and plasticity of D MNs. We then examined the transcriptional

regulation of pde-4 by UNC-30 and UNC-55 with a Ppde-4::gfp

reporter (Figure 3). pde-4 was expressed in DDMNs and several

other neurons in the L1 stage (Figure 3B). Interestingly, pde-4

expression in DD MNs decreased gradually beginning in the

late L1 stage (Figure 3B). In adults, pde-4 expression was high

in VD MNs, while its expression in DD MNs had diminished (Fig-

ure 3C). In unc-30mutants, pde-4 expression in DMNs was very

low (Figure 3D); however, unc-55 mutation did not affect the

expression of pde-4 in DD MNs, while the expression in VD

MNs had decreased significantly (Figures 3E and 3F). We also

confirmed some of these results with a reporter driven by

a longer pde-4 promoter (6.0 kb) (Figure S4A). When the

binding site of UNC-55 in the promoter of pde-4 was altered

(Ppde-4Du55), we noticed that Ppde-4Du55::gfp expression

in wild-type VD MNs had the same low levels compared

with Ppde-4::gfp expression in unc-55 VD MNs (Figures 3F

and S4B). These data showed that UNC-30 activated pde-4 in

both DD and VD MNs, and UNC-55 enhanced pde-4 expression

further in the VD MNs.

We also examined the expression of acy-1, which had the

strongest UNC-55 binding signals among acy genes (Figures

2G and S4C). acy-1 was activated by UNC-30 in D MNs, and in-

hibited by UNC-55 in VDMNs (Figure S4E). Interestingly, expres-

sion of acy-1 in DD MNs significantly increased during the time

window of DD respecification (Figure S4D). Together, these re-

sults suggested strongly that the expression of phosphodies-

terase pde-4 and cyclase acy-1 was dynamic and managed in

D MNs by UNC-30 and UNC-55; UNC-55 enhanced the expres-

sion of pde-4 and repressed the expression of cyclase acy-1 in

VD MNs, and likely to keep the cAMP levels in VD MNs low.

Figure 2. Global Analyses of UNC-30 and UNC-55 ChIP-Seq

(A) Heatmap of ChIP-seq signals of UNC-30- and UNC-55-enriched targets. Cluster 1 (C1) is the shared targets (n = 1,309); cluster2 (C2) is the unique targets of

UNC-30 (n = 705); cluster 3 (C3) is the unique targets of UNC-55 (n = 564).

(B) Pie charts of genomic distribution for ChIP-seq signals of UNC-30 and UNC-55 target genes.

(C) Distribution of UNC-30 and UNC-55 ChIP-seq signals around 1.0 kb of the TSS in C1, C2, and C3. The deduced UNC-30 and UNC-55 binding motifs are

indicated below.

(D) Distribution of the distance between the UNC-55 ChIP-seq peak summit and the UNC-30 ChIP-seq peak summit. Approximately 76.7% of UNC-30 and

UNC-55 summits for their shared target genes are within 0.2 kb.

(E) Conservation of UNC-30 and UNC-55 binding sites in the three clusters.

(F) GO analyses of biological process for UNC-30 and UNC-55 target genes in the three clusters.

(G) Heatmap of ChIP-seq enrichment for cAMP metabolic process genes.
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Association between cAMP Levels and DD

Respecification

So far, no observation of cAMP changes at cellular level in intact

C. elegans has been reported. A Förster fluorescence resonance

energy transfer (FRET)-based biosensor can be used to detect

levels of small molecules such as cAMP in cells and has been

successfully used in C. elegans to detect spatiotemporal dy-

namics of ATP levels (Klarenbeek et al., 2015; Tsuyama et al.,

2013). To directly examine changes of cAMP levels in D MNs,

we used a GABAergic promoter Punc-47 to express an FRET

A

B

D

E

C

F

Figure 3. pde-4 Is a Shared Target of UNC-

30 and UNC-55

(A) UNC-30 and UNC-55 ChIP-seq peaks in pde-4.

The two transcriptional reporters used are shown

in relationship to the gene body.

(B) Expression pattern of pde-4 in L1 worms (14 h

post-hatch). Asterisks indicate DD MNs. Plots of

the Ppde-4::gfp expression levels along the time

line are also shown. n = 23 DD (18 worms, 10 hr);

25 DD (17 worms, 14 hr); 25 DD (17 worms, 18 hr).

(C) Expression pattern of pde-4 in adult worms.

Areas inside the dashed boxes are enlarged at the

bottom. n = 27 worms.

(D) Expression pattern of pde-4 in unc-30(0) adults.

n = 20 worms.

(E) Expression pattern of pde-4 in unc-55(0) adults.

n = 20 worms. Areas inside the dashed boxes are

enlarged.

(F) GFP intensity in a.u., normalized to

Punc-47::RFP intensity, in adults of different

background. For Ppde-4::GFP reporter, wild-type,

n = 27 worms, 44 DD, 59 VD; unc-55, n = 20

worms, 22 DD, 40 VD. For reporter with the

mutated UNC-55 binding site (Ppde-4Du55::GFP),

n = 23 wild-type worms, 50 VD.

n.s., not significant, **p < 0.01, ***p < 0.001, one-

way ANOVA with Bonferroni correction, data are

means ± SEM. Scale bar, 20 mm or 5 mm (where

labeled).

construct in D MNs (Figure 4A; Klaren-

beek et al., 2015; Börner et al., 2011; Sha-

fer et al., 2008; Tsuyama et al., 2013). The

emitted FRET signal from this construct

was in reverse correlation to the cellular

cAMP levels.

When examined around the first molt

(�12 hr post hatch), which also includes

the time window of DD respecification,

FRET signals in DD MNs showed gradual

decreases, indicating gradual cAMP in-

creases in DD MNs during remodeling

(Figures 4B, 4C, and S5A). Interestingly,

the FRET signals showed a significant in-

crease, thus a dramatic cAMP decrease,

at the time point of 22 hr upon DD respe-

cification reaching completion (Figures

4B and 4C). When examined at the time

point 14 hr post hatch, we saw a reverse

correlation of FRET signals to the prog-

ress of remodeling in DDMNs (Figure 4D).

Therefore, higher cAMP levels favor DD respecification. DDMNs

during the remodeling would start to show puncta of presynaptic

markers such as SNB-1 and RAB-3 in the dorsal nerve cord.

In DD MNs with lower FRET signals, we observed higher

mCherry::RAB-3 signals in dorsal (Figure 4D), indicating a posi-

tive association between cAMP levels and DD remodeling.

In the pde-4mutant, FRET signals in DDMNs remained signif-

icantly lower than those in the wild-type (Figures 4E and S5B).

Also, in either pde-4 or unc-55 mutant, FRET signals in

VD MNs were significantly lower than those in the wild-type
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(Figures 4F and S5B). Therefore, pde-4 mutant worms had

higher cAMP levels than wild-type worms in both DD and VD

MNs, and unc-55 mutant worms had higher cAMP levels than

wild-type worms in VD MNs. Interestingly, FRET signals in VD

MNs remained low (thus cAMP levels stayed high) until the

completion of aberrant VD respecification in unc-55 mutants

(Figures S5B and S5C).

pde-4 Antagonizes DD Remodeling

To test whether the increase in cAMP levels in pde-4 mutants

would result in precocious remodeling, we examined the DD re-

specification of pde-4 worms. Compared with wild-type, pde-4

mutants displayedasignificantly higher percentageof individuals

undergoing DD remodeling prematurely, at a time point of 12 hr

post hatch (Figure 5A). This phenotype could be rescued by ex-

pressing pde-4with a GABAergic promoter (Figure 5A). Distribu-

tion of dorsal UNC-49, a postsynaptic GABA receptor in the

neuromuscular junctions, inwild-type andpde-4at this timepoint

also showed significant differences (Figure 5B). We then

compared the timeline of DD remodeling of pde-4 with that of

wild-type (Figure 5C). pde-4 started and completed DD remodel-

ing earlier than wild-type. On the other hand, overexpression of

pde-4 in DD MNs hampered the respecification (Figure 5D).

These results alongwith data in Figures 3B and 4B–4E demon-

strated a link between decreased pde-4 expression and the

associated elevation of cAMP with the initiation and progression

of remodeling in the DD MNs.

Expression of pde-4 Is Required to Keep VD from

Remodeling

What happened toVDMNs inpde-4mutants?When examined at

the L4 stage, presynaptic marker showed significant decreases

A

B C

D

FE

Figure 4. Alterations of cAMP Levels in D

MNs

(A) Diagram of cAMP-sensitive FRET construct

and the actual FRET image in D MNs. The FRET

signals are in reverse correlation to the cAMP

levels. In the worm image, red asterisks indicate

DD MNs. Dashed boxes in the worm image are

enlarged on the right.

(B) FRET signals in DD MNs along with the time

line; time points are hours from hatch; n = 20–27

worms, 30–35 DD MNs, for each time point.

(C) Time course of DD respecification of wild-type

DD MNs. Percentage of worms at different status

of DD remodeling along with the time line is shown.

See STARMethods for how to define no, partial, or

complete remodel. n = 22 worms for each time

point. A cartoon demonstrating the remodeling of

DD MNs is also shown, with red triangles repre-

senting presynapses and green triangles repre-

senting postsynapses.

(D) Correlation plot of FRET signals with the in-

tensity of the dorsal presynaptic marker in DD

MNs; time point is 14 hr from hatch; n = 23 worms,

37 DDMNs. The cAMP FRET construct used in this

experiment is shown. Two representative images

of the presynaptic marker are shown (circled in

red). R2 and p values were generated based on

Pearson distribution.

(E) Plots of FRET signals in DD MNs along with the

time line (hours after hatching) in wild-type and

pde-4(0). n = 30–35 DD MNs (20–27 wild-type

worms), 37–42 DD MNs (33–37 pde-4 worms).

(F) Plots of FRET signals in VD MNs along with the

time line (hours after hatching) in wild-type, unc-

55(0), and pde-4(0). n = 43–56 VD MNs (34–38

wild-type worms), 35–55 VD MNs (29–33 unc-55

worms), 36–45 VD MNs (30–34 pde-4 worms).

n.s., not significant; **p < 0.01; ***p < 0.001; one-

way (B) or two-way (E and F) ANOVA with Bon-

ferroni correction; for (B), data are means ± SEM;

for (E) and (F), data are means ± SD. Scale

bar, 20 mm.
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on the ventral side and increases on the dorsal side in pde-4mu-

tants (Figures 6A and 6B). We confirmed that there were presyn-

aptic puncta from VD MNs with aberrant remodeling in L4 pde-4

worms, with a two-color system to differentiate the presynaptic

puncta from either VD or DD MNs (Figures S5D). Therefore,

some of the VD MNs had remodeled in pde-4 mutants. This

phenotype could be rescued by expressing pde-4 with a

GABAergic promoter in the mutants (Figures 6A and 6B). In

unc-55 mutants, pde-4 expression in VD MNs was low, as

unc-55 promoted pde-4 expression (Figures 3E and 3F). We

then overexpressed pde-4 in VD MNs of unc-55 mutants and

A

B

C

D

Figure 5. Loss of pde-4 Resulted in

Abnormal DD Respecification

(A) The distribution of presynaptic punc-

25::SNB-1::GFP in wild-type and pde-4(ok1290).

Worms were 12 hr post hatching. Representative

images are shown, and statistics of worm per-

centage with dorsal SNB-1::GFP are shown in the

bar figure; the precocious DD remodeling pheno-

type was rescued by punc-47::PDE-4. n R 30.

Dashed boxes in the worm image are enlarged.

(B) Distribution of UNC-49::RFP (GABA receptor)

in wild-type and pde-4 L1 worms (12 hr post

hatch). The arrowhead in the image indicates

UNC-49::RFP signals. Percentage of worms

with dorsal UNC-49::RFP is shown in the bar

figure. n = 27.

(C) Time course of DD respecification of wild-type

and pde-4mutant worms. Percentage of worms at

different status of DD remodeling along with the

time line is shown in the bar figure. Data for wild-

type are the same as in Figure 4C. n = 22worms for

each time point.

(D) The distribution of presynaptic punc-25::

SNB-1::GFP in control (Pflp-13::RFP) and pde-4

overexpression (Pflp-13::PDE-4::sl2::RFP) worms.

Worms were 16 hr post hatching. Representative

images are shown, and statistics of the percentage

of worms with dorsal SNB-1::GFP are shown in the

bar figure. n = 25 (Pflp-13::RFP), 27 (Pflp-13::

PDE-4::sl2::RFP). Dashed boxes in the worm im-

age are enlarged.

DNC, dorsal nerve cord; VNC, ventral nerve cord.

n.s., not significant, *p < 0.05, **p < 0.01,

***p < 0.001, Student’s t test, data are means ± SD

from triplicates. Scale bar, 20 mm.

found that the overexpressed pde-4

partially blocked aberrant VD respecifica-

tion in unc-55 (Figures 6C and 6D). Along

with data in Figures 3E, 3F, 4F, and S5C,

these results indicated that UNC-55

increased the expression of pde-4,

decreased the expression of acy-1, and

thus kept the cAMP levels low, preventing

VD respecification in wild-type worms.

cAMP Is Elevated in DD Neurons in

Mutants that Accelerate

Remodeling

lin-14 and oig-1 have been shown to regu-

late DD remodeling temporally just like

pde-4 (Hallam and Jin, 1998; He et al., 2015; Howell et al.,

2015). The effects of cAMP in D MNs prompted us to examine

mutants of these two genes for cAMP levels. In either lin-14(lf)

or oig-1 mutant, FRET signals in DD MNs remained significantly

lower than those in the wild-type, along the timeline of DD respe-

cification (Figures 6E and S5E). Similarly, FRET signals in VD

MNs of oig-1 mutants were also significantly lower than those

in the wild-type (Figures 6F and S5F). Therefore, oig-1 mutants

had higher cAMP levels in both DD and VD MNs, and lin-14

worms had higher cAMP levels in DD MNs. We have shown

that higher levels of cAMP are positively correlated with
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A

E

C

B

D

F

Figure 6. Roles of pde-4 in VD MNs and cAMP Levels in DD and VD MNs Are Regulated by Multiple Factors

(A and B) Presynaptic SNB-1::GFP puncta in VNC or DNC in wild-type, pde-4. Representative images are shown in (A), and statistics of wild-type, pde-4, and

pde-4;Punc-47::PDE-4 (rescue line) are shown in (B). L4 worms were examined, n = 20–27.

(C and D) The distribution of presynaptic punc-25::SNB-1::GFP in control (Punc-47::RFP) and pde-4 overexpression (Punc-47::PDE-4::sl2::RFP) unc-55(0)

worms (L4). Representative images are shown in (C), and statistics of presynaptic SNB-1::GFP puncta of the VD11 anterior region in VNC or DNC in control and

pde-4 overexpression worms with unc-55(0) background are shown in (D). n = 28 (Punc-47::RFP), 30 (Punc-47::PDE-4::sl2::RFP). Asterisks indicate the pre-

synaptic puncta from VD MNs with pde-4 overexpression (Punc-47::PDE-4::sl2::RFP). DNC, dorsal nerve cord; VNC, ventral nerve cord.

(E) Plots of FRET signals in DDMNs along with the time line (hours post hatch) in wild-type, oig-1, and lin-14. n = 30–35 DDMNs (20–27wild-type worms), 25–30

DD MNs (28–32 oig-1 worms), 25–30 DD MNs (25–29 lin-14 worms). Data for wild-type are the same as in Figure 4E.

(legend continued on next page)
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respecification in both DD and VD MNs (Figure 4). Therefore,

changes in cAMP levels in these two mutants matched pheno-

types seen for lin-14(lf) with precocious DD respecification,

and oig-1 with precocious DD remodeling as well as aberrant

VD respecification (Hallam and Jin, 1998; Howell et al., 2015).

pde-4 Relationship to oig-1, lin-14, and irx-1

Since both oig-1 and pde-4 affected cAMP levels in D MNs and

DD remodeling, we wondered about the relationship between

pde-4 and oig-1. The oig-1;pde-4 double mutant showed stron-

ger phenotypes in precocious DD respecification and aberrant

VD remodeling (Figures 7A, 7B, S6A, and S6B). Interestingly,

cAMP levels in both DD and VD MNs of oig-1;pde-4 double

mutant were similar to those of oig-1 or pde-4 single mutant (Fig-

ure S6C). These results demonstrated that oig-1 and pde-4 had a

synergistic effect in modulating respecification but not in modi-

fying cAMP levels.

We also found that pde-4 expression in DD MNs was

decreased in lin-14(lf) mutant (Figure S6D). The activation of

lin-14 on pde-4 and oig-1 matched with the increased cAMP

levels and precocious DD respecification seen in lin-14 mutant

(Figure 6E; Hallam and Jin, 1998; Howell et al., 2015).

irx-1 is another TF regulating DD respecification, and it is also

inhibited by unc-55 in VD MNs (Petersen et al., 2011; He et al.,

2015). We found that decreasing irx-1 in VD MNs (cell-specific

RNAi [csRNAi]) of unc-55 mutant enhanced pde-4 expression

(Figure 7C). Decreasing irx-1 in DD MNs (csRNAi) repressed

acy-1 expression (Figure S6E). These results pointed to a poten-

tially more complex transcriptional regulatory mechanism in

D MNs. UNC-55 could regulate pde-4 and acy-1 both directly

and indirectly through irx-1. Perhaps UNC-55 both antagonized

IRX-1 activation of acy-1 expression and repressed irx-1 expres-

sion. The decreased acy-1 expression, as well as enhanced

pde-4 and oig-1 expression, matched with the delayed remodel-

ing seen in irx-1 deficient DDMNs (Figures 7C and S6E; Petersen

et al., 2011; He et al., 2015).

Effects of Ectopic unc-55 Expression in DD MNs

unc-55 regulated more than cAMP metabolism in D MNs (Fig-

ures 2A–2F). To further evaluate the full effects of unc-55, we ex-

pressed unc-55 ectopically in DD MNs. We found that ectopic

UNC-55 increased pde-4 expression in DD MNs (Figure S7A),

although the expression of acy-1 was not affected (Figure S7B).

Ectopic UNC-55 in DDMNs also did not inhibit flp-13 expression

in a previous study (Melkman and Sengupta, 2005). It seemed

that the effect of unc-55 on some of its target genes in VD

MNs might require co-regulators that were absent in DD MNs.

We further manipulated unc-55 ectopic expression in DDMNs

temporally with the Degron system (Zhang et al., 2015), and

hoped to gain further insights about DD respecification and roles

of unc-55. Expression of unc-55 in DDMNs blocked respecifica-

tion (Figures 7D and S7C; Shan et al., 2005). Interestingly,

removal of the ectopically expressed UNC-55 after the normal

time window of DD respecification resulted in remodeling

(Figure 7D), indicating that there might be no constrained time

window for DD remodeling. On the other hand, ectopic expres-

sion of UNC-55 ‘‘forced’’ the already respecified DD to

‘‘re-remodel’’ toward the synaptic pattern of VDMNs (Figure 7D).

Our data showed that unc-55 expressed in VD MNs blocked

respecification by regulating the expression of genes in the

cAMP metabolic process and multiple other critical pathways.

Rather than just managing the cAMP levels and blocking respe-

cification, unc-55 might be both essential and sufficient for the

VD synaptic pattern as indicated by the degron experiments.

DISCUSSION

We performed ChIP-seq against endogenous UNC-30::GFP and

UNC-55::GFP and obtained their global targets. Essentially all

known targets of these two TFs were identified. Further, impor-

tant pathways known to play critical roles in D MNs and other

pathways potentially important were also identified. The ChIP-

seq data thus served as a valuable resource for future studies.

UNC-30 and UNC-55 converged to regulate most of their

targets; however, each of them also possessed independent

targets with potentially important roles. In addition to these, we

showed that the cAMP metabolic process commonly regulated

by UNC-30 and UNC-55 were essential for the temporal regula-

tion of DD respecification. In DD MNs, an increase in cAMP

levels, resulting from the decrease in pde-4 and oig-1 and in-

crease in acy-1 expression was necessary for the DDMN synap-

tic respecification (Figures 3B and S4D; He et al., 2015; Howell

et al., 2015). The expression of pde-4, oig-1, and acy-1was regu-

lated by TFs such as lin-14, unc-30, and irx-1 (Figures 3D, 7C, 7E,

S4E, S6D, and S6E; He et al., 2015; Howell et al., 2015). In VD

MNs, unc-55 promoted the expression of pde-4 and oig-1, and

repressed that of acy-1, thus keeping cAMP levels low, which

along with other unknown pathways prevented VD MNs from

respecifying their synapses (Figure 7E).

There was a decrease in pde-4 and oig-1 as well as an in-

crease in acy-1 expression during the timewindow of DD remod-

eling, which would lead to the increase in cAMP levels during DD

respecification (Figures 3B, 4B, 4C, and S4D; He et al., 2015; Ho-

well et al., 2015). Upstream mechanisms for these changes in

gene expression remained elusive. oig-1 and pde-4 synergized

the DD respecification as an oig-1;pde-4 double mutant showed

stronger phenotypes in D MNs, although the oig-1;pde-4 double

mutant was similar to each single mutant for cAMP levels in

D MNs (Figures 7A, 7B, and S6A–S6C). oig-1, by encoding a

peri-synaptic protein with a single immunoglobulin domain,

mightmodulate other factors related to DD remodeling and regu-

late the cAMP levels through affecting pde-4 enzymatic activity

via an unknown signaling cascade. It seemed that there was a

mechanism to trigger the decrease in cAMP levels once the re-

specification reached completion in either DD remodeling or

aberrant VD remodeling. This mechanism should be indepen-

dent of unc-55, pde-4, lin-14, or oig-1, as we could see this

decrease in cAMP at the right time point in either wild-type or

mutants of these genes (Figures 4B, 4E, 4F, 6E, 6F, S5A–S5C,

(F) Plots of FRET signals in VDMNs along with the time line (hours post hatch) inwild-type and oig-1. n = 43–56 VDMNs (34–38wild-typeworms), 35–48 VDMNs

(26–30 oig-1 worms). Data for wild-type are the same as in Figure 4F.

Data are means ± SEM in (B), means ± SD from triplicates in (D)–(F). Student’s t test was used for (B) and (D); two-Way ANOVA with Bonferroni correction was

used for (E) and (F); n.s., not significant, *p < 0.05, ***p < 0.001. Scale bar, 20 mm.
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A B

C

D

E

Figure 7. Phenotypes of pde-4, oig-1, pde-4;oig-1, irx-1 csRNAi, and Ectopic unc-55 Expression, Plus the Working Model

(A) The distribution of presynaptic punc-25::SNB-1::GFP in wild-type, pde-4(0), oig-1(0), and pde-4(0);oig-1(0). Worms were 12 hr post hatching. Statistics of

worm percentage with dorsal SNB-1::GFP are shown; n = wild-type, 20 worms; pde-4(0), 23 worms; oig-1(0), 21 worms; pde-4(0);oig-1(0), 23 worms.

(B) Presynaptic SNB-1::GFP puncta in VNC or DNC in wild-type, pde-4(0), oig-1(0), and pde-4(0);oig-1(0). Statistics of wild-type, pde-4(0), oig-1(0), and

pde-4(0);oig-1(0) are shown. L4 worms were examined, n = 23–28 for each genotype. DNC, dorsal nerve cord; VNC, ventral nerve cord.

(legend continued on next page)
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S5E, and S5F). Higher levels of cAMP might serve as a timing

signal for DD respecification. Higher cAMP levels in pde-4

mutant or lower cAMP levels in pde-4 overexpression showed

precocious or delayed DD respecification, although DD

completed respecification eventually in either condition (Figures

4E, 4F, 5, and S5B). After the remodeling, lower levels of cAMP

might mark the completion of respecification or even stabilize

the remodeled DD.

cAMP is a key regulator in neural development and plasticity

(Gancedo, 2013; Li et al., 2015). cAMP utilizes many mecha-

nisms for its physiological functions, which include activating

cAMP-dependent protein kinases such as protein kinase

A (PKA), modulating the activities of small GTPases, directly

binding to ion channels, binding to TFs such as CREB, etc.

Downstream mechanisms of cAMP effects remain for further

investigations, and it would be reasonable to speculate that

cAMP regulates a whole array of events in D MNs through mul-

tiple mechanisms (Figure 7E). cAMP might also contribute to

some other events occurring in the process of respecification.

For example, a previous study showed that dynamic microtu-

bules were increased at the onset of DD remodeling (Kurup

et al., 2015), and it has been well established that higher

cAMP levels trigger greater microtubule dynamics (Means

et al., 1982).

Both gain-of-function mutation of acy-1 and loss-of-function

mutation of pde-4, presumably with elevated levels of cAMP,

accelerated growth cone formation from injured axons of

PLM sensory neurons (Ghosh-Roy et al., 2010). This effect

required DLK-1, a MAPKKK. Both JUNK and MAPK pathway

genes were enriched in UNC-30 and UNC-55 targets, and

both cascades were known to play roles in the axonal regen-

eration of D MNs after neuronal injury (Hammarlund et al.,

2009; Kim and Jin, 2015; Pastuhov et al., 2012; Yan et al.,

2009). It is highly possible that cAMP signaling, JUNK, and

MAPK pathways may crosstalk in the developmental plasticity

observed in DD respecification and in neural regeneration after

damage.

UNC-30 and UNC-55 converged to regulate the expression

of more than 1,000 genes (Figures 2A and S1D). The entire reg-

ulatory network of these target genes would be of great

complexity and require further characterization. Both UNC-30

and UNC-55 had hundreds of unique targets, with biological

roles for future elucidation. Another interesting point was that

unc-30 seemed to activate the expression of its targets in

essentially all the cases examined, while unc-55 could either

activate gene expression in the case of oig-1 and pde-4 or

inhibit gene expression in the case of flp-13 and acy-1.

UNC-55 is the only COUP-TF in C. elegans, and members of

this family in other animals often play either positive or nega-

tive roles in transcriptional regulation, largely depending on in-

teractions among TFs (Tang et al., 2015). A previous study to

isolate mRNAs with elevated levels in VD MNs in unc-55 mu-

tants identified 188 genes, which should be repressed by

unc-55 either directly or indirectly (Petersen et al., 2011). Out

of these genes, eight of them had UNC-55 binding peaks

within 2.0 kb of their gene TSS (Figure S7D). One critical TF,

irx-1, was a downstream target of unc-55 identified in the pre-

vious study, and it regulated the expression of oig-1, pde-4,

and acy-1, and modulated DD respecification (Figures 7C

and S6E; Petersen et al., 2011; He et al., 2015). There was a

strong UNC-30 binding peak in the gene body of irx-1 (Fig-

ure S1E), although the closest UNC-55 binding peak was 27

kb from the irx-1 gene. irx-1 might be an indirect UNC-55

target, and we already showed that indirect targets, e.g..

irx-1, could also be important players in the UNC-55 regulatory

network (Figures 7C and S6E). We also want to point out that

some genes such as unc-8 are UNC-55 targets in both VD and

AS MNs (Figure S1F; Miller-Fleming et al., 2016; Kerk et al.,

2017). The unc-30 and unc-55 ChIP-seq targets were also

compared with previously identified genes enriched in

GABAergic neurons, and we found more than one-third of

GABAergic genes were direct targets of unc-30 or unc-55

(Figure S7E; Table S1; Cinar et al., 2005).

Surprisingly, DD with ectopically expressed unc-55 could

remodel even after the normal respecification time window

once the UNC-55 was induced to degrade (Figures 7D

and S7C). VD MNs in unc-55 mutant could also continue to

remodel even after L4 (Figure S5C; Petersen et al., 2011).

Thus, there might be no restricted time window for the remodel-

ing. More strikingly, ectopically expressed UNC-55 in respeci-

fied DD MNs could make them revert to the L1 synaptic pattern

(Figure 7D); rather than just managing the cAMP levels and other

pathways to prevent respecification in VD MNs, UNC-55 ap-

pears to be both essential and necessary for the VD synaptic

pattern.

CRISPR/Cas9 technology allows convenient generation of

functional fusion proteins with endogenous expression levels

and spatiotemporal patterns. With UNC-30 and UNC-55, we

showed that ChIP-seq could be performed successfully even

for TFs expressed at relatively low levels and in limited cells.

Actually, when compared with the available data from the inte-

grated and overexpressed UNC-55::GFP (no previous data

about UNC-30 ChIP-seq), our data identified about one-third

fewer target genes, indicating higher specificity, and displayed

much stronger enrichment for known targets such as flp-13 and

oig-1 (Araya et al., 2014). There are other TF genes such as

lin-14, alr-1, irx-1, and hbl-1 that are known to play roles in

D MNs (Hallam and Jin, 1998; Melkman and Sengupta, 2005;

(C) irx-1 regulates pde-4 expression in VD MNs of unc-55 mutant. Representative images are shown, and statistics of Ppde-4::GFP fluorescence intensity are

shown. n = 25 VD MNs (Punc-47::RFP;unc-55(0), 18 worms), 29 VD MNs (irx-1 csRNAi;unc-55(0), 25 worms).

(D) The distribution of presynaptic punc-25::SNB-1::GFP on the dorsal side in auxin-treated Punc-47::UNC-55a::degron::GFP;juIsIworms. Auxin treatment along

the time line is shown. Arrows indicate the time point for imaging. Statistics of presynaptic SNB-1::GFP puncta in DNC in T1, T2, T3, and T4 are shown with bars.

n = 20 (T1), 22 (T2 and T4), 24 (T3).

(E) A model integrating the findings on cAMP levels and transcription regulations in D MNs. Tentative links requiring further investigations are indicated with

dashed lines or question marks.

Data are means ± SD for (A) triplicates and (B) and (D) triplicates; means ± SEM in (C) from triplicates, Student’s t test, n.s. not significant, **p < 0.01, ***p < 0.001.

VNC, ventral nerve cord; DNC, dorsal nerve cord. Scale bar, 20 mm.
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Petersen et al., 2011; Thompson-Peer et al., 2012; He et al.,

2015). ChIP-seq with our method should be applicable to

them and TFs expressed in other cells. Further investigations,

especially in the transcriptional regulations and signaling cas-

cades, would help to pinpoint the full image of differentiation

and plasticity of D MNs.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-GFP (1.0 mg/ml) Transgen Biotech Cat#HT801

Mouse anti-beta-Actin (1.0 mg/ml) Transgen Biotech Cat#HC201

GFP-Trap_A (2.5 mg/ml) ChromoTek Gta-20

Chemicals, Peptides, and Recombinant Proteins

Indole-3-acetic acid Alfa Aesar Cat#A10556

cOmplete ULTRA Tablets, mini, EASYpack Roche REF 05892970001

N-Lavroyl sarcosine sodium Biosharp Amresco 0719

Critical Commercial Assays

ClonExpressⅡ One Step Cloning Kit Vazyme Cat#C112-01

GoTaq SYBR Green qPCR Master Mix Promega Cat#A6001

ClonExpressMultiS One Step Cloning Kit Vazyme Cat#C113-01

Deposited Data

ChIP-seq This paper GSE102213

Experimental Models: Organisms/Strains

More information for strains This paper, Table S2 N/A

C. elegans: N2: C. elegans, Bristol isolate Caenorhabditis Genetics

Center

N2

C. elegans: EN269: kr296[Punc-49::UNC-49::RFP] Haijun Tu EN269

C. elegans: IZ1638: ufIs136[Pflp- 13::mCherry::RAB-3] Mike Francis IZ1638

C. elegans: VC1234: oig-1(ok1687) Caenorhabditis Genetics

Center

VC1234

C. elegans: RB1231: pde-4(ok1290) Caenorhabditis Genetics

Center

RB1231

C. elegans: CB1170: unc-55(e1170) Caenorhabditis Genetics

Center

CB1170

C. elegans: CB845: unc-30(e191) Caenorhabditis Genetics

Center

CB845

C. elegans: VT284: +/szT1 [lon-2(e678)]; lin-14(ma135)/szT1 Yingchuan B. Qi VT284

C. elegans: GSH100: hzhCR1[UNC-30::GFP] This paper N/A

C. elegans: GSH101: hzhCR2[UNC-55::GFP] This paper N/A

C. elegans: GSH102: hzhIs9[Punc-47::GFP::EPAC::RFP] This paper N/A

C. elegans: GSH103: hzhEX7[Punc-47::RFP] This paper N/A

C. elegans: GSH104: hzhEX8[Ppde-4::GFP; Punc-47::RFP] This paper N/A

C. elegans: GSH105: hzhEX9[Ppde-4L::GFP; Punc-47::RFP] This paper N/A

C. elegans: GSH106: hzhEX10[Pbra-1::GFP; Punc-47::RFP] This paper N/A

C. elegans: GSH107: hzhEX11[Prgs-4::GFP; Punc-47::RFP] This paper N/A

C. elegans: GSH108: hzhEX12[Pdhc-1::GFP; Punc-47::RFP] This paper N/A

C. elegans: GSH109: hzhEX13[Plin-59::GFP; Punc-47::RFP] This paper N/A

C. elegans: GSH110: hzhEX14[Plin-18::GFP; Punc-47::RFP] This paper N/A

C. elegans: GSH111: hzhEX15[Pvps-25::GFP; Punc-47::RFP] This paper N/A

C. elegans: GSH112: hzhEX16[Pvhp-1::GFP; Punc-47::RFP] This paper N/A

C. elegans: GSH113: hzhEX17[Pacr-14::GFP; Punc-47::RFP] This paper N/A

C. elegans: GSH114: hzhEX18[Ppde-4DU55::GFP; Punc-47::RFP] This paper N/A

C. elegans: GSH115: hzhEX19[Pacy-1::GFP; Punc-47::RFP] This paper N/A

C. elegans: GSH116: hzhEX25[Pklc-2::GFP] This paper N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

C. elegans: GSH117: hzhEX26[Plin-10::GFP] This paper N/A

C. elegans: GSH118: hzhEX27[Pflp-13::SNB-1::mCherry] This paper N/A

C. elegans: GSH119: hzhEX28[Ppde-4::GFP; Punc-47::irx-1

csRNAi(sense&antisense)::sl2::RFP]

This paper N/A

C. elegans: GSH120: hzhEX29[Pacy-1::GFP; Punc-47::irx-1

csRNAi(sense&antisense)::sl2::RFP]

This paper N/A

C. elegans: GSH121: hzhEX35[Ppde-4::GFP; Punc-47::

UNC-55a::sl2::RFP]

This paper N/A

C. elegans: GSH122: hzhEX36[Pacy-1::GFP; Punc-47::

UNC-55a::sl2::RFP]

This paper N/A

C. elegans: GSH123: hzhEX37[Ppqn-47::GFP; Punc-47::RFP] This paper N/A

C. elegans: GSH124: hzhEX38[Pmyrf-2::GFP; Punc-47::RFP] This paper N/A

C. elegans: GSH125: juis1 [Punc-25::SNB-1::GFP]; hzhEX20

[Punc-47::PDE-4::sl2::RFP]

This paper N/A

C. elegans: GSH126: juis1 [Punc-25::SNB-1::GFP];

hzhEX7[Punc-47::RFP]

This paper N/A

C. elegans: GSH127: juis1 [Punc-25::SNB-1::GFP];

hzhEX22[Pflp-13::RFP]

This paper N/A

C. elegans: GSH128: juis1 [Punc-25::SNB-1::GFP];

hzhEX23[Pflp-13::PDE-4::sl2::RFP]

This paper N/A

C. elegans: GSH129: juis1 [Punc-25::SNB-1::GFP];

unc-55(e1170)

This paper N/A

C. elegans: GSH130: juis1[Punc-25::SNB-1::GFP];

unc-55(e1170)I; hzhEX7[Punc-47::RFP]

This paper N/A

C. elegans: GSH131: juis1[Punc-25::SNB-1::GFP];

unc-55(e1170)I; hzhEX20[Punc-47::PDE-4::sl2::RFP]

This paper N/A

C. elegans: GSH132: juis1[Punc-25::SNB-1::GFP];

pde-4(ok1290)

This paper N/A

C. elegans: GSH133: juis1[Punc-25::SNB-1::GFP];

pde-4(ok1290); hzhEX7[Punc-47::RFP]

This paper N/A

C. elegans: GSH134: juis1[Punc-25::SNB-1::GFP];

pde-4(ok1290); hzhEX20[Punc-47::PDE-4::sl2::RFP]

This paper N/A

C. elegans: GSH135: juis1[Punc-25::SNB-1::GFP];

hzhEX7[Punc-47::RFP]

This paper N/A

C. elegans: GSH136: juis1[Punc-25::SNB-1::GFP]; hzhEX33

[Punc-47::TIRI::sl2::RFP; Punc-47::UNC-55a::degron::GFP]

This paper N/A

C. elegans: GSH137: kr296[Punc-49::UNC-49::RFP];

pde-4(ok1290)

This paper N/A

C. elegans: GSH138: ufIs136[Pflp-13::mCherry::RAB-3];

EX24[Punc-47::CFP::EPAC::YFP]

This paper N/A

C. elegans: GSH139: unc-30(e191); hzhEX8[Ppde-4::GFP;

Punc-47::RFP]

This paper N/A

C. elegans: GSH140: unc-30(e191); hzhEX9[Ppde-4L::GFP;

Punc-47::RFP]

This paper N/A

C. elegans: GSH141: unc-30(e191); hzhEX10[Pbra-1::GFP;

Punc-47::RFP]

This paper N/A

C. elegans: GSH142: unc-30(e191); hzhEX11[Prgs-4::GFP;

Punc-47::RFP]

This paper N/A

C. elegans: GSH143: unc-30(e191); hzhEX12[Pdhc-1::GFP;

Punc-47::RFP]

This paper N/A

C. elegans: GSH144: unc-30(e191); hzhEX16[Pvhp-1::GFP;

Punc-47::RFP]

This paper N/A

C. elegans: GSH145: unc-30(e191); hzhEX17[Pacr-14::GFP;

Punc-47::RFP]

This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

C. elegans: GSH146: unc-30(e191); hzhEX19[Pacy-1::GFP;

Punc-47::RFP]

This paper N/A

C. elegans: GSH147: unc-30(e191); hzhEX25[Pklc-2::GFP] This paper N/A

C. elegans: GSH148: unc-30(e191); hzhEX26[Plin-10::GFP] This paper N/A

C. elegans: GSH149: unc-30(e191); hzhEX37[Ppqn-47::GFP;

Punc-47::RFP]

This paper N/A

C. elegans: GSH150: unc-30(e191); hzhEX38[Pmyrf-2::GFP;

Punc-47::RFP]

This paper N/A

C. elegans: GSH151: unc-55(e1170); hzhEX8[Ppde-4::GFP;

Punc-47::RFP]

This paper N/A

C. elegans: GSH152: unc-55(e1170); hzhEX9[Ppde-4L::GFP;

Punc-47::RFP]

This paper N/A

C. elegans: GSH153: unc-55(e1170); hzhEX16[Pvhp-1::GFP;

Punc-47::RFP]

This paper N/A

C. elegans: GSH154: unc-55(e1170); hzhEX17[Pacr-14::GFP;

Punc-47::RFP]

This paper N/A

C. elegans: GSH155: unc-55(e1170); hzhEX19[Pacy-1::GFP;

Punc-47::RFP]

This paper N/A

C. elegans: GSH156: unc-55(e1170); hzhEX13[Plin-59::GFP;

Punc-47::RFP]

This paper N/A

C. elegans: GSH157: unc-55(e1170); hzhEX14[Plin-18::GFP;

Punc-47::RFP]

This paper N/A

C. elegans: GSH158: unc-55(e1170); hzhEX15[Pvps-25::GFP;

Punc-47::RFP]

This paper N/A

C. elegans: GSH159: unc-55(e1170); hzhEX37[Ppqn-47::GFP;

Punc-47::RFP]

This paper N/A

C. elegans: GSH160: unc-55(e1170); hzhEX38[Pmyrf-2::GFP;

Punc-47::RFP]

This paper N/A

C. elegans: GSH161: lin-14(ma135); hzhEX8[Ppde-4::GFP;

Punc-47::RFP]

This paper N/A

C. elegans: GSH162: pde-4(ok1290); hzhIs9[Punc-47::GFP::

EPAC::RFP]

This paper N/A

C. elegans: GSH163: unc-55(e1170); hzhIs9[Punc-47::GFP::

EPAC::RFP]

This paper N/A

C. elegans: GSH164: oig-1(ok1687); hzhIs9[Punc-47::GFP::

EPAC::RFP]

This paper N/A

C. elegans: GSH165: lin-14(ma135); hzhIs9[Punc-47::GFP::

EPAC::RFP]

This paper N/A

C. elegans: GSH166: pde-4(ok1290); hzhEX27[Pflp-13::

SNB-1::mCherry]

This paper N/A

C. elegans: GSH167: pde-4(ok1290); oig-1(ok1687) This paper N/A

C. elegans: GSH168: pde-4(ok1290); oig-1(ok1687);

hzhEX34[Punc-47::GFP::EPAC::RFP]

This paper N/A

Oligonucleotides

Primers for plasmid This paper, Table S3 N/A

Recombinant DNA

Plasmid: L3691 Addgene # 1587

Plasmid: pCFJ90 Addgene # 19327

Plasmid: pUC57 Addgene # 51132

Plasmid: H94 Kees Jalink N/A

Plasmid: H187 Kees Jalink N/A

Plasmid: pLZ29 Abby Dernburg N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: pLZ31 Abby Dernburg N/A

Plasmid: unc-30HR This paper N/A

Plasmid: unc-30sg This paper N/A

Plasmid: unc-55HR This paper N/A

Plasmid: unc-55sg This paper N/A

Plasmid: Punc-47::GFP::EPAC::RFP This paper N/A

Plasmid: Punc-47::RFP This paper N/A

Plasmid: Ppde-4::GFP This paper N/A

Plasmid: Ppde-4L::GFP This paper N/A

Plasmid: Pbra-1::GFP This paper N/A

Plasmid: Prgs-4::GFP This paper N/A

Plasmid: Pdhc-1::GFP This paper N/A

Plasmid: Plin-59::GFP This paper N/A

Plasmid: Plin-18::GFP This paper N/A

Plasmid: Pvps-25::GFP This paper N/A

Plasmid: Pvhp-1::GFP This paper N/A

Plasmid: Pacr-14::GFP This paper N/A

Plasmid: Ppde-4DU55::GFP This paper N/A

Plasmid: Pacy-1::GFP This paper N/A

Plasmid: Pklc-2::GFP This paper N/A

Plasmid: Plin-10::GFP This paper N/A

Plasmid: Ppqn-47::GFP This paper N/A

Plasmid: Pmyrf-2::GFP This paper N/A

Plasmid: Pflp-13::SNB-1::mCherry This paper N/A

Plasmid: Punc-47::irx-1 csRNAi(sense&antisense)::sl2::RFP This paper N/A

Plasmid: Punc-47::UNC-55a::sl2::RFP This paper N/A

Plasmid: Punc-47::PDE-4::sl2::RFP This paper N/A

Plasmid: Pflp-13::RFP This paper N/A

Plasmid: Pflp-13::PDE-4::sl2::RFP This paper N/A

Plasmid: Punc-47::TIRI::sl2::RFP This paper N/A

Plasmid: Punc-47::UNC-55a::degron::GFP This paper N/A

Plasmid: Pflp-13::mCherry::RAB-3 This paper N/A

Plasmid: Punc-47::CFP::EPAC::YFP This paper N/A

Software and Algorithms

ImageJ 1.41 Staal et al., 2004 https://imagej.nih.gov/ij/

docs/guide/index.html

Circos Krzywinski et al., 2009 http://circos.ca/software/

CisGenome Ji et al., 2008 http://www.biostat.jhsph.edu/

�hji/cisgenome/

Gorilla Eran et al., 2009 http://cbl-gorilla.cs.technion.ac.il/

BedTools Quinlan and Hall, 2010 http://bedtools.redthedocs.io/en/

latest/

HOMER Heinz et al., 2010 http://homer.ucsd.edu/homer/

motif/index.html

IGV Robinson et al., 2011 http://software.broadinstitute.org/

software/igv/

Bowtie Langmead and Salzberg,

2012

http://bowtie-bio.sourceforge.net/

bowtie2/ index.shtml
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ge Shan

(shange@ustc.edu.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans Strains

Wormswere grown on NGM (Nematode GrowthMedium) plates seededwith OP50 at 22�C or 25�C (Brenner, 1974). The strains used

in this study are shown in Table S2.

METHOD DETAILS

Plasmid Construction and Transgenes

Primer and the PCR product information used for plasmid construction and other experiments are shown in Table S3. Briefly, for

sgRNA plasmids, we added the 20 bp sgRNA sequence (without PAM) on primer to amplify the U6 promoter in pUC57 plasmid

and inserted the amplified product into EcoR I (Thermo Scientific) and Hind III digested pUC57 plasmid. Homology recombination

plasmids were generated by recombining the 1.5 kb DNA sequence upstream of sgRNA site, GFP coding sequences and 1.5kb

DNA sequence downstream of sgRNA site in Sph I and Apa I digested ppD117.01 plasmid. To generate transcriptional reporters,

2.7-6.0 kb promoter was cloned from genomic DNA. The corresponding product was inserted in Sph I and Age I digested gfp plasmid

(pPD117.01) or Pst I and Age I rfp plasmid (ppD95.67). Eight nucleotides GATCATCA as part of the UNC-55 binding site in the pde-4

promoter region were replaced with TCGACGTC on the primers, and then the primers were used to amplify the Ppde-4::GFP

(ppD117.01) to create Ppde-4DU55::GFP transgene. The rescue and over expression plasmids were generated by inserting the

pde-4 isoform d cDNA into the Age I digested Punc-47::RFP plasmid or Pflp-13::RFP plasmid, and the sl2 sequence was added

in front of RFP, so that pde-4 and RFP could be translated separately. We cloned the GFP-EPAC-RFP and CFP-EPAC-YFP from

The FRET plasmids of H94 (GFP-EPAC-RFP) and H187 (CFP-EPAC-YFP) (Klarenbeek et al., 2015), respectively and inserted

in-frame downstream of the unc-47 promoter (pPD95.67 without rfp as the backbone). To construct Pflp-13::snb-1::mCherry

plasmid, we first replaced the sl2::rfp sequence with mCherry in ppD95.67 plasmid; then we inserted 2.6 kb promoter of flp-13

and SNB-1 cDNA into Hind III and Age I digested ppD95.67-mCherry plasmid resulting in a fusion protein of SNB-1 cDNA and

mCherry. For degron system plasmids, we cloned the TIRI coding sequence and degron::GFP sequence from PLZ31 plasmid

and PLZ29 plasmid, respectively. The amplified TIRI coding fragment was inserted into Punc-47::sl2::RFP (ppD95.67) plasmid to

form Punc-47::TIRI::sl2::RFP (ppD95.67) plasmid. The sl2::RFP sequences in Punc-47::UNC-55a::sl2::RFP (ppD95.67) plasmid

were then replaced with the degron::GFP sequence to generate Punc-47::UNC-55a::degron::GFP plasmid. For cell specific RNAi

plasmids, 0.7 kb sense irx-1 cDNA sequences were amplified and inserted in Sal I and Age I digested Punc-47::sl2::rfp

(ppD95.67) plasmid to generate Punc-47:: sense irx-1 cDNA::sl2::rfp plasmid. The sense irx-1 cDNAwas replaced with the antisense

irx-1 cDNA sequence resulting in Punc-47:: antisense irx-1 cDNA::sl2::rfp plasmid. Other cell specific RNAi plasmids were con-

structed in similar way. All plasmids were constructed with recombinant methods, and all PCR products and final plasmids were

confirmed with sequencing. The procedure for the generation of transgenic animals are described as previously (Mello et al.,

1991). We used UV irradiation to generate the integrity line of hzhIs9[Punc-47::GFP::EPAC::RFP].

Worm Synchronization and Degron Experiments

Sixty adult worms were picked to 6 cm plate and allowed to lay eggs for 1 hour at 22�C, and worms started to hatch after about 10

hours, which was referenced as the time point of 0 hour (0 h) post hatch.Worms at the indicated time point were used for Imaging and

other experiments. There seems no difference in developmental timing between pde-4, oig-1, pde-4;oig-1 and wildtype in the L1

stage, as examined for the time window of molting as well as the division of Z1 and Z4. Auxin (indole-3-acetic acid (IAA)) was pur-

chased from Alfa Aesar (#A10556). A 400 mM stock solution of the auxin indole-3-acetic acid (IAA) in ethanol was prepared and

stored at 4�C. IAA was diluted in NGM at 4 mM final concentration. Similar concentration of ethanol was also added to NGM plates

as control. Sixty adult Punc-47::UNC-55a::degron::GFP and Punc-47::TIRI::sl2::rfp transgenic worms were allowed to lay eggs on

normal (ethanol, EtOH) or 4 mM IAA NGM plate for 1 hours after which the adult worms were removed. After 10 hours, the progenies

begun to hatch and this time point was referred to as 0 hour post hatch. 24 hours later, the worms were transferred to NGM plate

containing either EtOH (normal) or IAA and images were taken on the indicated time point.

CRISPR/Cas9 Knockin

CRISPR/Cas9 was performed as previously described with modifications (Dickinson et al., 2013; Friedland et al., 2013). Briefly, We

injected Pu6::unc-30 sgRNA or Pu6::unc-55 sgRNA (50 ng/ml), Peft-3::Cas9 (50 ng/ml), unc-30 or unc-55 homology recombination

plasmid (20 ng/ml) and co-injection marker Pmyo-2::RFP (PCFJ-90) plasmid (10 ng/ml) in 80 N2 adult worms and singled out 200

F1 generation with RFP for each homology plasmid. After one week, we checked the worms with GFP expression under the micro-

scope with 40X magnification. GFP worms were then transferred to new plates, and examined for successful GFP knock-in, and the

selected transgenes were out-crossed for further experiments.
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Chromatin Immunoprecipitation (ChIP)

We performed ChIP assay according to previously studies with somemodifications (Mukhopadhyay et al., 2008; Zhong et al., 2010).

Worms were synchronized and cultured in 10 cm plates (about 80-100). Adult worms were bleached and the eggs were incubated in

M9 with no OP50 at 20�C overnight to get synchronized L1 worms. Synchronized worms were centrifuged and culture on 10 cm

plates seeded with OP50. 24 hours later (early L2, time window with highest UNC-30::GFP and UNC-55::GFP expression), worms

were washed off the plates with M9, and washed briefly for 3 times (650 g for 1 min) to remove OP50, once with 2% formaldehyde

in M9. Worm pellets were transferred to 10 ml of 2% formaldehyde in M9 for fixation and cross-linking (35 min). Worm pellets were

then washed twice with 100 mM Tris pH 7.5, and twice with M9 (650 g, 2 min each) to pellet worms. Worm pellets were washed once

with complete proteinase inhibitor cocktail (Roche) in FA buffer (50 mM HEPES/KOH pH 7.5, 1 mM EDTA, 1% Triton X-100, 0.1%

sodium deoxycholate) with 150 mM NaCl. Worm pellets were then resuspended with FA buffer (containing 150 mM NaCl, 10 ml

1M DTT, 50 ml 0.1M PMSF, 100 ml 10% SDS, 500 ml 20% N-Lavroyl sarcosine sodium in 10 ml FA buffer, 2 tablets protease inhibitors

(Roche)), and was sonicated on ice for 15min using Sonics Vibra-cell VCX 150 processor. The sample was spun at 14000 g for 10min

at 4�C. The supernatant was transferred to a new tube and 5% of it was saved as input. The remaining supernatant was incubated

with anti-GFP beads (Chromoteck,) for 20 hours at 4�C. Beads were then processed with a series of washes: twice with 150mMNaCl

FA buffer (5 min each), once with 1M NaCl FA buffer (5 min), twice with 500 mM NaCl FA buffer (10 min each), once with TEL buffer

(0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.0) (10 min), and finally with three changes of

1X TE buffer (5min each time). The pellets (immune complexes) were eluted by 200 ml Elution Buffer (1%SDS in TEwith 250mMNaCl)

and incubated at 65�C for 20 min. The resultant supernatant and the saved input were treated with RNase A for 2 hours at room tem-

perature and then with proteinase K (6 mg/ml) for 2 hours at 55�C and overnight at 65�C. The DNA was purified by phenol/chloroform/

isoamyl extraction. The purified DNA was then subjected to quantitative Real-Time PCR (qPCR) to detect the enrichment of known

targets, and then processed for next generation sequencing.

Next Generation Sequencing

DNA from ChIP (along with the input) was iron fragmented at 95�C followed by end repair and 5’ adaptor ligation, then purified and

amplified. PCR products corresponding to 200-500 bps were purified for sequencing. Illumina Nextseq 500 system for 150 nt

pair-end sequencing was then performed (Novogene).

Confocal Microscopy

Imaging of immobilized worms was performed on Andor Revolution XD laser confocal microscope system (Andor Technology PLC)

based on a spinning-disk confocal scanning head CSU-X1 (Yokogawa Electric Corporation) under control of Andor IQ 10.1 software

or two-photon confocal laser scanningmicroscopy FV1200MPE (Olympus) with GaAsP-NDD detector. The Z-stack images were ob-

tained on Olympus IX-71 inverted microscope (Olympus Corporation) with 60 1.45 NA oil-immersion objective, and the 14-bit digital

images were acquired by an Andor iXonEM+ DV897K EM CCD camera. Andor LC-401A Laser Combiner with diode-pumped solid

state (DPSS) lasers emitting at 458 nm, 488 nm, 515nm and 561 nm were used to excite the fluorophores. The fluorescence was

filtered by bandpass filters with hard ion-beam-sputtered optical coatings (Semrock) mounted in a 10 position Filter wheel (Lambda

10-3, Sutter Instrument Company).

FRET and Data Analysis

To perform cAMP FRET, we followed the FRET imaging protocol previously described with slight modifications (Klarenbeek et al.,

2015; Börner et al., 2011; Shafer et al., 2008; Tsuyama et al., 2013). The bandpass for GFP donor and RFP-FRET emission were

515±30 and 593±40, respectively, and for CFP donor and YFP-FRET emission, we used 460±80 and 525±30, respectively. The expo-

sure time was 100 ms. At first, we obtained the spillover ratio for GFP into RFP channel (Rg) and RFP into RFP channel (Rr) from GFP

excitation using GFP (Punc-25::gfp) or RFP (Punc-47::rfp) expressed worms. For FRET, the images of GFP donor (GFPD) and RFP-

FRET (RFPF) were obtained under the GFP excitation; RFP (RFPR) under the RFP excitation was then captured. Images were

analyzed by ImageJ software. The correction RFP emission (Rc) was calculated as follows: Rc=RFPF – (GFPD X Rg + RFPR X Rr);

the FRET signal was the ratio of Rc/ GFPD. The FRET signal of CFP donor and YFP-FRET was obtained with the same method,

by using the respective worm strains, excitation wavelength, and filters.

Calculating the Relative Fluorescence Intensity

For analyzing the Ppde-4::GFP or Pacy-1::GFP fluorescence intensity, DD and VD neurons were identified by the GABA-specific

marker Punc-47::RFP. Z-stack images were traced in ImageJ to generate maximum intensity projections. The GFP intensity was

then normalized to the RFP intensity for each cell in Figures 3, S4, S6D, S6E, and S7B. In 7C and S7A the relative GFP intensity

was calculated as arbitrary units (a.u.). The GFP intensity was normalized to fluorescence intensity of Punc-25::SNB-1::GFP in Fig-

ure S7C. The fluorescence intensity of mCherry in Figure 4D was calculated as arbitrary units per micrometer.

Counting the Presynaptic Puncta

Dorsal nerve cord and ventral nerve cord imageswere obtained between VD9 and VD11 in Figures 6A, 6B, 7B, and S6B. Individual VD

motor neurons expressing RFP were scored in Figure 6C. The number of SNB-1::GFP puncta in the anterior interval between the

VD11 and VD10 (Puncta/VD anterior region) were counted in the dorsal and ventral nerve cords in Figure 6D (Petersen et al.,
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2011). ImageJ plot profile tool was used to plot nerve cords, and the number of SNB-1::GFP (Punc-25::snb-1::gfp) puncta was calcu-

lated by counting the number of crests of the plot file. In Figure S5D, the extra puncta were calculated by counting the anterior interval

dorsal nerve cords of individual DD motor neurons.

Defining Not, Partial, or Complete DD Remodel

We classified DD remodeling into Not, Partial and Complete as described earlier by Thompson-Peer et al., 2012. Not remodel: there

was no SNB-1::GFP signal in dorsal never cord. Partial remodel: gaps of SNB-1::GFP signal existed in between DD MNs in dorsal

never cord. Complete remodel: no gap of SNB-1::GFP signal existed in between DD MNs in dorsal never cord.

ChIP-Seq Data Analyses

For ChIP-seq data analyses, we filtered out reads from the genomic repeats, then the unique reads were mapped to C. elegans

genome (ce6) with bowtie (-v1). Peaks of UNC-30 and UNC-55were foundwith cisGenome, by comparing ChIP to the corresponding

input (cutoff>3 and P value<10^-5), and geneswere generatedwith peaks distances of 10 kb from the TSSs. The distribution of peaks

and conservation of the peak region were both generated with cisGenome. Heatmap of TSS coverage was drawn with NGSplot. The

signal density was normalized to the input and calculated within the window 1 kb upstream to 1 kb downstream of TSSs of both

coding and non-coding gene targets (Figure 1B). The enriched motifs of UNC-30 and UNC-55 were generated by HOMER with

the top 1000 peaks. All peak signals were showed with IGV. The P values generated in the analyzes of ChIP-seq data were calculated

by default parameters of the respective software.

GO Analysis

The significant enriched genes fromChIP-seq were analyzedwith Gorilla web-server (Eran et al., 2009). P values were calculated with

default parameters.

Western Blot

Total protein from worm lyses was loaded onto the SDS-PAGE gels, and then transferred to PVDF membranes (Millipore) (Liu et al.,

2012). Anti-gfp (Transgen, cat. No. HT801) and anti-b-actin (Transgen, cat. No. HC201) antibodies were used by following the ECL

Western blotting protocol (GE Healthcare).

DATA AND SOFTWARE AVAILABILITY

GEO Accession

The accession number for the ChIP-seq data reported in this paper is GEO: GSE102213.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis

Student’s t tests and one-way or two-way ANOVA with Bonferroni correction were used to compute P values, as indicated in the

figure legends. For Student’s t tests, the values reported in the graphs represent averages of independent experiments, with error

bars showing s.e.m. After analysis of variance with F tests, the statistical significance and P values were evaluated with Student’s

t tests. Statistical methods are also indicated in the figure legends.
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