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Summary

After axon outgrowth and synapse formation, the nervous system transitions to a stable 

architecture. In C. elegans, this transition is marked by the appearance of casein kinase 1δ (CK1δ) 

in the nucleus. In CK1δ mutants, neurons continue to sprout growth cones into adulthood leading 

to a highly ramified nervous system. Nervous system architecture in these mutants is completely 

restored by suppressor mutations in 10 genes involved in transcription termination. CK1δ prevents 

termination by phosphorylating and inhibiting SSUP-72. SSUP-72 would normally remodel the C-

terminal domain of RNA polymerase in anticipation of termination. The antitermination activity of 

CK1δ establishes the mature state of a neuron by promoting the expression of the long isoform of 

a single gene, the cytoskeleton protein Ankyrin.

eTOC paragraph

In C. elegans, Casein Kinase 1 delta accumulates in the nucleus after synapse formation, 

suppressing growth cones and stabilizing synapses and axons. LaBella et al. show that CK1δ 
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phosphorylates and inhibits transcription termination at a short alternative polyadenylation site 

within ankyrin and promoting expression of giant Ankyrin, stabilizing axonal growth.

Graphical Abstract
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Introduction

Axon guidance during nervous system development is mediated by growth cones that 

pioneer a pathway from the cell body to the target. When a growth cone reaches its goal, the 

growth cone collapses, a synapse is formed, the axon is stabilized, and the neuron acquires 

its mature morphology. This transition from an immature to a mature neuron must require 

reprograming of the nucleus, presumably in response to interactions of adhesion molecules 

and the formation of a synapse. Thereafter, neuronal architecture and synaptic connectivity 

is maintained for the lifetime of the animal in spite of mechanical stress, growth and aging 

of the animal. By contrast, neurons that fail to mature are marked by retraction of axons and 

continued sprouting of growth cones throughout the course of the animal’s lifetime.

Mutants with defects in axon outgrowth superficially resemble those with defects in 

maturation: axons are misplaced or truncated when imaged in adult animals. However, 

mutants with defects in maturation will exhibit normal axon guidance and synapse formation 

during development. Even demonstrating that axon outgrowth is normal during development 

can be inadequate. For example, mutants lacking β-spectrin exhibit normal outgrowth during 

development followed by continued emergence of growth cones in mature neurons in C. 
elegans (Hammarlund et al., 2000). However, ectopic growth cones arise due to axon breaks 

during movement, not defects in maturation. If movement is blocked in β-spectrin mutants, 

axon breaks are suppressed, and the architecture of the nervous system is stable 

(Hammarlund et al., 2007). Thus, neuron maturation is normal, and growth cone sprouting is 

due to normal regenerative processes after axon damage in spectrin mutants.

To date relatively few genes have been identified that play a specific role in the 

establishment of the mature state. Mutations in unc-119 in C. elegans display normal axon 

outgrowth in time-lapse imaging and form synapses, yet continue sprouting growth cones 

into adulthood (Knobel et al., 2001). UNC-119 is a conserved protein that binds acyl groups 

of G-proteins (Zhang et al., 2011) but its specific binding target required to establish the 

mature state of the nervous system remains unknown. The cytoskeleton protein Ankyrin has 
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also been implicated in maintenance of axon morphology in invertebrates and vertebrates. In 

addition, to the ubiquitous short isoforms, Ankyrins encode giant isoforms that are 

specifically expressed in neurons (Bennett et al., 1982; Jegla et al., 2016; Kordeli et al., 

1995; Kunimoto et al., 1991). In Drosophila, mutants lacking the giant isoform of Ankyrin 

form synapses but then retract them, suggesting that there is a defect in the establishment of 

the mature state (Koch et al., 2008; Pielage et al., 2008). In C. elegans, Ankyrin mutants 

exhibit axon defects (Hedgecock et al., 1985; McIntire et al., 1992; Otsuka et al., 1995, 

2002), and the expression of giant ankyrin in neurons is regulated by termination at an 

alternative polyadenylation site (Chen et al., 2015, 2017). These data suggest that UNC-119 

and giant Ankyrin are structural components that establish the mature state of an axon. 

However, ‘maturation’ implies that there must be a signaling pathway. Specifically, the 

neuron must ‘sense’ that it has formed synapses to the correct target and reprogram its 

nucleus to repress outgrowth and to maintain a stable architecture.

To identify new genes required for neuron maturation, we screened for mutants which 

continue to sprout growth cones after nervous system differentiation in C. elegans. We 

identified mutations in casein kinase 1δ (CK1δ / kin-20) which result in massive disruption 

of axon morphology in the adult animal. Mutations in kin-20 do not disrupt axon outgrowth 

or synapse formation during development, instead neurons continue to sprout growth cones 

after development is complete, which eventually leads to a highly branched nervous system. 

To identify the signaling pathway downstream of CK1δ, we performed a suppressor screen 

and found that CK1δ functions to promote expression of the giant isoform of Ankyrin. The 

screen identified 39 mutations in 13 genes that when mutated restore nervous system 

stability in the CK1δ mutant. Second-site mutations in 10 components of the RNA 

polymerase-II termination complex restore expression of Ankyrin with remarkable 

specificity. These results suggest that casein kinase 1δ might function as a switch to stabilize 

mature nervous system architecture.

Results

CK1δ is required to establish a mature nervous system architecture

To identify genes required for the maintenance of nervous system architecture, we screened 

for mutants exhibiting highly branched axons in C. elegans. The mutation ox423 causes 

animals to be dumpy and exhibit progressive paralysis, similar to β-spectrin / unc-70 
mutants. Mapping and genome sequencing demonstrated that ox423 is a mutation in kin-20, 

which encodes the kinase CK1δ. The CK1δ ortholog in Drosophila was isolated as 

doubletime, a mutant with defects in circadian rhythms (Kloss et al., 1998; Price et al., 

1998). A conserved pathway comprised of doubletime, period, and timeless regulate 

circadian rhythms in most animals (Young and Kay, 2001), and regulate heterochronic gene 

expression in nematodes (Rhodehouse et al., 2018; Temmerman et al., 2011; Tennessen et 

al., 2006, 2010). In nematodes, knockdown of kin-20 by RNA interference promoted 

formation of precocious, stage-specific cuticle structures called alae (Banerjee et al., 2005; 

Rhodehouse et al., 2018).

In C. elegans, the CK1 family includes kin-19 (CK1α), csnk-1 (CK1γ), and kin-20 (CK1δ); 

in vertebrates, a fourth homolog, called CK1ε, has arisen from a duplication of CK1δ (Fish 
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et al., 1995). kin-20(ox423) contains a nonsense mutation (Q344stop) in the kinase domain 

(Figure 1A). A deletion allele ok505, obtained from the knock-out consortium (C. elegans 

Deletion Mutant Consortium, 2012), exhibits an identical phenotype and fails to 

complement ox423; we conclude that they both represent null mutations. To confirm that 

kin-20 is the relevant gene we rescued the mutant with a single copy transgene (Figure 

S1A). kin-20 mutations exhibit a maternal effect, uncoordinated phenotype. Specifically, 

heterozygous mothers (kin-20(ox423)/+) produce homozygous offspring that are healthy and 

coordinated, but slightly constipated. By contrast, offspring from homozygous 

kin-20(ox423) mothers are paralyzed, dumpy and egg-laying defective. These phenotypes 

are not due to a strict maternal effect since they exhibit paternal rescue; kin-20/+ offspring 

generated by crossing a wild-type male to a kin-20(−) mutant mother are grossly wild-type. 

Thus, either a paternal chromosome or gene products from the maternal germline are 

sufficient for normal development.

The nervous system in kin-20 mutants is highly disorganized in late larval stage animals 

compared to wild-type animals (Figure 1B, C). During normal development, the DD GABA 

motor neurons extend axons from the ventral nerve cord to the dorsal nerve cord during 

embryogenesis, and the VD GABA motor neurons extend axons during the late L1 stage; 

thereafter the architecture of the nervous system remains stable. In kin-20 mutants, the 

motor neurons exhibit extra commissures, misrouted or branched axons, persistent growth 

cones, and spindly axons. To determine whether these defects arise during axon elongation 

or in mature neurons, we characterized the development of DD and VD motor neurons. We 

quantified the presence of supernumerary branches, ectopic growth cones, and thin, spindly 

axons during all larval stages and adults (Figure 1D–F). Axon defects accumulate in 

kin-20(ox423) mutants as the animal ages: ectopic growth cones sprouting from the axon or 

cell body increased from 0.2 per animal in the L2 larval stage to 6.4 in the adult (Figure 1D). 

The increase in ectopic growth cones gave rise to a concomitant increase in ectopic 

branches, which increased from 3 branched axons per animal in the L2 stage to 24 branched 

axons in the adult (Figure 1E).

These data suggest that the disorganized nervous system in kin-20 mutants is caused by axon 

sprouting in larvae and adults.

CK1 is not required for axon guidance or synapse formation

To determine if CK1δ is required for axon outgrowth during the initial formation of the 

nervous system, we performed time-lapse confocal microscopy during the late L1 to L2 

transition (Figure 2A–B, and Movie S1–S2). We monitored outgrowth by imaging VD 

motor neurons. VD motor neurons are born in the late L1 larval stage on the ventral side and 

extend growth cones to the dorsal cord during the L1 to L2 molt (Knobel et al., 1999). In 

kin-20 early L2 larvae, growth cones from the VD neurons extend from the ventral to dorsal 

nerve cord with no signs of ectopic branching. These data suggest that axon outgrowth is 

normal and that branching occurs after the growth cones have reached their targets.

To monitor axon stability, we imaged DD motor neurons. The DD motor neurons are born 

on the ventral side and differentiate during embryogenesis; by the L1 stage, fully extended 

commissures are present (White et al., 1978, 1986). In kin-20 mutants, the DD commissures 
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are largely normal in L1 larvae: 78% of DD commissures are composed of a single 

unbranched axon. However, 17% of DD axons generate an interstitial growth cone, which 

migrates within the existing axon shaft, and terminalizes in the dorsal nerve cord (Figure 2C 

and Movie S3). The formation of interstitial growth cones is occasionally accompanied by 

retraction of the distal portion of the axon and re-extension along the dorsal cord by the new 

growth cone (Figure 2D and Movie S4). In the early L2 larvae, ectopic growth cones are 

observed sprouting from the side of the axon shaft of DD neurons and extending toward the 

dorsal nerve cord (Figure 2B and Movie S2). We conclude that kin-20 mutant animals 

exhibit normal axon outgrowth but fail to repress the emergence of new growth cones after 

reaching their target.

CK1δ is required for neuronal maturation

Growth cones continue to sprout from existing axon shafts even in late larvae and adults in 

CK1δ mutants (Figure 2E and Movie S5). Ectopic growth cone formation in late larvae and 

adult stages is also observed in β-spectrin mutants (Hammarlund et al., 2007). In β-spectrin 

mutants, ectopic growth cone formation is caused by axon breakage during movement; these 

ectopic growth cones can be fully suppressed by paralyzing the animal. To determine if 

ectopic growth cones were caused by movement-induced axon breaks in CK1δ mutants, we 

paralyzed animals by knocking down the muscle gene Titin-related / unc-22 using RNA 

interference. Chronic paralysis rescued nervous system architecture in spectrin mutants but 

failed to eliminate ectopic growth cone formation and axonal branching in CK1δ mutants 

(Figure S1B). These data suggest that the defects in CK1δ mutants are not due to 

mechanical stress to the axon but rather appear to be a defect in maturation of the axon to a 

stable differentiated state.

Another explanation for the CK1δ outgrowth phenotype is that the neurons never mature. To 

determine whether neurons are chronically immature in kin-20 mutants, we assayed the 

regenerative capacity of neurons. In C. elegans, young neurons regenerate better than older 

neurons after laser axotomy (Byrne et al., 2014; Gabel et al., 2008; Hammarlund et al., 

2009; Nix et al., 2011; Wu et al., 2007; Zou et al., 2013). We cut axons in the L4 stage and 

assayed regeneration 24 hours later. Most axons retracted or remained as persistent stumps 

both in the wild type and in kin-20 mutants (Figure S1C WT 53%; kin-20(ox423) 66%, 

Fisher exact test p=0.05). In the remaining axons, growth cones sprouted, but in wild-type 

animals only 16% reach the dorsal cord, whereas, in kin-20 mutants, 78% of the growth 

cones reach the dorsal nerve cord (Figure 2F, G; Figure S1C; regeneration to DNC Fisher 

exact test ***p=0.0004). This result indicates that kin-20 mutants, like young animals, can 

regenerate cut axons better than in the wild type.

Axons may be unstable in CK1δ mutants because they fail to recognize their targets and 

form synapses, and the nucleus is not reprogrammed to become a fully differentiated neuron. 

To determine if synapse formation was normal, we tagged three synaptic proteins, liprin-α 
(SYD-2), neurexin (NRX-1), and RIM-binding protein (RIMB-1) with Skylan-S using 

CRISPR. Synapses in the ventral nerve cord were imaged using super-resolution microscopy 

during the L2 larval stage before the nervous system sprouted supernumerary growth cones 

(Figure 3A). The number, volume, and density of the presynaptic puncta for these proteins 
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were normal in kin-20 mutants (Figure 3B, Figure S2A–F). Thus, persistent axon outgrowth 

in CK1δ mutants is not due to a failure to form synapses.

CK1δ acts cell autonomously after axon outgrowth and synapse formation

To determine in which tissue kin-20 acts to stabilize neurons, we selectively expressed 

KIN-20 in the epidermis, muscle, intestine, and nervous system in kin-20(ox423) mutants 

(Table S1). Only expression of KIN-20 in neurons rescued the uncoordinated and axon 

branching phenotypes (Figure S3A), demonstrating that CK1δ acts cell autonomously to 

stabilize neuronal architecture.

To determine the expression pattern and localization of CK1δ, we fluorescently tagged the 

protein with tagRFP (Figure 1A). During embryogenesis, expression of KIN-20 is absent in 

early embryos, expression increases at three-fold stage, and is observed as a few dim 

speckles in the nuclei of developing DD motor neurons (Figure S3D, E). In L1 hatchlings, 

expression is dim throughout the animal but KIN-20 can be observed in the nuclei of 

neurons (Figure S3F). The VD neurons send out growth cones postembryonically during the 

L1 / L2 molt (Knobel et al., 1999), and during axon extension expression in the VDs is 

lower than in DD neurons (Figure 3C, D & S3G). At the mid-L2 stage the VD neurons form 

synapses (Hallam and Jin, 1998; Kurup and Jin, 2015; Sulston, 1976) and KIN-20 

expression is identical in DD and VD cell bodies (Figure 3C, D). At the L2 stage, KIN-20 is 

also highly expressed in the nuclei of epidermal cells, and is visible in the nuclei of motor 

neurons (Figure S3H). Expression tends to peak at the end of each larval stage, consistent 

with expression of other heterochronic genes (Rhodehouse et al., 2018). In the L4 stage, 

kin-20 is localized to the nucleus of all cell types (Figure S3B) and at adherens junctions in 

the spermatheca (Figure S3C). Ubiquitous expression is consistent with CK1δ expression in 

other organisms (Knippschild et al., 2005). Together, these data suggest that appearance of 

KIN-20 in the nuclei of neurons coincides with axon outgrowth and the formation of 

synapses just preceding the maturation of the nervous system.

CK1δ suppressors rescue axonal defects

To characterize the genetic pathway downstream of kin-20, we performed a suppressor 

screen using the chemical mutagen ENU (N-ethyl-N-nitrosourea). To identify strong 

suppressors, we performed a multigenerational fitness screen (Hollopeter et al., 2014). We 

isolated 44 independent suppressor strains that were healthy and exhibited normal 

locomotion (Figure 4A, D & S4A). Analysis of the GABA motor neurons revealed rescue of 

the kin-20 neuronal branching defect in all suppressors (Figure 4E). We were able to 

characterize suppressor mutations in 39 of the strains comprising mutations in 13 genes 

(Tables 1 & S2).

Suppressors prevent premature termination of Ankyrin transcripts

We identified CK1δ suppressor mutations by mapping them against a set of integrated 

fluorescence markers (Frøkjær-Jensen et al., 2014), whole genome resequencing, and in 
silico complementation tests (Minevich et al., 2012). Most single hit genes were validated by 

CRISPR; other genes were validated by transgene rescue (Table S3). Among the 39 

characterized suppressors were 4 intracodon revertants of the nonsense mutation, suggesting 
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the screen was approaching saturation. We also recovered a kin-20 suppressor mutation in 

the related kin-19 gene, which encodes casein kinase 1 alpha (Tables 1 & S2). The 

suppressor KIN-19(L300F) is a missense mutation in a residue at the C-terminus that is 

conserved in all CK1 isoforms. Casein kinase isoforms are known to function redundantly in 

some pathways (Knippschild et al., 2005); therefore, it is likely that this mutation leads to a 

promiscuous or constitutively active CK1α that compensates for the loss of CK1δ.

Among the remaining suppressors were 30 missense mutations in 10 RNA Polymerase II 

subunits: rpb-2, pinn-1, ssup-72, cpsf-4, pfs-2, cdc-73, ctr-9, zfp-3, pcf-11, and cdk-8 
(Tables 1 & S1). The suppressor mutations can be divided into five classes: RNA 

polymerase B catalytic subunit, RNA polymerase C-terminal domain modifiers, CPSF 

complex, Paf1 complex (Paf1C), and Mediator complex. Each of these proteins and their 

associated complexes is implicated in alternative polyA site selection and transcription 

termination, with the exception of cdk-8 which functions in transcription initiation via 

Mediator (Allen and Taatjes, 2015; Shilatifard, 2012). These results suggest that CK1δ acts 

to inhibit transcription termination at loci important for maintaining the nervous system; in 

the absence of CK1δ premature termination occurs. Premature termination at these loci can 

be suppressed by secondary defects in termination.

CK1δ phosphorylates SSUP-72

Since CK1δ is upstream of the RNA polymerase II termination complex, it is possible that 

one or more proteins in the complex are phosphorylation targets of CK1δ. SSUP-72 is a 

particularly interesting potential target. SSUP-72 removes the phosphate from Ser5 of the C-

terminal domain of RNA polymerase 1 subunit, and this dephosphorylation marks RNA 

polymerases that are approaching a termination site (Hsin and Manley, 2012; Kuehner et al., 

2011). SSUP-72 was also identified previously as a regulator of alternative polyadenylation 

during neuron development (Chen et al., 2015). The SSUP-72 S39F suppressor mutation we 

identified is at a conserved serine/threonine from yeast to humans (Figure 4B, S4B), which 

is in a consensus CK1 phosphorylation site (p[S/T]xx[S/T]). Phosphorylation of the first 

Ser/Thr residue primes CK1δ phosphorylation of the second Ser/Thr (Knippschild et al., 

2005).

To determine if SSUP-72 can be phosphorylated by CK1δ, recombinant C. elegans SSUP-72 

was used as a target in an in vitro phosphorylation assay. We found that truncated rat CK1δ 
is able to phosphorylate SSUP-72 directly (Figure 4B). If SSUP-72 S39 is phosphorylated 

by CK1 in vivo to inhibit transcription termination, we would expect an SSUP-72 S39E 

phosphomimetic mutation would suppress the kin-20 null phenotype. The SSUP-72(S39E) 

allele was generated by CRISPR, and was crossed into the kin-20 null. ssup-72(S39E) 
suppressed the kin-20 null phenotype, restoring motility to these animals (Figure 4C, D). 

The phosphorylation-defective allele ssup-72(S39A) did not rescue kin-20 null animals 

(Figure 4C, D). These data demonstrate that SSUP-72 S39 is likely a key CK1δ 
phosphorylation target in this axon stabilization pathway. If SSUP-72 were the sole target of 

CK1δ, the ssup-72(S39A) mutant animals should phenocopy kin-20 null animals. However, 

the ssup-27(S39A) animals look and behave like the wild type (Figure 4C, D). Thus, 

LaBella et al. Page 7

Dev Cell. Author manuscript; available in PMC 2021 January 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SSUP-72 phosphorylation by CK1δ is sufficient, but not necessary for the stabilization of 

axons, suggesting that SSUP-72 is not the sole target of CK1δ.

CK1δ promotes expression of the giant Ankyrin isoform

In additison to mutations in RNA polymerase II termination subunits, we identified four 

suppressor mutations that disrupt termination at an early polyadenylation site in the unc-44 
gene. unc-44 encodes Ankyrin, a component of the spectrin cytoskeleton (Otsuka et al., 

1995). unc-44 generates three isoforms, one short, one medium and one very long isoform, 

each of which uses a different polyadenylation site (Figure 5A and S5A). The long form of 

UNC-44 is related to the giant isoforms of Ankyrin expressed in the neurons of all 

bilaterians (Jegla et al., 2016). The long isoform of UNC-44 is repressed in other tissues; for 

example the kinase DAPK-1 inhibits expression of the long form of Ankyrin in the 

epidermis of C. elegans (Chen et al., 2017), but it is unclear how long Ankyrin is activated in 

neurons. Three of our suppressors are mutations in the AATAAA polyadenylation signal that 

generates the transcript for one of the short isoforms (Figure 5A). A fourth variant, 

unc-44(ox686), is in the intron immediately upstream of this polyadenylation site in an 

adenine-rich sequence conserved in nematodes (Figure 5A and S5A). This mutation caused 

skipping of the downstream exon, and constitutive splicing in-frame to the giant exon of the 

long isoform. The medium isoform controlled by polyA site #2 is not detectable by qPCR in 

the unc-44(ox686) suppressor (Figure S6B). These mutations in unc-44 suggest that CK1δ 
suppressors promote the specific expression of the long form of Ankyrin.

In the simplest model, CK1δ inhibits transcription termination at polyA site #2 of unc-44 
and promotes expression of giant Ankyrin; in the absence of CK1δ, the giant Ankyrin 

isoform is not expressed. In kin-20 suppressors, transcription termination at polyA site#2 is 

reduced in neurons, and giant Ankyrin is restored. If this model is correct, (1) giant Ankyrin 

should be absent in the CK1δ null mutant, (2) giant Ankyrin should be restored in the 

suppressor mutants, and (3) expression of the giant Ankyrin should rescue CK1δ mutant 

animals.

To determine whether giant Ankyrin is absent in the CK1δ mutant we performed 

quantitative RT-PCR. Compared to wild-type embryos, the unc-44 long isoform was 

decreased approximately 16-fold in kin-20 mutant embryos (Figure 5B). The short and 

medium unc-44 isoforms were detected at wild-type levels in kin-20 mutant animals, 

indicating that the long isoform contributes little to the total level of unc-44 mRNAs 

(Figures S5A for primer locations, S6A, B). We conclude that giant Ankyrin is specifically 

depleted in CK1δ mutants.

To determine if the suppressors restore giant Ankyrin transcripts, we performed qPCR on ten 

kin-20 suppressor strains (Figure 5B). In all strains tested, expression of the giant Ankyrin 

isoform was significantly increased relative to kin-20(ox423). The expression of both short 

isoforms of Ankyrin remained constant in all strains except the exon-skipping mutation 

unc-44(ox686), which lacked the short isoform controlled by polyA site #2 (Figure S6A, B). 

Because the giant Ankyrin transcript is restored in all suppressors, it is likely that the 

function of CK1δ is to drive expression of the long isoform of Ankyrin.
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If CK1δ mutants have unstable axons because they lack giant Ankyrin, then expressing giant 

Ankyrin in the CK1δ mutants should bypass the requirement for the kinase. We 

overexpressed the giant isoform of unc-44 from an extrachromosomal array in 

kin-20(ox423) animals (Figure S5B). The axon morphology of VD and DD motor neurons 

in the kin-20 mutant was rescued by unc-44-long overexpression (Figure 5C, D). The 

numbers of supernumerary branches, ectopic growth cones and spindly axons in kin-20 
mutants were greatly reduced, although not completely rescued (Figure 5C). The suppressor 

mutation in the AAUAAA polyadenylation signal (unc-44(ox685)) rescued branching and 

spindly axon defects, but ectopic growth cones persisted (Figure 5C). The exon-skipping 

suppressor (unc-44(ox686)) fully rescued the kin-20 axon phenotype (Figure 5C). This 

suppressor expresses the short and long isoforms, but not the medium isoform (Figures 5C 

& S6A,B). These data demonstrate that the major defect in CK1δ mutant neurons is the lack 

of giant Ankyrin.

It is surprising that the most critical target for CK1δ is termination at a single polyA site in 

the Ankyrin gene. To more fully survey the transcriptome, we performed RNAseq on the 

wild type, kin-20(ox423) null animals, and kin-20 strains with suppressor mutations 

(ssup-72(ox542) and cpsf-4(ox649)). The only transcript with significantly reduced 
expression in the kin-20 mutant is the long form of Ankyrin (Table S4; adjusted P-

value<0.1), and levels were restored in the suppressed strains. In addition, transcripts from 

the non-coding RNA tts-1 (transcribed telomeric sequence) (Essers et al., 2015) were 

significantly increased in kin-20 mutants, but transcript levels of tts-1 were not restored in 

the suppressor mutants, suggesting that changes in tts-1 may be due to other targets of CK1. 

To verify that unc-44 is the sole target and that our RNAseq data is correct, candidate genes 

were selected based on the presence of alternative polyA sites, as well as genes with known 

roles in axon and synapse stability (Table S5). None of these candidates are differentially 

expressed in kin-20(ox423) compared to the wild type (Figure S6C). Taken together, these 

data demonstrate that the interaction between CK1δ and giant Ankyrin is remarkably 

specific.

Discussion

Mutations in kin-20, which encodes CK1δ, result in a destabilized nervous system. CK1δ 
null axons grow out normally and form synapses, but continue to sprout growth cones and 

send new axons to synaptic targets. By adulthood, essentially all axons are highly branched, 

with many extending active growth cones, and the animals are paralyzed. To determine the 

pathway downstream of CK1δ we performed a genetic screen for suppressors. The 

mutations fall into two major classes: Most are in genes implicated in transcription 

termination and polyadenylation; the remainder disrupt the alternative polyadenylation site 

that precedes the long exon of giant Ankyrin. Overexpressing giant Ankyrin rescues CK1δ 
null animals, demonstrating that expression of giant Ankyrin is the primary target of CK1δ 
for stabilizing axons in mature neurons.
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Giant Ankyrin mediates axon stability

Typically, there are two types of Ankyrins expressed in bilaterians: a short and a long 

isoform (Jegla et al., 2016). In C. elegans these isoforms are generated by alternative 

polyadenylation sites from a single gene unc-44. In Drosophila, there are two Ankyrin genes 

Ank and Ank2; Ank only expresses a short isoform, whereas Ank2 expresses short, medium, 

long and extra-long isoforms. Vertebrate genomes contain three Ankyrin genes, ANK1, 

ANK2, and ANK3 (which encode the proteins AnkR, AnkB, and AnkG). AnkR only 

expresses a short isoform; AnkB and AnkG express both short and long isoforms.

Short isoforms of Ankyrin are expressed ubiquitously, and are composed of 24 Ankyrin 

repeats, two ZU5 domains, a UPA domain, and a DEATH domain (Bennett and Lorenzo, 

2013). The Ankyrin repeat domain binds transmembrane proteins including ion channels, 

transporters and adhesion molecules such as L1CAM (Koenig and Mohler, 2017). The 

Ankyrin ZU5-UPA domain links transmembrane proteins to the spectrin cytoskeleton and 

transport vesicles to dynactin (Bennett and Lorenzo, 2016). The function of the DEATH 

domain is unknown but the C-terminal domain that follows the DEATH domain has 

autoregulatory functions (Hall and Bennett, 1987; Tsytlonok et al., 2015).

The long forms or ‘giant Ankyrins’ are specifically expressed in neurons, and are localized 

to synapses and axons. In axons, Ankyrin and Spectrin are periodically spaced every 190nm 

(Otsuka et al., 2002; Pielage et al., 2008; Xu et al., 2013). Giant Ankyrins are so named 

because they are unusually large proteins; in C. elegans, the long form is 6994 amino acids, 

whereas the shorter isoform is 1867 amino acids. Giant Ankyrins contain the conserved 

domains found in short isoforms, but also include a long insertion at the C-terminus lacking 

recognizable domains. The insertion is encoded in large part by a single exon composed of 

unconserved DNA repeats in worms, flies and mice (Jenkins et al., 2015; Koch et al., 2008; 

Otsuka et al., 2002; Pielage et al., 2008; Stephan et al., 2015).

CK1δ is required to switch expression from the short isoform to the long isoform of Ankyrin 

and the long isoform stabilizes the axon architecture of the nervous system. What is the giant 

isoform doing that the short isoform cannot? The mechanism is not understood but where it 

has been tested giant ankyrin appears to inhibit axon branching. Specific loss of giant 

Ankyrin leads to axon defects in C. elegans and cultured mouse neurons (Hedgecock et al., 

1985; McIntire et al., 1992; Otsuka et al., 1995, 2002; Yang et al., 2019). Giant Ankyrin also 

plays a role in synapse stability: loss of Ank2-L in Drosophila causes the disassembly and 

retraction of neuromuscular junctions (Koch et al., 2008; Pielage et al., 2008). Giant 

Ankyrin is also required to maintain the spacing and localization of microtubules in 

Drosophila axons and cultured mouse neurons (Ank2-XL and AnkB, respectively) (Fréal et 

al., 2016, 2019; He et al., 2019; Stephan et al., 2015; Yang et al., 2019). Which of these 

represents the primary defect is not known.

Molecular mechanism of termination at the proximal Ankyrin polyadenylation site

The giant form of Ankyrin in C. elegans is generated when RNA polymerase reads through 

alternative polyadenylation sites in the unc-44 locus and incorporates the giant exon into the 

transcript. In the absence of CK1δ, transcription is terminated at the proximal polyA site, 
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and giant Ankyrin is not made. The suppressors of kin-20 prevent termination at the 

proximal site and giant Ankyrin is restored. Thus, these mutations tell us what processes are 

required for termination at alternative polyadenylation sites. In overview, termination is 

controlled by the phosphorylation pattern of the C-terminal domain of RNA polymerase, and 

by specific sequence motifs in the nascent mRNA. After the nascent transcript is cut, 

polyadenylated and released, the RNA polymerase must release the DNA and terminate 

transcription. Our genetic analysis suggests a model for how the RNA polymerase 

machinery directs selection of the proximal alternative polyadenylation site in the unc-44 
gene, and how CK1δ blocks termination in neurons.

The first step in termination is likely to be the dephosphorylation of the C-terminal domain 

of RNA polymerase by the phosphatase SSUP-72. SSUP-72 was previously implicated in 

stimulating pausing and termination at the unc-44 polyA site #2 (Chen et al., 2015). 

SSUP-72 functions by dephosphorylating the C-terminal domain (CTD) of RNA polymerase 

subunit 1 (RPB1) (Krishnamurthy et al., 2004). The CTD is comprised of heptad amino acid 

repeats: 26 in S. cerevisiae, 42 in C. elegans, and 52 in mammals, encompassing the amino 

acid sequence YSPTSPS. Phosphorylation of the CTD domain controls the state of the RNA 

polymerase complex by recruiting elongation or termination factors. Phosphorylation of 

Ser5 in each repeat signals active transcription and processivity of the polymerase. During 

termination, the phosphorylation state of the CTD is rewritten. This requires the prolyl-

isomerase PINN-1 to reshape the CTD, which allows the phosphatase SSUP-72 to erase the 

phosphate code (Krishnamurthy et al., 2004; Xiang et al., 2010). Specifically, SSUP-72 de-

phosphorylates Serine 5 (Ser5) of the CTD, a key step in the transition from transcription 

elongation to termination (Kuehner et al., 2011).

In neurons, CK1δ prevents termination at the proximal polyadenylation site by inhibiting 

SSUP-72. Ser39 of SSUP-72 is a conserved consensus phosphorylation site for casein 

kinases (p[S/T]xx[S/T]). Phosphorylation of the first Ser/Thr residue primes 

phosphorylation of the second Ser/Thr by CK1δ (Knippschild et al., 2005). Mutations in 

SSUP-72 were previously found to restore a subtle loss of giant Ankyrin in sydn-1 mutant 

animals, SYDN-1 is a worm-specific nuclear protein thought to promote read-through 

during polyA site regulation (Chen et al., 2015). We found that CK1δ phosphorylates 

SSUP-72 in vitro, and the phosphomimetic mutation S39E bypasses the loss of CK1δ and 

restores motility in kin-20 nulls. Most of the other kin-20 suppressor alleles that we isolated 

in SSUP-72 are predicted to eliminate phosphatase activity (Rosado-Lugo and Hampsey, 

2014; Xiang et al., 2010).

In the simplest model, CK1δ phosphorylates Ser39 of SSUP-72, which disrupts phosphatase 

activity. The phosphorylated CTD of the polymerase maintains the processive state; the 

polymerase reads through the polyadenylation signal to generate the long form of unc-44. 

CK1δ is known to bind the CTD of RNA polymerase: The yeast homolog of casein kinase 1 

delta, Hrr25, directly binds the CTD in a phosphorylation dependent manner (Phatnani and 

Greenleaf, 2006). Hrr25 requires Ser2 and Ser5 to be phosphorylated – the state of the CTD 

during elongation – placing the kinase at the correct transcriptional time and place to 

phosphorylate SSUP-72.
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An alternative but not mutually exclusive model is that SSUP-72 maintains a gene loop 

within the Ankyrin gene. Gene loops form when the termination site is associated with the 

gene’s promoter and thereby couples transcription termination to transcription reinitiation. 

In addition to a role in transcription termination, SSUP-72 is required for gene loop 

formation (Ansari and Hampsey, 2005; Perkins et al., 2008; Singh and Hampsey, 2007; Tan-

Wong et al., 2012). Thus SSUP-72 may form a gene loop that promotes expression of the 

short form of Ankyrin. Loss of SSUP-72 function would disrupt loop formation, and the 

polymerase would proceed through the pause site and transcribe the giant isoform. In fact, 

Ank2 in mouse neurons forms multiple gene loops both including and excluding the giant 

exon (Bertolini et al., 2019). CK1δ phosphorylation of SSUP-72 may constitute the first 

example of gene loop regulation.

In the absence of CK1δ, dephosphorylation of Ser5 on the CTD allows the binding of the 

Cleavage Factor II complex (CF II). The CF II complex is comprised of PCF11 and CLP1 

(Zhang and Gilmour, 2006; Zhang et al., 2005). PCF11 is recruited to the CTD by Ser2-P, 

binds the nascent RNA and disrupts the elongation complex (Licatalosi et al., 2002; 

Meinhart and Cramer, 2004; Zhang and Gilmour, 2006). The PCF-11(F83Y) mutation we 

recovered is in the CTD-binding domain (Meinhart and Cramer, 2004) and therefore is likely 

to interfere with PCF-11 recruitment to the CTD, and thereby leads to an increase in giant 

Ankyrin mRNA. These results are consistent with an observed increase in transcription read-

through in yeast, flies and human cells depleted of PCF-11 (Baejen et al., 2017; West and 

Proudfoot, 2008; Zhang and Gilmour, 2006).Interestingly, PCF-11 is specifically involved in 

selecting proximal polyA sites in alternative gene isoforms in mammalian cells (Wang et al., 

2019).

Selection of a site for cleavage and polyadenylation is under the control of the cleavage and 

polyadenylation specificity factor (CPSF) complex. There are two nucleotide motifs that 

coordinate transcription termination and polyadenylation (Figure S4). The canonical 

polyadenylation site AAUAAA is recognized by CPSF and pauses elongation; the U-rich 

downstream elements (DSE) are recognized and bound by the cleavage stimulation factor 

complex (CstF) (Porrua and Libri, 2015). The transcript is cleaved by CPSF and 

polyadenylated at a CA dinucleotide 18–30 nucleotides after the AAUAAA motif (Porrua 

and Libri, 2015). Transcription is terminated no more than 150 nucleotides downstream of 

the cleavage site, probably coincident and mechanistically linked to cleavage and 

polyadenylation of the mRNA (Bentley, 2014).

Four of our suppressor mutations are in residues of the CPSF complex (Figure 6), which is 

responsible for recognizing the AAUAAA polyadenylation signaling motif. One mutation is 

in PFS-2 in the AAUAAA binding pocket at an interface with CPSF-4 (Clerici et al., 2018); 

the identical mutation was isolated in a suppression screen of an RNA polymerase subunit in 

C. elegans (Van Epps et al., 2010). Three other mutated residues are on the surface of 

CPSF-4 directly adjacent to the binding pocket. (Casañal et al., 2017; Clerici et al., 2018). 

These residues are positioned to potentially convey AAUAAA recognition, directly to the 

RNA polymerase or possibly via the Paf1 complex.
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The Paf1 complex binds and recruits the CPSF complex to the polymerase via multiple 

interactions (Nordick et al., 2008; Rozenblatt-Rosen et al., 2009). Thus, it is possible that the 

surface residues that we identified in the CPSF complex are communicating with the RNA 

polymerase via the Paf1 complex. Specifically, we recovered mutations on surface residues 

of the CTR-9 protein (Figure 6) (Vos et al., 2018). These mutations are within the main 

domain composed of 19 pairs of α-helices (Vos et al., 2018). We also recovered a mutation 

in CDC-73, which is the main subunit that recruits the CPSF complex to the polymerase 

(Nordick et al., 2008; Rozenblatt-Rosen et al., 2009). CDC-73 also links the Paf1 complex 

to the chromatin of actively transcribed genes (Amrich et al., 2012; Rozenblatt-Rosen et al., 

2009). The most abundant target was ZFP-3 / ZC3H4 (7 mutations), which has been shown 

to bind the Paf1 protein and components of the CstF cleavage stimulation complex in high-

throughput screens (Li et al., 2004; Stark et al., 2006). ZFP-3 was previously identified in 

screens for termination defects in the genes lin-15 and unc-44 (Chen et al., 2015; Cui et al., 

2008).

The mutations in RNA polymerase recovered in our screen also suggest a role for the Paf1 

complex in termination. RPB-2(S101L) disrupts an interaction site with the Paf1C member 

LEO-1 (Mueller and Jaehning, 2002; Vos et al., 2018). Although direct contacts between 

LEO-1 and the RPB-2 residues M600 and I603 could not be resolved, electron density from 

LEO-1was observed at this position (pers. comm. S. Vos). The RPB-2 residues Y537 and 

V540 are deep within a pocket that does not interact with LEO-1 directly, but may 

nevertheless destabilize LEO-1 interactions.

The Paf1 complex is normally associated with the initiation and elongation phases of 

transcription (Jaehning, 2010); however, our genetic data suggest that it is intimately 

involved in transcription termination in unc-44. In addition, mutations in Paf1 complex in 

yeast suggest that loss of the complex affects 3’ end formation and polyadenylation, again, 

indicating that the complex also functions during termination (Jaehning, 2010). How the 

Paf1 complex contributes to termination is not clear. The complex may simply recruit 

cleavage and polyadenylation factors to the polymerase; our mutations which destabilize the 

Paf1 complex could lead to a failure to recruit termination machinery. Alternatively, the 

complex might be involved in transducing cleavage and polyadenylation signals to the RNA 

polymerase to terminate transcription and dismount from the DNA helix. The mutations we 

identified may be specifically involved in transducing that allosteric signal.

It is curious that unc-44 was the only gene exhibiting premature termination in kin-20 
mutants. One might expect that CK1δ could potentially act on the termination complex of all 

genes expressed in neurons. It is likely that specificity factors recruit KIN-20 to particular 

transcription units. For example, the SSUP-72 binding protein SYDN-1 selects among 

alternative polyadenylation sites in different tissues in the nematode (Chen et al., 2015; Van 

Epps et al., 2010). SYDN-1 biases transcription toward the long isoform of the unc-44 gene 

but the short isoform of the dlk-1 gene. Thus, SYDN-1 is likely to be a polyadenylation site 

selector protein rather than a part of the termination complex, whereas KIN-20 apparently 

only acts as an anti-termination factor on the unc-44 gene.
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Is this mechanism for generation of giant ankyrin likely to be conserved in other organisms? 

The ankyrin genes of other invertebrates such as Drosophila have ankyrin gene models that 

are consistent with giant exon selection by alternative polyadenylation sites. Vertebrate 

ankyrins generate the giant isoform by alternatively splicing rather than alternative 

termination (Bennett and Lorenzo, 2016), suggesting that this mechanism of isoform 

selection is not conserved. On the other hand, it is possible that gene loop formation is the 

mechanism of isoform selection in both invertebrates and vertebrates. Polyadenylation sites 

are required for gene loop formation (Perkins et al., 2008), and the alternative exons in 

vertebrate Ankyrins are preceded and followed by canonical polyadenylation and 

transcriptional pause sites. It is possible that the machinery for polyadenylation site 

recognition, such as SSUP-72 and the CPSF complex, may be involved in alternative 

splicing as well as termination since transcriptional pausing impacts splice site availability 

(Herzel et al., 2017). In fact, splicing itself may drive gene loop formation, a cause and 

effect conundrum that is being actively investigated (Herzel et al., 2017; Moabbi et al., 

2012).

How does CK1δ function as a maturation signal?

It is possible that CK1δ is active in all neurons at their birth to make the axon-specific, long 

isoform of Ankyrin. However, it is intriguing that axon outgrowth and synapse formation is 

normal in CK1δ mutants, that is, a single growth cone maintains apical dominance at the tip 

of the axon, and synapses are assembled normally on muscles. Only after the axons reach 

their targets and build synapses, do growth cones sprout from the cell body or shaft of 

mature axons in the CK1δ mutant. Presumably in the wild type, expression of the long 

isoform of Ankyrin coincides with synapse formation, and further growth cone initiation is 

blocked. An intriguing possibility is that the synapse itself launches the signaling cascade. 

Such a retrograde signal must be upstream of CK1δ, since the kinase is localized and 

functions in the nucleus. CK1δ then instructs the nucleus to adopt a mature profile. By 

contrast, in the CK1δ mutant the neuron remains forever young, and in a juvenile state.

STAR Methods

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Erik M. Jorgensen Jorgensen@biology.utah.edu.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Strains—C. elegans strains were grown and maintained using standard methods (Brenner, 

1974). The wild type is N2 Bristol. For a full list of strains and mutations used in this work, 

see Key resource table.

kin-20(ox423) and wild-type axon quantification—C. elegans hermaphrodites were 

immobilized for microscopy on a 2% agarose pad in M9 + 25mM sodium azide solution on 

a glass slide. Animals were allowed to equilibrate for 5 minutes. The cover slip was sealed 

with Vaseline. Animals were imaged on a Zeiss LSM 510 META with a 60X oil immersion 

lens (Carl Zeiss, Jena, Germany). Right side was imaged because GABA motor neurons in 
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the ventral cord send commissures along the right side of the body wall to the dorsal nerve 

cord. Spectral unmixing was performed to remove auto-fluorescence in gut granules, 

allowing better visualization of the motor neuron commissures to be scored.

kin-20 gene locus—Six isoforms are generated by alternative splicing of 5’ and 3’ exons. 

The large 5’ exon is only found in the genus Caenorhabditids. All isoforms contain a 

conserved casein kinase 1 domain. The ok505 allele is a complete deletion of the kinase 

domain and an out-of-frame insertion. KIN-20 was fluorescently tagged at the start of the 

second exon, after the alternative start-site methionine, with tagRFP (oxSi1087). The second 

exon is the start of the conserved kinase domain found in all isoforms. Inserting the 

fluorophore at this exon tags all isoforms.

Generation of super-resolution tags by CRISPR/Cas9—nrx-1, rimb-1, and syd-2 
were endogenously tagged by CRISPR-mediated insertion of DNA encoding Skylan-s using 

the SapTrap toolkit as previously described (Schwartz and Jorgensen, 2016). A single 

plasmid containing the repair template and guide RNA was built using the SapTrap plasmid 

assembly. The repair template was composed of 57bp homology arms and SKYLAN-S 

(Zhang et al., 2015) containing a loxP::unc-119(+)::loxP. The SapTrap assembled plasmid 

was mixed with plasmids to express Cas9 in the germline, a histamine-gated chloride 

channel in neurons (Pokala et al., 2014), and fluorescent array markers. This mix was 

injected into the gonads of young adult EG9823 animals. After selecting for unc-119(+) and 

selecting against extrachromosomal arrays by histamine application, and loss of the 

fluorescent array markers, animals were injected with pDD104[Peft-3::CRE], selected for 

excision of loxP::unc-119::loxP, and 1x outcrossed before super-resolution microscopy.

Super-resolution imaging—Methods are similar to those described (Kurshan et al., 

2018; Li et al., 2016). 3D super-resolution images were recorded with a Vutara SR 350 

biplane microscope (Bruker, Nanosurfaces, Inc., Madison, WI) (Juette et al., 2008; 

Mlodzianoski et al., 2009). Live intact C. elegans L2 larva were immobilized for microscopy 

on a 2% agarose pad in M9 + 50mM sodium azide solution on a glass slide and the cover 

slip was sealed with Vaseline. The ventral cord in the region of the developing germline was 

positioned directly against the cover slip and imaged to avoid the intestinal auto-fluorescent 

granules. SKYLAN-S was excited by 488nm light at 1kW/cm2 and photoactivated by 

405nm light. Images were recorded using a 60x/1.2 NA Olympus water immersion objective 

and Hamamatsu Flash4 V1 sCMOS camera with the gain set at 50 and frame rate at 50 Hz. 

Vutara SRX software (version 6.02) was used in data analysis. The background was 

removed, and single molecule localizations were identified based on brightness in each 

frame. Three dimensional localizations were obtained by fitting the raw data in a 12×12-

pixel region of interest centered around each particle in each plane with a 3D model function 

built from recorded bead data sets. A density-based denoising algorithm to remove isolated 

particles was used for filtering. The remaining localizations were classified into clusters by 

density-based spatial clustering of applications with noise (DBSCAN), and a minimum of 10 

localizations were connected around a 100nm search radius.
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Time-lapse imaging—Methods are similar to those described (Knobel et al., 1999) with 

the following changes. Worms were immobilized for microscopy by placing them on a 

mixture of 1ul of 2.65% polystyrene 0.1um diameter beads in water and 1ul 20mM 

muscimol on an agarose pad under a cover slip. Slides were sealed with Vaseline to prevent 

evaporation. Time-lapse images were collected (Nikon Eclipse 90i) every 3 minutes over a Z 

range of 10–15 μm at 0.1 μm/pixel resolution. Figure 2A VD growth cones in a wild-type 

larva expressing GFP in GABA neurons (EG1285), Figure 2B VD growth cones in a 

kin-20(ox423) early L2 larva, Figure 2C L1 larva, Figure 2D kin-20(ox423) L1 larva.

KIN-20 localization—Preparation of worms for microscopy was done as previously 

described above. Animals for Figure S3B,C were imaged on an Opterra swept-field confocal 

microscope (Bruker) using a 60× 1.2NA water objective. Images were captured on an EM-

CCD camera (Hamamatsu ImagEMX2). Animals for Figures 3F,G & S3D–H were imaged 

on the Zeiss LSM 880 confocal microscope using a 63x oil objective.

kin-20(ox423) motor neuron confocal microscopy—Preparation of worms for 

microscopy was done as previously described. Animals were imaged on the Pascal LSM5 

(Zeiss) with a 63× 1.4NA oil objective. Z-stacks were acquired through the entire animal 

then a Z-projection from maximum intensity was made using Image J. Z-projections were 

stitched together with the MosaicJ plugin in Image J. The oxIs12 allele was used for 

expressing soluble GFP in GABA neurons.

Tissue-specific rescue of kin-20 mutants—kin-20(ox423) animals expressing soluble 

GFP in GABA neurons were injected with a kin-20 cDNA rescue gene under different 

promoters expressing in different tissues as seen in (construct details in Table S1). 

Minigenes were assembled with Gateway cloning. kin-20 cDNA was amplified from C. 
elegans cDNA library constructed from Superscript-III kits from Invitrogen. The kin-20 
cDNA was amplified based on isoform ‘B’, which is simply the kinase domain and a small 

exon C-terminally. This isoform excludes the alternate first exon as seen in Figure 1F. The 

let-858 3’UTR was used for each construct.

kin-20 null animals have a low frequency of transgenic array formation for an unknown 

reason. The only constructs that were able to form stable transgenic arrays were those that 

could also rescue the null phenotype, ubiquitous expression, and pan-neuronal expression. 

This result suggests that array formation in kin-20 nulls is so low, a rescue construct is 

necessary to stabilize the array. Note, germline expression from an array is highly unlikely. 

The two constructs designed to express in the gametes would need to be integrated to assess 

rescue potential. This approach was abandoned since the genetics of the kin-20 maternal 

effect rescue indicated that germline contribution of KIN-20 gene products are sufficient to 

rescue offspring neuron defects in kin-20 mutant animals.

Uncoordination screen, generating the kin-20(ox423) allele—The kin-20(ox423) 
premature stop allele was generated in a screen looking for uncoordinated mutants. Adult 

hermaphrodites were mutagenized using 50mM ethyl methanesulfonate (EMS) (Brenner 

1974), and 3,544 haploid genomes were screened for constipated phenotypes. These were 

then rescreened in the F3 for behavioral defects. ox423 was dumpy and paralyzed. 
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Outcrossing demonstrated that ox423 mutation is maternal effect uncoordinated (Mau); F2 

exhibited a constipated phenotype, whereas F3 animals were paralyzed and egg-laying 

defective. The kin-20(ox423) allele failed to complement a kin-20(ok505) full deletion 

allele. The kin-20(ox423) mutation was mapped to the X chromosome, then whole-genome 

sequenced and SNPs were identified to determine the molecular identity. A kin-20 rescue 

construct was built using the kin-20 promoter, gene isoform ‘a’ and the native 3’UTR, 

tagging the first common exon with tagRFP (Figure 1F). This construct was inserted as a 

single copy gene insertion using the MosSCI (Frøkjaer-Jensen et al., 2008; Frøkjær-Jensen 

et al., 2012), and fully rescued kin-20(ox423) phenotypes.

kin-20(ox423) suppressor screen—Methods are similar to those described (Hollopeter 

et al., 2014). Late L4 Caenorhabditis elegans larvae were mutagenized with 0.5 mM N-

ethyl-N-nitrosourea (ENU) for 4hrs at 22C. Animals were washed with M9 buffer, then 

~1000 L4 to young adults were pipetted onto a dense lawn of NA22 E. coli grown on 10-cm 

nematode growth medium (NGM) enriched peptone agar plates, on 66 plates in all. Animals 

were grown to starvation, then a ~2.5 × 2.5 cm piece of agar was cut from each plate and 

transferred to new NA22 bacteria on NGM enriched agar plates. In this screen, multiple 

independent mutagenized populations were generated, each containing enough genetic 

diversity to give rise to at least one suppressor. The populations were propagated for ~ ten 

generations, and then one mobile animal was selected from each population.

kin-20 suppressor identification—To identify the kin-20 suppressor mutations, we 

performed whole-genome resequencing. We first resequenced five suppressor strains to test 

our method of SNP identification. We did phenotypic mapping experiments with multicolor 

mapping strains, in which expression constructs were arrayed on different chromosomes 

(Frøkjær-Jensen et al., 2014). In the first mapping experiment, we found the causative SNP 

mapped to chromosome II in strain EG8338. There was only a mutation in one conserved 

gene in our list of candidates on chromosome II in this strain, SSUP-72 S39F, and cloned the 

mutant gene. We then overexpressed the mutant version of ssup-72 in a kin-20 null mutant 

and were able to rescue the neuronal defect in these animals (data not shown). We Sanger 

sequenced the remaining suppressor strains at the ssup-72 locus and found four additional 

alleles.

We leveraged the known binding partners of SSUP-72 as a candidate gene list and 

discovered mutations in RPB-2 and PINN-1 among our 5 whole-genome sequenced strains. 

We discovered four additional alleles of rpb-2 and three additional alleles of pinn-1 in our 

suppressor collection using Sanger sequencing.

To identify the remaining suppressor alleles, 31 strains were resequenced with an average 

depth of 22-fold. Four components of the RNA polymerase (RNAP) II complex and unc-44 
were identified as suppressors by in silico complementation testing, we found multiple 

alleles in each gene: zfp-3, cpsf-4, ctr-9, and unc-44 (Minevich et al., 2012). Single 

mutations in the following suppressors were identified from the sequencing data for their 

known interactions with the RNAP II complex; cdc-73, pfs-2, pcf-11, and cdk-8.
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Generating endogenous point mutations.—Methods are similar to those described 

using the SapTrap toolkit (Schwartz and Jorgensen, 2016). One critical update is the use of 

the EG9881 strain. This strain constitutively expresses Peft-3::Cas9 and Phsp::Cre from an 

endogenous insertion in chromosome III, as well as a fluorescent maker for easy tracking of 

the allele. SapTrapv31k software was used to design the potential suppressor point mutations 

in pfs-2, nrd-1, pcf-11, cdk-8, cdc-73, and ssup-72. Plasmids pMLS415 and pMLS256, as 

well as the 57 bp homology arm and sgRNA annealed oligos, were annealed into a single 

plasmid that was injected into the EG9881 strain along with the three array markers 

(Prab-3:mCherry:unc-54 UTR, Pmyo-2:mCherry:unc-54 UTR, Pmyo-3:mCherry:unc-54 
UTR) used in MosSCI (Frøkjær-Jensen et al., 2012). Animals were selected for unc-119(−) 
rescue and no array marker expression. Strains were genotyped by PCR, then heat-shocked 

to express Cre and selected for unc-119(+) loss. Each CRISPR-generated allele was then 

Sanger sequenced and outcrossed.

Axotomy—Animals were mounted and axotomized as previously described (Hammarlund 

et al., 2009). Scoring kin-20 mutants for regeneration after axotomy was more difficult than 

wild type due to the severity of the branching phenotype. Images were taken immediately 

after axotomy and then again 24 hours later. These were compared to aid in scoring. If the 

original axotomized axon was unable to be identified, due to extensive branching, this was 

still included in the total axons cut and likely underestimated the extent of regeneration. 95% 

confidence intervals were calculated using the modified Wald method and P values were 

calculated using the Fisher exact test as previously described (Hammarlund et al., 2009).

Mapping strains—Fluorescent balancer strains, generated by random gene insertion using 

miniMos, were crossed together to generate two mapping strains (Frøkjær-Jensen et al., 

2014). EG8040 is used to map chromosomes I, II, and III. EG8041 is used to map 

chromosomes IV, V, and X. These strains also contain a null allele of him-8 and him-5 
respectively, to spontaneously generate males for crossing. The overexpression of 

Peft-3::H2B::GFP and Peft-3::H2B::tdTomato in these strains seems to make the males a bit 

temperature sensitive. Therefore, the first mapping crosses were done between 15–20C.

qPCR—C. elegans hermaphrodites were grown on NA22 E. coli to adulthood and were 

dissolved in hypochlorite solution. Embryos were washed, and total RNA was extracted 

using a Qiagen RNeasy mini kit + Qiagen on-column DNase treatment. Total RNA was then 

reverse transcribed to cDNA using an Invitrogen Superscript III First-Strand Synthesis 

System using the supplied oligo(dT) option and using 300ng of total RNA as template. 

Relative mRNA quantity was measured by qPCR on the Masterplex ep realplex instrument 

(Eppendorf, Hauppauge, NY) with SYBR green fluorescent dye. cDNA libraries were tested 

for contaminated gDNA by measuring a reverse transcriptase (−) control.

unc-44 long overexpression in kin-20(ox423)—kin-20(ox423) mutant animals were 

injected with overlapping PCR products of the entire unc-44 gene locus. The PCR products 

span from the beginning of the 5’UTR to the end of the 3’UTR of the native unc-44f locus. 

However cDNA was used as a template for the region that spanned the polyA site #2, thus 

amplifying only the long form of unc-44. C. elegans can assemble a functional gene in an 
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extrachromosomal array by recombination of the overlapping PCR fragments (Hobert, 

2002).

unc-44(ox686) molecular analysis—The mutation in unc-44(ox686) is a three-

nucleotide substitution, conserved in nematodes, in the intron preceding exon 15 and the 

alternative polyA site #2 (Figure 5A & S6B). We synthesized a cDNA library (as previously 

described) from the unc-44(ox686) strain and sequenced from flanking exons across exon 15 

using primers oML520 and oML596 (Key resource table). We found that exon 15 is skipped 

in this suppressor and bypasses polyA site #2 resulting in only the long form of Ankyrin. We 

see no obvious phenotype in these animals which no longer have short form #2 of Ankyrin. 

However, the short and long isoforms determined by polyA site #1 and #3 are still present in 

this strain (Figures S6A & 5B).

RNA seq—C. elegans embryos were prepared using standard methods (Stiernagle, 2006). 

Three biological replicates were used for each genome. Total RNA was extracted using a 

Qiagen RNeasy kit. The University of Utah sequencing core did library prep by poly(A) 

capture and Illumina RNA sequencing.

SSUP-72 protein purification—C. elegans ssup-72 and kin-20 cDNAs were amplified 

from a C. elegans cDNA library with primers oML929/oML930 and oML933/oML934 

respectively (Key resource table). PCR products were gel purified and cloned by Gibson 

assembly into the pGEX-6P1 bacterial expression vector and transformed into BL21 

chemically competent expression E. coli. This vector fuses the GST purification tag to the 

cloned sequence in the ORF via a PreScission protease linker sequence. A test expression 

was performed and SSUP-72 and KIN-20 protein were expressed at the correct size (KIN-20 

37kD + GST 26kDa = ~63kDa; SSUP-72 22.8kDa + GST 26kDA = ~49kDa). Samples were 

run on a 10% polyacrylamide gel and stained with Coomassie G-250 (data not shown).

SSUP-72 was purified in a similar manner to other GST fusion RNA pol II complex 

components (Gross and Moore, 2001). Starter cultures were first grown O/N in LB with 

carbenicillin selection. 500ml of terrific broth + carb was inoculated to an OD 0.1nm and 

cells were grown at 37C in baffled flasks shaken at 180rpms to an optical density of 0.5–

0.6nm at 37C. Protein expression was then induced with 0.4mM IPTG and cells were 

allowed to express for 24hrs at 20C. Cells were harvested, spun at 7K for 10min at 4C, 

washed with wash buffer (1xPBS, 1mM DTT, 1mM EDTA) and bacterial pellets were frozen 

at −80C. All purification steps were done at 4C. Cells were thawed in lysis buffer (50mM 

Tris/pH7.5, 250mM KCl/1mM EDTA/0.5mM DTT/10% glycerol/1mg/ml lysozyme/Roche 

protein inhibitor cocktail) and sonicated on a Branson sonicator until lysates clarified 

slightly and cells were disrupted. Cells debris was removed by centrifugation at 11,000 x g 

for 30min. The supernatant was diluted with 1:2 volumes of buffer D (20mM Tris HCl, 

pH8.0/50mM KCl/0.2mM EDTA/ 0.5mM DTT/ 10% Glycerol/Roche protease inhibitor 

cocktail) and bound to 1ml of glutathione sepharose 4B resin (that had been equilibrated to 

buffer D) O/N at 4C on a nutator (GE Cat#17075601). The beads were washed 4× 15ml PBS 

and GST was cleaved from the fusion protein using PreScission protease in cleavage buffer 

(50mM Tris-HCL pH7.5/15mM NaCl/1mM EDTA/1mM DTT/0.01% Triton) as per the GE 
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protocol. Cleaved purified protein was collected through a column, dialyzed to buffer D, and 

stored at −80C.

KIN-20 was unfortunately insoluble and even after thorough testing of 10 different buffers 

and many purification conditions the protein remained insoluble in the pellet (data not 

shown). Since C. elegans CK1δ proved to be insoluble in our hands and because casein 

kinases are conserved, we purchased recombinant rat CK1δ protein from NEB (Cat# 

P06030). This protein is truncated, removing its self-phosphorylated inhibitory domain. 

Casein kinases self-inhibit so we used the truncated protein as opposed to the full-length 

purified protein, which has orders of magnitude lower activity (NEB CK1 

~1000pmol/min/ul, Abcam purified full-length CK1δ ~8pmol/min/ul).

Radioactive in vitro kinase assay—The reaction conditions for the in vitro kinase 

assay were based on the NEB protocol available online. 5ul of purified SSUP-72 substrate 

was incubated with 2ul of 100ng/ul CK1δ in NEB protein kinase buffer (50mM Tris-HCl 

pH7.5/10mM MgCl2/0.1mM EDTA/2mM DTT/0.01% Brij 35 + 200uM ATP + [γ
−32P]ATP) in a reaction volume of 25ul at 30C for 2 hours. The commercially available 

protein Casein was used as a positive control. Samples (+/− CK1) and controls were run on a 

Bio-Rad pre-cast gel, washed with 7% acetic acid for 20min, then dried on Whatman 3.0 

paper, exposed to a phosphor plate for 1 hour and imaged on a GE-Typhoon.

Protein structure visualization—Structure references for the human CPSF complex 

(cleavage-polyadenylation specificity factor), S. cerevisiae PCF-11, murine CK1δ, human 

PIN-1, human RNA polymerase II, and human SSUP-72 respectively: (Clerici et al., 2018; 

Meinhart and Cramer, 2004; Shinohara et al., 2017; Verdecia et al., 2000; Vos et al., 2018; 

Xiang et al., 2010).

Molecular graphics and analyses performed with UCSF Chimera (Pettersen et al., 2004), 

developed by the Resource for Biocomputing, Visualization, and Informatics at the 

University of California, San Francisco, with support from NIH P41-GM103311.

QUANTIFICATION AND STATISTICAL ANALYSIS

KIN-20 quantification—Quantification of KIN-20 expression for Figure 3C was 

performed using an optical section at the center of the neuron cell body. The region of 

interest comprising the cell body was selected using Image J software. The fluorescence was 

measured and normalized to area in Image J. Cell bodies were excluded from analysis if the 

proper cell assignment, either DD or VD, could not be determined, or if an auto-fluorescent 

gut granule obstructed the image.

Worm track quantification—A single C. elegans young adult hermaphrodite was placed 

on a 5cm NGM plate seeded with OP50. The animal behaved freely for 2 minutes, and a 

photo was taken of the worm track with an Allied Vision Technologies model Stingray 

camera, using a Nikon AF Micro Nikkor 60mm lens, a MicroBrightField biosciences LED 

Illuminator, and MicroBrightField biosciences WormLab (4.1.0) software. Worm tracks 

were then traced on a WAACOM touchscreen monitor, x,y coordinates and length 
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measurements were taken with in-house ImageJ macros. ImageJ x,y coordinates were 

transformed into a scalable vector graphics file (svg) with an in-house Tcl script.

Axons—Axon defect counts data were graphed in GraphPad Prism software and analyzed 

by Welch’s unpaired t-tests in GraphPad in Figure 1. Dunnett’s multiple comparison test was 

used for data in Figure 5C.

RNA seq—Reads were aligned with STAR (Dobin et al., 2013). DEXseq analysis was used 

for the discovery of mRNA differential expression at the isoform level (Anders et al., 2012). 

DESeq2 analysis was used for mRNA differential expression at the whole gene level (Love 

et al., 2014). Data analysis and graphing was done on GraphPad Prism software.

qPCR—Samples were measured in triplicate, and quantified using a standard curve of 

pooled, serially diluted samples. Three biological replicates were measured per sample. 

mRNA quantity was normalized to the quantity of ribosomal protein 18 (rpl-18) mRNA. 

rpl-18 was selected for its consistent expression level across biological replicates as well as 

developmental stages, making it an ideal normalization control. rpl-19, eif-3.d, ebg-1, and 

clp-3 were also tested by qPCR as potential normalization controls, but in our hands, rpl-18 
was best. Primer design for qPCR reactions was done using Primer3Plus online software. 

All comparisons were done by Dunnett’s multiple comparison test.

DATA AND CODE AVAILABILITY

R-script for mutation filtering—The programming language R was used to write a SNP 

filter with the option to exclude mutations that fall under the following categories: parental, 

synonymous, intergenic, heterozygous, intronic, and pseudogenes. An in-silico 
complementation test was also written in R. Scripts can be accessed at https://github.com/

jorgensenlab/WGS-variant-filtering.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Casein kinase 1 δ (CK1δ) stabilizes nervous system architecture after axon 

outgrowth.

• CK1δ phosphorylates and inhibits SSUP-72, an RNA polymerase II CTD 

phosphatase.

• CK1δ inhibits transcription termination to promote giant Ankyrin expression.

• Expression of giant Ankyrin in CK1δ mutants rescues axon maturation 

defects.
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Figure 1. CK1δ is required to stabilize neuronal architecture.
(A) The C. elegans kin-20 gene locus. The ox423 allele is a nonsense mutation changing 

glutamine to a premature stop codon (KIN-20a Q344X) in the middle of the conserved 

kinase domain (KHQHIKHXHI). The large 5’ exon is only found in Caenorhabditids.

(B) Wild-type L4 larva expressing GFP in GABA DD and VD neurons (strain EG1285). 

Fluorescence in all images is inverted to improve the visibility of processes.
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(C) The nervous system in a mature kin-20 mutant is highly disorganized. A kin-20(ox423) 
L4 larva expressing GFP in all GABA neurons (EG5202). Boxes show examples of 

structures quantified in C–E.

(D) Ectopic growth cones, (E) branches, and (F) spindly axons (mean ±SEM per animal) in 

larval stages L2, L4 and young adults (YA) (N≥5 animals, n≥80 axons, Welch’s t-test: 

*p<0.05, **p<0.01, ***p<0.001, ns p>0.05).
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Figure 2. CK1δ is required for neuronal maturation, not axon guidance
(A) Wild-type VD growth cones (arrows) extend during early L2 larval stage (EG1285). The 

DD axon has already extended and formed neuromuscular junctions during embryogenesis.

(B) Primary VD growth cones extend normally in kin-20 larvae (EG5202).

(C) Mature neurons continue to extend growth cones in kin-20 mutants. An interstitial 

growth cone extends within a differentiated DD axon shaft and terminalizes in the dorsal 

nerve cord.
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(D) The dorsal cord retracts (panel 2), and the secondary growth cone extends into the 

synaptic region in a kin-20 mutant.

(E) Growth cones sprout continuously from commissures in older kin-20 larvae and adults, 

in this example the growth cone fuses with its own axon and collapses.

(F) CK1δ inhibits regeneration. Left, most cut axons (green arrows) in the wild type remain 

as stalled growth cones or stumps 24 hours after axotomy. Middle, in kin-20 mutants growth 

cones rapidly sprout from cut axons immediately after laser axotomy (red arrows). Right, 24 

hours later, these same axons have reached the dorsal cord (red arrows).

(G) Following laser axotomy, growth cones reach the dorsal cord more frequently in kin-20 
mutants than in the wild type (WT 16%; kin-20(ox423) 78%; Fisher’s exact test **p<0.01, 

error bars represent 95% CI, n>100).
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Figure 3. CK1δ localizes to neuron cell bodies during synapse formation.
(A) Synapse formation is normal in kin-20 mutants. Super-resolution imaging of liprin-α/ 

SYD-2 tagged with Skylan-S along the ventral cord of wild-type and kin-20(−) L2 larvae 

(EG9812 and EG9811, respectively). Colors distinguish individual clusters.

(B) Synapses are normal for the number of SYD-2 labeled synapses (p=0.85, unpaired t-
test), volume of SYD-2 dense projections (p=0.36, unpaired t-test), and SYD-2 protein 

density (p=0.12, unpaired t-test). (See Figure S2 for RIMB-1 and NRX-1 data, N>5, n>120). 

(C) CK1δ (tagRFP) is observed in cell bodies of mature DD neurons in late L1 animals, but 
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not in cell bodies of immature VD neurons (top). Tagged CK1δ also appears in cell bodies 

of VD neurons after synapse formation in the late L2 stage (bottom). (EG9581). (D) Tagged 

CK1δ fluorescence in VD cell bodies is significantly lower than in DD cell bodies in L1s 

(***p=<0.001, unpaired t-test). CK1δ expression level is not significantly different in VD 

neurons after axon extension and synapse formation (ns p=0.8, unpaired t-test)(bottom 

panel).
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Figure 4. CK1δ acts on transcription termination.
(A) Suppressors restore locomotion to kin-20(ox423) mutants. Worm tracks for 5 worms 

were imaged for 2 minutes and traced. (For other suppressors see Figure S4).

(B) Above, CK1δ phosphorylates SSUP-72 in an in-vitro phosphorylation assay. Rat CK1δ1 

was added to recombinant SSUP-72. Left, phosphorylated SSUP-72 (predicted MW 22.8 

kDa); middle, phosphorylation control of phospho-primed casein; right, CK1δ 
autophosphorylation. Below, a consensus CK1δ phosphorylation site is conserved from 

yeast to humans in Ssu72 orthologs. The target serine is mutated in the suppressor 

ssup-72(ox542).
(C) The phosphomimetic mutation of SSUP-72 S39 is sufficient to suppress kin-20 
locomotory defects. Specific mutations in ssup-72 were generated by CRISPR.
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(D) Quantification of distances traveled in 2 minutes (±SEM, n=5). SSUP-72 S39E rescues 

kin-20(ox423) motility (***p<0.001 Welch’s t-test), SSUP-72 S39A does not rescue (ns, 

p>0.05), (EG9899 and EG9914). SSUP-72 S39E and S39A mutants alone are behaviorally 

wild type (EG9900 and EG9913). Because SSUP-72 S39A does not phenocopy the kin-20 
null suggests that there are other targets of CK1δ. SSUP-72 S39A exhibits slightly increased 

motility compared to the wild type (*p<0.05, EG9913).

(E) kin-20(ox423) suppressors rescue axon defects. Some suppressors, for example 

zfp-3(ox653), exhibit occasional, remaining defects.
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Figure 5. CK1δ stabilizes mature axons by upregulating giant ankyrin transcription.
(A) Ankyrin gene model. C. elegans has three alternative polyA sites. Expression of the 

giant isoform requires read-through at polyA site #2. Yellow, kin-20 suppressors 

unc-44(ox685), unc-44(ox832), and unc-44 (ox833). These mutations disrupt the polyA 

motif and likely disrupt termination. Orange, kin-20 suppressor unc-44(ox686) (EG9097). 

The mutation is upstream of polyA site #2 in the preceding intron, which causes exon 

skipping and only giant ankyrin is transcribed.
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(B) kin-20(ox423) lacks mRNA for the giant isoform of ankyrin. qPCR of the giant isoform 

of unc-44 mRNA in kin-20(ox423) and suppressed animals. mRNA levels are normalized to 

the wild type. In kin-20 mutants, the giant isoform of unc-44 is decreased ~16-fold 

compared to wild-type levels, ***p<0.001. All suppressors exhibited increased levels of 

unc-44 mRNA compared to kin-20(ox423) alone, with the exception of pcf-11(ox688) 
(Dunnett’s test * p<0.05, ** p<0.01, *** p < 0.001).

(C) Quantification of axon morphology of CK1δ mutant rescue by expression of giant 

Ankyrin. Single-copy expression of the wild-type kin-20 allele, oxSi1087, in kin-20 null 

animals fully rescues axon stability. Axon defects of kin-20(ox423) animals are rescued by 

expression of a chimeric copy of unc-44 in which the polyadenylation site #2 has been 

replaced by cDNA on an extrachromosomal array (EG9248, *** p<0.001). Both the 

unc-44(ox685) and unc-44(ox686) suppressor mutation rescues CK1(−) (***p<0.001). 

Mean ectopic growth cones, branches, and spindly axons were scored per adult animal. N ≥5 

animals, n≥80 commissures. For the wild type and kin-20(ox423), data are repeated from 

Figure 1. All comparisons were made with Dunnett’s multiple comparison test.

(D) Expression of giant Ankyrin rescues axon morphology of the CK1δ mutant. Compared 

to kin-20(ox423), axon morphology of a kin-20(ox423) strain expressing the giant isoform 

of Ankyrin is largely rescued; occasionally an axon is branched or spindly (EG9248).
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Figure 6. CK1δ suppressors describe a pathway in transcription termination.
(A) The kin-20(ox423) suppressor screen generated mutations in the RNA polymerase II 

complex involved in termination (See Table 2.2 for full list). The genetics and structure 

together describe a pathway for transcription termination at the unc-44 second 

polyadenylation site.

(1) CK1 is associated with the C-terminal domain (CTD) of RNA polymerase subunit 

RPB-1 (Phatnani and Greenleaf, 2006). In differentiated neurons CK1δ phosphorylates 
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SSUP-72, and thereby inhibits remodeling of the CTD. This step is likely the key regulatory 

step in the switch from expression of short to long Ankyrin.

(2) The phosphatase SSUP-72 requires the prolyl isomerase PINN-1 to isomerize proline-6 

in the heptad repeat so that SSUP-72 can hydrolyze Ser5-P (Werner-Allen et al., 2011; Xu et 

al., 2003).

(3) PCF-11 binds the CTD after dephosphorylation of Ser5-P. PCF-11 interacts with the 

transcribed RNA and the CPSF complex.

(4) The CPSF complex recognizes the AAUAAA motif and signals for cleavage and 

polyadenylation. Mutations in the binding pocket formed by the PFS-2 and CPSF-4 likely 

interfere with recognition of the polyA signal motif. Mutations of CPSF-4 surface residues 

may interfere with transduction of that signal.

(5) The elongation Paf1 complex is also required for termination at the unc-44 
polyadenylation site. The Paf1 complex recruits CPSF to RNA polymerase and possibly 

SSUP-72 to the CTD.

(6) Alternatively, the Paf1 complex could be acting as a transduction pathway to the RNA 

polymerase. Suppressor mutations in the Paf1 complex were obtained in CTR-9, CDC-73, 

and potential interaction sites in the RPB-2 polymerase subunit .

(B) Model. Top, wild type. When the elongating RNA polymerase II (Pol II) complex 

approaches PolyA #2, KIN-20 / CK1δ phosphorylates SSUP-72. Phosphorylation inhibits 

association with the CPSF complex, promoting Pol II processivity.

Middle, kin-20 null. Without CK1δ, CPSF is recruited to the RNA pol II complex and 

pauses at the polyA site. The transcript is cleaved at downstream CA elements terminating 

transcription at the middle isoform of unc-44.
Bottom, kin-20 suppressor. In the kin-20 null and suppressor double mutants, KIN-20/

CK1δ is no longer able to inhibit pausing, resulting in production of unc-44 long.
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Table 1.

CK1δ suppressors are in transcription termination components and unc-44 / Ankyrin.

gene # of alleles cellular process mutation

kin-20 4 Casein kinase 1 delta Missense, revertants

kin-19 1 Casein kinase 1 alpha Missense

ssup-72 5 Phosphatase for RNAP II CTD Missense

pinn-1 3 Prolyl isomerase for RNAP II CTD Missense and null

pcf-11 1 3’ pre-mRNA processing Missense

cpsf-4 3 Cleavage polyadenylation factor complex Missense

pfs-2 1 Cleavage polyadenylation factor complex Missense

ctr-9 3 Elongation/termination, Paf1 complex Missense

cdc-73 1 Elongation/termination, Paf1 complex Splice acceptor, null

zfp-3 7 Likely RNA pol II complex Missense and nulls

rpb-2 5 RNAP II subunit B Missense

cdk-8 1 Mediator and RNA pol II complex Missense

unc-44 4 Ankyrin, cytoskeletal Missense

Unconfirmed hits

zfp-3 1 Likely RNA pol II complex Intronic mutation

swd-2.2 1 Set1/COMPASS complex Missense

pinn-1 1 Prolyl isomerase for RNAP II CTD Intronic mutation

The genes identified in the kin-20 suppressor screen. Four kin-20(ox423) revertants and pseudo-revertants were identified, indicating that the screen 
was approaching saturation. kin-19(ox689) is a predicted hypermorphic mutation of casein kinase 1α, a CK1 isoform closely related to CK1δ. 
unc-44 alleles are found in the polyadenylation site (ox685, ox832, ox833) and within a conserved intron upstream of the polyadenylation site 
(ox686). All other mutations are in components of the RNA polymerase II complex, most with functions in transcription termination. The same 
mutation, pfs-2(R158Q), was identified previously in a neuronal branching suppressor screen (Van Epps et al., 2010).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

N/A

Bacterial and Virus Strains

BL21 Lab stock

TOP 10 Lab stock

Biological Samples

N/A

Chemicals, Peptides, and Recombinant Proteins

CK1 delta NEB P6030

Critical Commercial Assays

N/A

Deposited Data

N/A

Experimental Models: Cell Lines

Dev Cell. Author manuscript; available in PMC 2021 January 06.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

LaBella et al. Page 43

REAGENT or RESOURCE SOURCE IDENTIFIER

N/A

Experimental Models: Organisms/Strains

See KEY RESOURCES 
TABLE

Oligonucleotides

See KEY RESOURCES 
TABLE

Recombinant DNA

N/A

Software and Algorithms

SNP filtering This paper: https://github.com/jorgensenlab/WGS-variant-filtering

GraphPad prism https://www.graphpad.com/scientific-software/prism/

STAR aligner https://github.com/alexdobin/STAR

DESeq2 https://bioconductor.org/packages/release/bioc/html/DESeq2.html

DEXseq https://bioconductor.org/packages/release/bioc/html/DEXSeq.html

Burrows-Wheeler Aligner http://bio-bwa.sourceforge.net/

Unified genotyper GATK https://software.broadinstitute.org/gatk/documentation/tooldocs/3.8–0/
org_broadinstitute_gatk_tools_walkers_genotyper_UnifiedGenotyper.php

SNPEff http://snpeff.sourceforge.net/

ApE A plasmid Editor https://jorgensen.biology.utah.edu/wayned/ape/

Fiji – Fiji is just imageJ https://fiji.sc/

SapTrap builder https://www.micropublication.org/journals/biology/m4qq-2x02/

Primer3Plus http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi

WormLab https://www.mbfbioscience.com/wormlab
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REAGENT or RESOURCE SOURCE IDENTIFIER

Vutara SRX https://www.bruker.com/products/fluorescence-microscopes/vutara-super-resolution-
microscopy/overview/srx-software-vutara-super-resolution.html

Zeiss LSM5 Pascal No longer supported

Zeiss LSM510 No longer supported

Zeiss ZEN black https://www.zeiss.com/microscopy/us/products/microscope-software/zen-lite.html

Nikon I series https://www.nikon.com/products/microscope-solutions/support/download/software/
biological/90i_v24432.htm

Other

Dev Cell. Author manuscript; available in PMC 2021 January 06.

https://www.bruker.com/products/fluorescence-microscopes/vutara-super-resolution-microscopy/overview/srx-software-vutara-super-resolution.html
https://www.bruker.com/products/fluorescence-microscopes/vutara-super-resolution-microscopy/overview/srx-software-vutara-super-resolution.html
https://www.zeiss.com/microscopy/us/products/microscope-software/zen-lite.html
https://www.nikon.com/products/microscope-solutions/support/download/software/biological/90i_v24432.htm
https://www.nikon.com/products/microscope-solutions/support/download/software/biological/90i_v24432.htm

	Summary
	eTOC paragraph
	Graphical Abstract
	Introduction
	Results
	CK1δ is required to establish a mature nervous system architecture
	CK1 is not required for axon guidance or synapse formation
	CK1δ is required for neuronal maturation
	CK1δ acts cell autonomously after axon outgrowth and synapse formation
	CK1δ suppressors rescue axonal defects
	Suppressors prevent premature termination of Ankyrin transcripts
	CK1δ phosphorylates SSUP-72
	CK1δ promotes expression of the giant Ankyrin isoform

	Discussion
	Giant Ankyrin mediates axon stability
	Molecular mechanism of termination at the proximal Ankyrin polyadenylation site
	How does CK1δ function as a maturation signal?

	STAR Methods
	LEAD CONTACT AND MATERIALS AVAILABILITY
	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Strains
	kin-20(ox423) and wild-type axon quantification
	kin-20 gene locus
	Generation of super-resolution tags by CRISPR/Cas9
	Super-resolution imaging
	Time-lapse imaging
	KIN-20 localization
	kin-20(ox423) motor neuron confocal microscopy
	Tissue-specific rescue of kin-20 mutants
	Uncoordination screen, generating the kin-20(ox423) allele
	kin-20(ox423) suppressor screen
	kin-20 suppressor identification
	Generating endogenous point mutations.
	Axotomy
	Mapping strains
	qPCR
	unc-44 long overexpression in kin-20(ox423)
	unc-44(ox686) molecular analysis
	RNA seq
	SSUP-72 protein purification
	Radioactive in vitro kinase assay
	Protein structure visualization

	QUANTIFICATION AND STATISTICAL ANALYSIS
	KIN-20 quantification
	Worm track quantification
	Axons
	RNA seq
	qPCR

	DATA AND CODE AVAILABILITY
	R-script for mutation filtering


	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.
	Table T2

