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Abstract
Growth cone guidance and synaptic plasticity involve dynamic local changes in proteins at axons
and dendrites. The Dual Leucine zipper MAPKKK (DLK) has been previously implicated in
synaptogenesis and axon outgrowth in C. elegans and other animals. Here we show that in C.
elegans DLK-1 regulates not only proper synapse formation and axon morphology, but also axon
regeneration, by influencing mRNA stability. DLK-1 kinase signals via a MAPKAP kinase, MAK-2,
to stabilize the mRNA encoding CEBP-1, a bZip protein related to CCAAT/enhancer binding
proteins, via its 3′ UTR. Inappropriate upregulation of cebp-1 in adult neurons disrupts synapses and
axon morphology. CEBP-1 and the DLK-1 pathway are essential for axon regeneration after laser
axotomy in adult neurons, and that axotomy induces translation of CEBP-1 in axons. Our findings
identify the DLK-1 pathway as a regulator of mRNA stability in synapse formation and maintenance
and also in adult axon regeneration.
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Introduction
Neurons respond to environmental stimuli and insults in a compartmentalized manner. Local
protein synthesis in dendrites and axonal growth cones has emerged as a major mechanism
allowing compartmentalized responses in growth cone guidance (Piper and Holt, 2004) and
neuronal plasticity (Sutton and Schuman, 2005). Several mRNAs are known to be transported
and localized to growth cones or axons; transport of such mRNAs often is mediated by their
3′ untranslated regions (3′UTRs) (Lin and Holt, 2008).

However, it remains controversial whether mature neurons employ axonal regulation of mRNA
and local protein synthesis. mRNA binding proteins, such as Zip-code binding proteins (ZBP)
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and cytoplasmic polyadenylation element binding protein (CPEB) are abundant in growing
neurites, but are mostly undetectable in axons and synapses of mature neurons (Brittis et al.,
2002; Leung et al., 2006). Polyribosomes are rarely seen in axons (Giuditta et al., 2002).
Nonetheless, several reports suggest axonal mRNA regulation must occur in mature neurons.
In Aplysia neurons, mRNA for the peptide neurotransmitter Sensorin is concentrated at
synapses upon contact with target motor neurons (Lyles et al., 2006), and local secretion of
Sensorin stimulates synapse maturation (Hu et al., 2004). A number of mRNAs are up-
regulated in axons of injured adult dorsal root ganglion (DRG) neurons (Wang et al., 2007).
Regulation of Ran GTPase via local translation of RanBP1 is implicated in retrograde signaling
of axon injury (Yudin et al., 2008). Local translation thus can transmit injury signals and initiate
local repair processes (Wang et al., 2007).

CCAAT/enhancer binding proteins (C/EBP) are widely expressed bZip domain transcription
factors with long-studied roles in cell proliferation, differentiation and stress (Ramji and Foka,
2002). In neurons the transcriptional roles of C/EBP proteins have been linked to learning and
memory (Alberini et al., 1994; Chen et al., 2003). Learning and memory tasks trigger activation
of Erk or p38 kinases, leading to phosphorylation of specific C/EBP isoforms. mRNAs of
murine and leech C/EBP are also up-regulated following axonal injury, and murine C/EBPβ
can activate the transcription of an α-tubulin gene associated with injury responses (Korneev
et al., 1997; Nadeau et al., 2005). The pathways that induce C/EBP after injury are largely
unknown.

We have been studying the function of the conserved ubiquitin E3 ligase RPM-1 in
synaptogenesis and axon formation in C. elegans. C. elegans neurons have simple unipolar or
bipolar axon trajectories and form synapses en passant. For example, the ALM and PLM
mechanosensory neurons have a long axon that bifurcates into a branch exclusively forming
synapses and another branch transducing mechanoreception (Chalfie, 1995). RPM-1 regulates
the organization and stabilization of presynaptic terminals, and axon termination both in
mechanosensory and motor neurons (Schaefer et al., 2000; Zhen et al., 2000). A major target
of RPM-1 ubiquitination is the dual-leucine zipper kinase DLK-1 MAPKKK, which acts in a
MAPK cascade consisting of the MAPKK MKK-4 and the p38 kinase PMK-3 (Nakata et al.,
2005). By controlling the level of DLK-1, RPM-1 keeps the activity of the DLK-1 cascade at
optimal levels. This negative regulation of the DLK pathway by ubiquitin-mediated protein
degradation is conserved in Drosophila and mammalian neurons (Collins et al., 2006; Jin and
Garner, 2008; Lewcock et al., 2007).

The targets of the DLK-1/p38 cascade have not previously been identified. Here we report the
identification of MAK-2, a member of the MAPKAP kinase family, and CEBP-1, a member
of the C/EBP class of bZip factors as effectors of the C. elegans DLK-1 cascade. MAPKAPKs
are conserved Ser/Thr kinases that are direct targets of p38 and Erk kinases (Gaestel, 2006).
We find that cebp-1 mRNA is destabilized by RPM-1 via the DLK-1/MAK-2 cascade, acting
on the cebp-1 3′ UTR. The DLK-1/MAK-2/CEBP-1 pathway is essential for regenerative
regrowth of mature axons following laser axotomy, in part by regulating axonal cebp-1 mRNA
stability and translation.

Results
Identification of MAPKAPK MAK-2 as a suppressor of rpm-1

Previous screens for suppressors of rpm-1(lf) neuronal defects uncovered many alleles of the
MAPK genes dlk-1, mkk-4, and pmk-3 (Nakata et al., 2005). By analyzing a large number of
additional rpm-1 suppressors, we identified two new loci (see Supplemental Data). The
suppressor mutation ju637 was mapped to a region containing mak-2, which encodes a MAP
kinase-activated protein kinase (MAPKAPK) related to murine MAPKAPK2 (MK2) (Figure
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1A, S1A). ju637 results in a replacement of Phe at an invariant Leu (L219) in the kinase domain
(Figure 1A). Two deletion alleles of mak-2 suppressed rpm-1(lf) to a similar degree as did
ju637 (Figure 1C, S1A), suggesting all three alleles eliminate mak-2 function. A mak-2 reporter
was expressed in the nervous system (Figure S1B). By expressing mak-2 under the control of
neuron-type specific promoters we found that mak-2 functions autonomously in neurons
(Figure 1B, C). These results show that, like dlk-1, mkk-4, and pmk-3, loss of mak-2 function
suppresses the synaptic and axon defects of rpm-1 mutants. mak-2 mutants did not exhibit overt
neuronal or behavioral phenotypes (Figure 1B, C).

MAPKAPKs are activated by p38-dependent phosphorylation of Thr and Ser residues (Gaestel,
2006), two of which are conserved among all MAPKAPKs and correspond to Thr250 and
Thr362 of MAK-2 (Figure 1A). In a yeast two-hybrid assay, we found that MAK-2 interacted
with PMK-3 (Figure S2A). This interaction was also observed in co-immunoprecipitation
studies in HEK293T cells (Figure S2B), consistent with the idea that MAK-2 is a target of
PMK-3. We next tested whether MAK-2 function depends on phosphorylation. Transgenes
expressing a predicted non-phosphorylatable form of MAK-2, in which both Thr residues were
mutated to Ala, failed to rescue suppression of rpm-1(lf) by mak-2(lf); mutation of either Thr
residue partially abrogated rescuing activity (Figure 1E). In contrast, a phosphomimetic form
of MAK-2, in which both Thr were mutated to Glu, caused gain-of-function defects resembling
those of rpm-1(lf) mutants (Figure 1D). The AA and EE mutations did not appear to alter
MAK-2 expression levels (Figure S1E). Further, a kinase-dead MAK-2(K103R) lacked
rescuing activity (Figure 1E). These data suggest MAK-2 activation via phosphorylation of
the two Thr residues is critical for its function in synapse development and axon termination.

Loss of function in the bZip protein CEBP-1 suppresses rpm-1
We mapped the rpm-1 suppressor mutations ju659 and ju640 to the left arm of chromosome
X (Figure S3A). Transgenes containing cosmid W05H7 rescued suppression of rpm-1(lf) by
ju659 (not shown). We localized rescuing activity to a 7.5 kb DNA region containing the gene
D1005.3, which encodes a protein of 358 aa containing a basic-leucine-zipper (bZip) domain
most closely related to those of the C/EBP family (Figure 2A, S3B, C) (Landschulz et al.,
1988). We refer to this gene as cebp-1. ju659 changes Arg290 to Cys and ju640 changes Ser289
to Leu in the basic region of the bZip domain (Figure 2A, S3B). Both residues are highly
conserved among bZip proteins; previous studies have shown that the Arg is critical for DNA
binding (Kim et al., 1993). The cebp-1(tm2807) deletion allele suppressed rpm-1(lf) to a similar
degree as did ju659 (Figure 2C, S3A). Neuronal expression of cebp-1 rescued the suppression
of rpm-1(lf) in a cell-autonomous manner (Figure 2C). CEBP-1 lacking the bZip domain lacked
rescuing activity (Figure 2D). bZip proteins usually function as dimers, and mutations
impairing DNA binding often have dominant-negative effects (Ramji and Foka, 2002).
Transgenic overexpression of cebp-1 containing either the ju659 (R290C) or ju640 (S289L)
mutation partly suppressed rpm-1(lf) defects (Figure 2E). Although ju659 and ju640 are
recessive to wild-type for suppression of rpm-1, these findings suggest both mutations may
have dominant negative activities by either inhibiting endogenous CEBP-1 or its binding
partners. These data indicate CEBP-1 acts similarly to MAK-2 and the MAP kinases in neurons.

To establish the order of mak-2 and cebp-1 function in the dlk-1 pathway, we performed genetic
epistasis analysis. Double mutants between null mutations in mak-2, or cebp-1, or pmk-3
developed superficially normal synapses and axons (not shown). pmk-3;mak-2 or
mak-2;cebp-1 double mutants suppressed the neuronal defects of rpm-1(lf) to a level
comparable to that of each single mutant (Figure S4A). Overexpression of dlk-1 causes
abnormal synapse development and axon termination defects resembling those of rpm-1(lf)
(Nakata et al., 2005). This gain of function effect was largely eliminated in mak-2(lf) or cebp-1
(lf) mutants (Figure S4B). Additionally, the gain-of-function effect of phospho-mimetic mak-2
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(EE) in wild type animals was suppressed by cebp-1(lf) but not by pmk-3(lf) (Figure S4B).
Thus, both mak-2 and cebp-1 act downstream of the dlk-1/mkk-4/pmk-3 cascade, and cebp-1
acts downstream of mak-2 (Figure S4C).

RPM-1 and the MAP kinases regulate cebp-1 mRNA via its 3′ UTR
In the course of transformation rescue of cebp-1, we observed that cebp-1 transgenes lacking
the 3′ untranslated region (UTR) often caused gain-of-function defects such as touch axon
overextension and uncoordinated movement, reminiscent of those resulting from constitutive
activation of the DLK-1 pathway (Nakata et al., 2005). Analysis of cebp-1 cDNAs revealed
that cebp-1 transcripts contain a long 3′ UTR (Figure S5A). To test whether the DLK-1 pathway
might regulate cebp-1 mRNA levels, we first performed quantitative RT-PCR and found that
cebp-1 mRNA was increased in rpm-1(lf) compared to wild type animals or MAP kinase
mutants (Figure 3A). The increase of cebp-1 mRNA levels in rpm-1(lf) mutants was eliminated
by loss of function in dlk-1, pmk-3 or mak-2 (Figure 3A), indicating that activation of the MAP
kinases caused by rpm-1(lf) results in up-regulation of cebp-1 mRNA. cebp-1(ju659) did not
affect the increase of cebp-1 mRNA level caused by rpm-1(lf) (Figure 3A), suggesting that the
effect on cebp-1 mRNA does not involve transcriptional autoregulation of cebp-1. Expression
of a cebp-1 promoter reporter was unaltered in rpm-1(lf) compared to the wild type (Figure
S6A, B). We further compared the stability of cebp-1 mRNA by qRT-PCR on animals cultured
in the presence of α-amanitin to block transcription (Sanford et al., 1983). The half-life of
cebp-1 mRNA was increased three-fold in rpm-1 mutants compared to wild type (Figure S6C).
This increase in stability was abolished in dlk-1;rpm-1 animals, but not in rpm-1;cebp-1
animals. We infer that RPM-1 acts via the DLK-1 pathway to regulate cebp-1 mRNA stability.

To test whether the 3′ UTR of cebp-1 is required for cebp-1 mRNA regulation, we expressed
mCherry-tagged full-length cebp-1 with its own 3′ UTR or with a heterologous 3′ UTR, driven
by the unc-25 promoter (Supplemental Data). In rpm-1(lf) mutants the fluorescence intensity
of mCherry::CEBP-1 with the cebp-1 3′ UTR was over 6-fold higher than in wild type (Figure
3B). This increase in fluorescence intensity reflected a corresponding increase in transgene
mRNA levels in rpm-1 (Figure S6D, E). mCherry::CEBP-1 fluorescence intensity was also
significantly increased by transgenic expression of MAK-2(EE) but not MAK-2(AA) (Figure
3B). The 3′ UTR of the myosin gene unc-54 is known to stabilize mRNAs (Fire et al., 1990).
However mCherry::CEBP-1 transgenes containing the unc-54 3′ UTR did not show increased
fluorescence intensity in rpm-1(lf) (Figure 3C). Indeed, the cebp-1 3′ UTR was sufficient to
confer rpm-1-dependent regulation on mCherry (Figure 3D). Expression of cebp-1 with the
unc-54 3′ UTR consistently caused more severe defects in motor neuron synapses (Figure 3E)
and touch neuron morphology (Figure 3F) than did transgenes with the cebp-1 3′ UTR.
Overexpression of cebp-1 in muscles did not generate neuronal abnormalities (Figure 3F),
suggesting regulation of cebp-1 mRNA by rpm-1 and the MAP kinases occurs in neurons.
Thus, activation of the DLK-1 cascade, either by loss of function in rpm-1 or by constitutive
activation of MAK-2, can stabilize the cebp-1 mRNA via its 3′ UTR.

MAK-2 and CEBP-1 are present in presynaptic termini
We next examined localization of MAK-2 and CEBP-1 proteins in touch and motor neurons.
Expression of mCherry tagged MAK-2 or CEBP-1 in motor neurons fully rescued rpm-1
suppression phenotypes of mak-2(lf) or cebp-1(lf), respectively (Figure 1B, 2B), and did not
cause overt defects in wild type animals (Figure 4A, B), suggesting the expression levels were
close to physiological. mCherry::MAK-2 was consistently present in cell bodies and synapses
(Figure 4A), but rarely seen in axon commissures (not shown). MAK-2 was broadly localized
at motor neuron synapses, and significantly colocalized with synaptobrevin/SNB-1 but not
with RPM-1 (Figure 4A; Figure S7A–C). Unexpectedly, mCherry::CEBP-1 was also detected
at synapses, in addition to the cytoplasm and nucleus of the soma (Figure 4B). At synapses,
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mCherry::CEBP-1 colocalized with SNB-1, but not with RPM-1 (Figure S7D, E). MAK-2 and
CEBP-1 partly colocalized at synapses (Figure S7F). In touch neurons, CEBP-1 was present
in the soma, in the synaptic area, and at discrete regions along axons (Figure 5A).

As RPM-1 and DLK-1 are present at synapses (Abrams et al., 2008; Nakata et al., 2005), the
synaptic localization of MAK-2 and CEBP-1 suggested that the DLK-1/MAK-2 cascade might
act locally to promote cebp-1 mRNA stability. We first tested this by manipulating MAK-2
localization. As predicted, removing the nuclear localization signal (NLS) caused MAK-2 to
accumulate in the somatic cytoplasm, whereas removing the nuclear export signal (NES)
confined MAK-2 to the nucleus (Figure S1D). Neither manipulation affected the synaptic
localization of MAK-2 (Figure S1D). Both constructs could fully rescue the rpm-1 suppression
phenotype of mak-2(lf) (Figure 1E). Phospho-mimetic MAK-2(EE), which causes
abnormalities in synapses, was also localized at synapses but excluded from the nucleus (Figure
S1E). These data suggest nucleo-cytoplasmic shuttling may not affect MAK-2 synaptic
function and that activated MAK-2 might function at synapses. We therefore attempted to
target activated MAK-2(EE) to motor neuron synapses by tagging MAK-2 with the PHR
domain from RPM-1, which can target GFP to synapses (Abrams et al., 2008).
mCherry::PHR::MAK-2 was concentrated at synapses, adjacent to SNB-1::GFP, and weakly
detected in the somatic cytoplasm and excluded from the nucleus (Figure 4C). Synaptic
targeting of activated MAK-2(EE), but not of wild type MAK-2 or inactive MAK-2(AA),
disrupted presynaptic morphology to a similar degree as did untargeted MAK-2(EE) (Figure
4D, E). These results suggest that, in addition to possible roles in the soma and nucleus, MAK-2
function may be regulated at synapses.

cebp-1 mRNA is present in synapses and axons
The above observations raised the possibility that cebp-1 mRNA might be localized at
synapses. To test this, we used an in vivo mRNA imaging method based on the high-affinity
binding of the coat protein of the MS2 bacteriophage to a 19 nucleotide RNA stem-loop
structure (Bernardi and Spahr, 1972; Bertrand et al., 1998). GFP::NLS::MS2 fluorescence was
observed in cell bodies and only faintly along the axons of touch neurons and motor neurons
(Figure 5B, S8A, B). As background fluorescence of GFP::NLS::MS2 in touch neuron axons
was much lower than in motor neurons, we focused on cebp-1 mRNA in the touch neurons.
Upon coexpression of cebp-1 mRNA containing six copies of the MS2 binding site in the 3′
UTR, we detected punctate GFP::NLS::MS2 fluorescence along axons and at synapses (Figure
5B, S8A, B). A control reporter containing MS2 binding sites in the unc-54 3′ UTR did not
cause an increase of GFP::NLS::MS2 in axons (Figure 5B). The intensity of GFP::NLS::MS2
in axons was further increased in rpm-1(lf) mutants, and reduced in dlk-1(lf) mutants (Figure
5B, C). The half-life of the transgenic MS2 binding site-tagged cebp-1 transcripts was similar
to that of endogenous cebp-1 mRNA, and was likewise increased in rpm-1 mutants (Figure
S8C). We also saw GFP::NLS::MS2 fluorescence increase in the synaptic regions of the motor
neurons upon coexpression with MS2 binding site-tagged cebp-1 mRNA (Figure S8A). These
findings suggest that cebp-1 mRNAs may be present in axons and presynaptic regions, and
that activation of the DLK-1 cascade could locally stabilize cebp-1 mRNA.

Regulation of the DLK-1 pathway in adult neurons is necessary for maintenance of synapse
morphology

Our observations that MAK-2 and CEBP-1 are present at synapses of adult neurons raised the
possibility that this pathway may also act in adults. To test this, we examined the effects of
acute adult overexpression of cebp-1 on synaptic morphology, exploiting the temperature
sensitive splicing of a mec-2 intron (Poon et al., 2008; M. Chalfie, personal communication).
Transgenic animals expressing cebp-1 lacking its 3′ UTR were cultured at 15°C until late L4
stage, and then shifted to 25°C for the next 24 hours to overexpress cebp-1 in adults. In control
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experiments the mec-2 intron became permissive for expression within 1 hour of temperature
shift (Figure S9A). These transgenic animals displayed fewer synapses, of abnormal
morphology, compared to controls (Figure 4F). Likewise, PLM neurons showed axon
overextension and retraction of the synaptic branch upon induction of cebp-1 overexpression
in adults (Figure S9B). We infer that regulation of the DLK-1/CEBP-1 pathway is required
continuously in mature neurons to maintain axon and synapse morphology.

The DLK-1 pathway and CEBP-1 are necessary for regenerative growth of adult touch
neurons after laser axotomy

Animals lacking components of the DLK-1 pathway develop morphologically normal synapses
and axon trajectories, and show normal locomotion, egg-laying, and touch responses. To test
whether this pathway has a later role in mature nervous system, we assayed regeneration after
laser axotomy in adult mechanosensory axons (Wu et al., 2007). In wild type adults,
axotomized PLM axons exhibit robust regrowth of ~100 μm in 24 h (Figure 6A). In contrast,
PLM regrowth was essentially blocked in animals lacking each MAP kinase or CEBP-1 (Figure
6A). In these mutants, axons that failed to regenerate did not display growth cones, unlike wild
type axotomized axons (Figure S10A). ALM neurons also failed to regrow in these mutants
(data not shown). The MAPK/CEBP-1 pathway is required in adult axons for regrowth, because
animals in which we induced expression of a dominant negative cebp-1(R290C) by heat-shock
in late L4 stage showed reduced regeneration (Figure 6B). Elevating the activity of the DLK-1
pathway by overexpression of dlk-1(+) enhanced regeneration in a cebp-1 dependent manner
(Figure 6A). Moreover, touch neuron specific expression of mak-2(+), but not of the kinase
dead mak-2(K103R), rescued the mak-2(lf) regrowth defect (Figure 6A), indicating that this
pathway acts cell autonomously. We conclude that the DLK-1 pathway is required for regrowth
of mature touch neuron axons, and that activity of DLK-1 and CEBP-1 may be rate limiting
for regrowth after injury.

Axotomy induces local translation of cebp-1 mRNA
We next addressed whether the DLK-1 pathway acts via similar mechanisms in regenerative
responses in mature neurons as in developing neurons. We tagged CEBP-1 with the
photoconvertible fluorescent protein Dendra (Gurskaya et al., 2006) to distinguish newly
synthesized CEBP-1 from pre-existing protein. In uninjured neurons, we observed a low level
of synthesis of new Dendra::CEBP-1 within 4 hours of photoconversion (Figure 7A).
Following axotomy, within 2 hours, the appearance of new Dendra::CEBP-1 was accelerated
both in the severed distal fragments and in the soma and proximal axon (Figure 7B, D). Animals
laser-wounded in adjacent epidermis did not show elevated synthesis of Dendra::CEBP-1
(Figure 7B). The appearance of newly synthesized CEBP-1 in distal axon fragments suggests
that the translation machinery is present in axons. Consistent with this interpretation,
cycloheximide blocked new synthesis of CEBP-1 in axon fragments (Figure 7B, D). dlk-1
mutants did not display new Dendra within the same time course (Figure 7B, D). mak-2 mutants
showed partly reduced synthesis of new Dendra (Figure 7B, D), consistent with the partial
block of regeneration in mak-2 mutants (Figure 6A). These data suggest axotomy induces
activation of DLK-1/MAK-2, which in turn promotes local translation of cebp-1 mRNA.
Dendra::CEBP-1 transgenes in which the 3′ UTR of cebp-1 was deleted were not upregulated
after axotomy (Figure 7C, D). To test if the 3′ UTR of cebp-1 was responsible for the induced
local synthesis, we expressed Dendra with the cebp-1 3′UTR or the unc-54 3′ UTR. Axotomy
resulted in elevated synthesis of new Dendra from transgenes containing the cebp-1 3′ UTR,
but not from transgenes with the unc-54 3′ UTR (Figure 7E, F). Lastly, to address whether new
synthesis of CEBP-1 protein is required for axon regeneration, we induced expression of cebp-1
(+) with its own 3′ UTR in cebp-1(lf) mutants following axotomy, and observed partial rescue
of axon regeneration (Figure S10C). Induced expression of cebp-1 with the unc-54 3′UTR did
not rescue the cebp-1 phenotype (Figure S10C). These observations indicate that axotomy
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induces local activation of the DLK-1 kinase cascade, which results in local synthesis of
CEBP-1 protein.

Discussion
The DLK kinases have been known to be present in axons and synaptic terminals for over a
decade (Holzman et al., 1994; Mata et al., 1996), but only recently have their functions in
neurons been revealed. Through genetic studies in C. elegans and Drosophila, these kinases
have been identified as substrates of the conserved PHR family E3 ligases (Collins et al.,
2006; Nakata et al., 2005). Regulation of the DLK kinases by ubiquitin-mediated degradation
also plays roles in axon pathfinding and synapses in vertebrates (Bloom et al., 2007; D’Souza
et al., 2005; Lewcock et al., 2007). However the output of this pathway is not well understood.
We have shown that in C. elegans neurons the DLK-1 pathway acts via the MAPKAP kinase,
MAK-2, to promote stabilization of the mRNA of the bZip protein CEBP-1, resulting in
enhanced CEBP-1 translation. This mechanism is also required for the regenerative responses
of adult neurons.

The DLK-1 pathway regulates mRNA stability
A key outcome of the DLK-1 pathway is to stabilize cebp-1 mRNA, leading to its increased
translation at synapses and in axons. Local protein synthesis is now well established as a
mechanism in synaptic plasticity in mature neurons, following the identification of
polyribosomes in dendrites (Steward and Levy, 1982; Sutton and Schuman, 2005). Local
translation in growth cones of developing neurons has also been linked to growth cone turning,
although possibly not in all situations (Lin and Holt, 2008; Roche et al., 2009). Whether protein
synthesis occurs in mature axons has been unclear, largely because of a lack of evidence for
polyribosomes in axons (Piper and Holt, 2004). Nonetheless, local synthesis of some proteins
is reported in axons of select neurons, and expression of many mRNAs increases in injured
adult axons (Di Giovanni et al., 2005; Willis et al., 2007; Xiao et al., 2002; Wang et al.,
2007). Our studies indicate that local regulation of mRNA and protein translation in axons is
functionally important in mature neurons both under normal and injured conditions.

How might the DLK-1 pathway regulate cebp-1 mRNA stability? Studies in non-neuronal cells
have shown that murine MK2 can regulate stability of mRNAs such as TNF-α and interleukins;
known targets of MAPKAPKs include mRNA binding proteins such as tristetraprolin and HuR
(Gaestel, 2006). Future studies may reveal which components of the RNA turnover machinery
are relevant in cebp-1 mRNA stabilization.

The DLK-1 pathway and CEBP-1 are essential for axon regrowth
Although the DLK/CEBP-1 pathway has a restricted role in developmental axon outgrowth,
we show here that this entire pathway is essential for regenerative regrowth in adult touch
neurons, consistent with recent findings in motor neurons (Hammarlund et al., 2009). Our
results further suggest a model in which unknown injury signals activate DLK-1, which then
triggers regrowth by promoting cebp-1 mRNA regulation and translation. As C. elegans axonal
transport occurs at rates comparable to those of much larger neurons in other animals (Zhou
et al., 2001), it is unexpected that C. elegans neurons use local synthesis for responses to acute
localized stimuli such as axotomy. By analogy to our findings at synapses, DLK-1-dependent
upregulation of CEBP-1 by axotomy may involve local stabilization of cebp-1 mRNA,
although for technical reasons we have not been able to visualize this directly. Activation of
the DLK-1 pathway by axotomy could have additional effects, such as direct stimulation of
translation.
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In injured Aplysia neurons ApC/EBP is activated by phosphorylation via a MEK-ERK cascade,
which involves retrograde transport of the ‘injury signal’ to the nucleus (Sung et al., 2001).
bZip proteins of the Jun and ATF subfamilies are also implicated in mammalian axon
regeneration (Herdegen et al., 1997; Raivich et al., 2004). C/EBPβ mRNA and protein
phosphorylation are elevated after injury, and C/EBPβ is required for injuryinduced
upregulation of α-tubulin and GAP-43 (Nadeau et al., 2005). However, as yet there has been
no demonstration that any of these bZip proteins are required for regenerative growth, apart
from Jun which has a partial requirement (Raivich et al., 2004). The finding that DLK-1, its
effector kinases, and CEBP-1 are essential for regeneration suggests their mammalian
homologs may be required for axonal injury responses, and that local mRNA stability and
translation could be a conserved axonal response to injury.

Role of CEBP-1 in axons and synapses
It is unexpected that CEBP-1 is present at synapses and in axons. A related bZip protein does
not appear to be synaptically localized, suggesting this localization of CEBP-1 is specific (D.Y.
& Y.J., unpublished data). CEBP-1 joins an increasing list of nuclear proteins associated with
synapses and neurites. For example, Ribeye, an isoform of the transcriptional repressor C-
terminal Binding Protein (CtBP2), is found at the ribbon synapse active zone (Schmitz et al.,
2000). The homeodomain proteins Emx2 and Engrailed2 localize to presynaptic termini of
olfactory neurons and Xenopus neuron growth cones, respectively, and interact with the
translation factor eIF4E (Nedelec et al., 2004; Brunet et al., 2005). The bZip protein CREB
can be locally translated in axons and transported retrogradely (Cox et al., 2008). At this stage,
our data do not distinguish whether CEBP-1 has two functions, one locally at the axon and
synapses, and the other at the nucleus. The observations that abnormally high levels of CEBP-1
disrupt synapse development and maintenance imply that CEBP-1 is tightly regulated. That
this regulation is in part achieved via local regulation of mRNA stability suggests CEBP-1
could form a link between synapse dynamics and gene expression. Such dual modes of
regulation have been long studied in CREB-mediated neural plasticity (Harris, 2008; Lonze
and Ginty, 2002).

Improved sensitivity in mRNA detection has led to the identification of an increasing number
of axonally localized mRNAs (Lin and Holt, 2008; Wang et al., 2007). However, a mechanistic
understanding of how such mRNAs are targeted to axons and activated for translation is only
beginning (Kiebler and Bassell, 2006; Krichevsky and Kosik, 2001). Transport and subcellular
localization of mRNAs depends on both sequence tags in the mRNA itself and its interactions
with carrier proteins. We find that the cebp-1 3′ UTR is essential both for its axonal delivery
and its post-transcriptional regulation in axons, and contains multiple adenine/uridine-rich
motifs associated with unstable mRNAs (Wilusz et al., 2001). Several mammalian C/EBP
mRNAs also contain similar nucleotide motifs in their 3′ UTR (Figure S5B). Future work will
address the multiple levels at which CEBP-1 is regulated in synaptogenesis and regeneration.

Experimental Procedures
C. elegans genetics

We maintained C. elegans strains on NGM plates at 20–22.5°C as described in Brenner (1974).
The characterization of the suppressors is in Supplemental Data. The mutations and transgenes
are: dlk-1(ju476) I, mkk-4(ju91) X, pmk-3(ok169, ju485) IV, mak-2(tm2927, ju637, ok2394)
IV, cebp-1(tm2807, ju659, ju640) X; juIs1[Punc-25-SNB-1::GFP] for GABA motor neuron
synapses (Hallam and Jin, 1998); muIs32[Pmec-7-GFP] (Ch’ng et al., 2003) and zdIs5
[Pmec-4-GFP] (Clark and Chiu, 2003) for touch neuron morphology. Other transgenes are
described in Supplemental Data and listed in Supplemental Table 2.
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Fluorescence microscopy and laser axotomy
We scored fluorescent reporters in living animals using a Zeiss Axioplan 2 microscope
equipped with Chroma HQ filters. For quantification of touch neuron morphology, 30–90
animals were analyzed. Images of juIs1 synapse morphology, cebp-1 mRNA localization, and
MS2::GFP reporters were collected on one-day old adults immobilized in 1% 1-phenoxy-2-
propanol (TCI America, Portland, OR) in M9 buffer using a Zeiss LSM510 confocal
microscope (Supplemental Data). We cut PLM axons using a near-infrared Ti-Sapphire laser
(KMLabs, Boulder, CO) as described (Wu et al., 2007).

Heat shock and temperature shift experiments
In heat shock experiments, wild type or Phsp::cebp-1(R290C) transgenic worms were grown
at 20°C until late L4, heat shocked at 35°C for 45 min, recovered at 20°C for one hour before
axotomy. Regrowth of axons was imaged 24h post-axotomy at 20°C. In temperature shift
induction experiments, wild type or Prgef-1-intron-cebp-1 transgenic animals were cultivated
at 15°C until late L4, then half were shifted to 25°C and half kept at 15°C. For effects on
axotomy and motor neuron synapse maintenance, worms were cultivated for 24 hours after
temperature shift. For effects on touch neuron axon maintenance, animals were grown 60 hours
after temperature shift.

Photo-conversion of Dendra
We photo-converted Dendra using a 405 nm laser (Blue Sky Research, Milpitas, CA) at 1 mW
power and 40× objective for 30 seconds. Images were captured under the same conditions
using 488 nm and 543 nm laser, and spinning-disk imaging as above. We analyzed two
independent transgenes for the same construct, n > 6 animals per line in each experiment. We
measured fluorescence intensity (ImageJ) at the cell body, in the axon 50–60 μm from the cell
body (no axotomy groups), or in the first 10 μm axon distal to cutting point (for axotomy
groups). We quantified the normalized fluorescence intensity increase, NIC = (Fn−F0)/
(F−1−F0), where Fn = fluorescence intensity n hours after photo-conversion; F0 = fluorescence
intensity immediately after photo-conversion; F−1 = fluorescence intensity before photo-
conversion. We set the average NICs of wild type worms to 1. Changes are shown as a multiple
of the average NIC of wild type.

Statistical analysis
In comparisons of measurements such as puncta density, fluorescence intensity, or axonal
regrowth we first tested for normality using a D’Agostino-Pearson test. For comparisons of
two groups we used a two-tailed Student’s t test. Comparisons involving multiple groups used
one-way Anova and Bonferroni or Dunnett post tests in Graphpad Prism (GraphPad Software,
La Jolla, CA). To compare variables such as axon termination proportions we used the Fisher
exact test. To correct for multiple comparisons in 2 × k tables we used a Monte Carlo simulation
approach followed by the Marascuilo procedure, as implemented in xlstat (Addinsoft, New
York, NY). Correlation coefficients in Figure S7 were calculated using GraphPad Prism.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
We thank J. Kniss and X-M. Wang for their assistance with the rpm-1 suppressor complementation tests, S. Mitani
and the C. elegans gene knockout consortium for deletion alleles, Y. Kohara for cDNA clones, M. Hansen for advice
on cycloheximide, K. Shen for the mec-2 ts intron construct, M. Chalfie for sharing unpublished results, L. Gavis and
R. Singer for the MS2 clones, Z-L. Qiu, A. Ghosh and G. Patrick for tissue culture facilities and advice. Some strains

Yan et al. Page 9

Cell. Author manuscript; available in PMC 2010 March 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were provided by the Caenorhabditis Genetics Center, funded by the NIH National Center for Research Resources.
We are grateful to Jin and Chisholm lab members for discussions. Supported by NIH R01 awards NS35546 to Y.J.
and NS57317 to A.D.C. D.Y. and Z.W are associates and Y.J. is an Investigator of the Howard Hughes Medical
Institute.

References
Abrams B, Grill B, Huang X, Jin Y. Cellular and molecular determinants targeting the Caenorhabditis

elegans PHR protein RPM-1 to perisynaptic regions. Dev Dyn 2008;237:630–639. [PubMed:
18224716]

Alberini CM, Ghirardi M, Metz R, Kandel ER. C/EBP is an immediate-early gene required for the
consolidation of long-term facilitation in Aplysia. Cell 1994;76:1099–1114. [PubMed: 8137425]

Bernardi A, Spahr PF. Nucleotide sequence at the binding site for coat protein on RNA of bacteriophage
R17. Proc Natl Acad Sci U S A 1972;69:3033–3037. [PubMed: 4507620]

Bertrand E, Chartrand P, Schaefer M, Shenoy SM, Singer RH, Long RM. Localization of ASH1 mRNA
particles in living yeast. Mol Cell 1998;2:437–445. [PubMed: 9809065]

Bloom AJ, Miller BR, Sanes JR, DiAntonio A. The requirement for Phr1 in CNS axon tract formation
reveals the corticostriatal boundary as a choice point for cortical axons. Genes Dev 2007;21:2593–
2606. [PubMed: 17901218]

Brittis PA, Lu Q, Flanagan JG. Axonal protein synthesis provides a mechanism for localized regulation
at an intermediate target. Cell 2002;110:223–235. [PubMed: 12150930]

Brunet I, Weinl C, Piper M, Trembleau A, Volovitch M, Harris W, Prochiantz A, Holt C. The transcription
factor Engrailed-2 guides retinal axons. Nature 2005;438:94–98. [PubMed: 16267555]

Ch’ng Q, Williams L, Lie YS, Sym M, Whangbo J, Kenyon C. Identification of genes that regulate a left-
right asymmetric neuronal migration in Caenorhabditis elegans. Genetics 2003;164:1355–1367.
[PubMed: 12930745]

Chalfie M. The differentiation and function of the touch receptor neurons of Caenorhabditis elegans. Prog
Brain Res 1995;105:179–182. [PubMed: 7568875]

Chen A, Muzzio IA, Malleret G, Bartsch D, Verbitsky M, Pavlidis P, Yonan AL, Vronskaya S, Grody
MB, Cepeda I, et al. Inducible enhancement of memory storage and synaptic plasticity in transgenic
mice expressing an inhibitor of ATF4 (CREB-2) and C/EBP proteins. Neuron 2003;39:655–669.
[PubMed: 12925279]

Clark SG, Chiu C. C. elegans ZAG-1, a Zn-finger-homeodomain protein, regulates axonal development
and neuronal differentiation. Development 2003;130:3781–3794. [PubMed: 12835394]

Collins CA, Wairkar YP, Johnson SL, DiAntonio A. Highwire restrains synaptic growth by attenuating
a MAP kinase signal. Neuron 2006;51:57–69. [PubMed: 16815332]

Cox LJ, Hengst U, Gurskaya NG, Lukyanov KA, Jaffrey SR. Intra-axonal translation and retrograde
trafficking of CREB promotes neuronal survival. Nat Cell Biol 2008;10:149–159. [PubMed:
18193038]

D’Souza J, Hendricks M, Le Guyader S, Subburaju S, Grunewald B, Scholich K, Jesuthasan S. Formation
of the retinotectal projection requires Esrom, an ortholog of PAM (protein associated with Myc).
Development 2005;132:247–256. [PubMed: 15590740]

Di Giovanni S, Faden AI, Yakovlev A, Duke-Cohan JS, Finn T, Thouin M, Knoblach S, De Biase A,
Bregman BS, Hoffman EP. Neuronal plasticity after spinal cord injury: identification of a gene cluster
driving neurite outgrowth. Faseb J 2005;19:153–154. [PubMed: 15522907]

Fire A, Harrison SW, Dixon D. A modular set of lacZ fusion vectors for studying gene expression in
Caenorhabditis elegans. Gene 1990;93:189–198. [PubMed: 2121610]

Gaestel M. MAPKAP kinases - MKs - two’s company, three’s a crowd. Nat Rev Mol Cell Biol
2006;7:120–130. [PubMed: 16421520]

Giuditta A, Kaplan BB, van Minnen J, Alvarez J, Koenig E. Axonal and presynaptic protein synthesis:
new insights into the biology of the neuron. Trends Neurosci 2002;25:400–404. [PubMed: 12127756]

Gurskaya NG, Verkhusha VV, Shcheglov AS, Staroverov DB, Chepurnykh TV, Fradkov AF, Lukyanov
S, Lukyanov KA. Engineering of a monomeric green-to-red photoactivatable fluorescent protein
induced by blue light. Nat Biotechnol 2006;24:461–465. [PubMed: 16550175]

Yan et al. Page 10

Cell. Author manuscript; available in PMC 2010 March 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Hallam SJ, Jin Y. lin-14 regulates the timing of synaptic remodelling in Caenorhabditis elegans. Nature
1998;395:78–82. [PubMed: 9738501]

Hammarlund M, Nix P, Hauth L, Jorgensen EM, Bastiani M. Axon regeneration requires a conserved
MAP kinase pathway. Science 2009;323:802–806. [PubMed: 19164707]

Harris KD. Stability of the fittest: organizing learning through retroaxonal signals. Trends Neurosci
2008;31:130–136. [PubMed: 18255165]

Herdegen T, Skene P, Bahr M. The c-Jun transcription factor--bipotential mediator of neuronal death,
survival and regeneration. Trends Neurosci 1997;20:227–231. [PubMed: 9141200]

Holzman LB, Merritt SE, Fan G. Identification, molecular cloning, and characterization of dual leucine
zipper bearing kinase. A novel serine/threonine protein kinase that defines a second subfamily of
mixed lineage kinases. J Biol Chem 1994;269:30808–30817. [PubMed: 7983011]

Hu JY, Goldman J, Wu F, Schacher S. Target-dependent release of a presynaptic neuropeptide regulates
the formation and maturation of specific synapses in Aplysia. J Neurosci 2004;24:9933–9943.
[PubMed: 15525778]

Jin Y, Garner CC. Molecular mechanisms of presynaptic differentiation. Annu Rev Cell Dev Biol
2008;24:237–262. [PubMed: 18588488]

Kiebler MA, Bassell GJ. Neuronal RNA granules: movers and makers. Neuron 2006;51:685–690.
[PubMed: 16982415]

Kim J, Tzamarias D, Ellenberger T, Harrison SC, Struhl K. Adaptability at the protein-DNA interface is
an important aspect of sequence recognition by bZIP proteins. Proc Natl Acad Sci U S A
1993;90:4513–4517. [PubMed: 8506292]

Korneev S, Fedorov A, Collins R, Blackshaw SE, Davies JA. A subtractive cDNA library from an
identified regenerating neuron is enriched in sequences up-regulated during nerve regeneration.
Invert Neurosci 1997;3:185–192. [PubMed: 9783443]

Krichevsky AM, Kosik KS. Neuronal RNA granules: a link between RNA localization and stimulation-
dependent translation. Neuron 2001;32:683–696. [PubMed: 11719208]

Landschulz WH, Johnson PF, Adashi EY, Graves BJ, McKnight SL. Isolation of a recombinant copy of
the gene encoding C/EBP. Genes Dev 1988;2:786–800. [PubMed: 2850264]

Leung KM, van Horck FP, Lin AC, Allison R, Standart N, Holt CE. Asymmetrical beta-actin mRNA
translation in growth cones mediates attractive turning to netrin-1. Nat Neurosci 2006;9:1247–1256.
[PubMed: 16980963]

Lewcock JW, Genoud N, Lettieri K, Pfaff SL. The ubiquitin ligase Phr1 regulates axon outgrowth through
modulation of microtubule dynamics. Neuron 2007;56:604–620. [PubMed: 18031680]

Lin AC, Holt CE. Function and regulation of local axonal translation. Curr Opin Neurobiol 2008;18:60–
68. [PubMed: 18508259]

Lonze BE, Ginty DD. Function and regulation of CREB family transcription factors in the nervous system.
Neuron 2002;35:605–623. [PubMed: 12194863]

Lyles V, Zhao Y, Martin KC. Synapse formation and mRNA localization in cultured Aplysia neurons.
Neuron 2006;49:349–356. [PubMed: 16446139]

Mata M, Merritt SE, Fan G, Yu GG, Holzman LB. Characterization of dual leucine zipper-bearing kinase,
a mixed lineage kinase present in synaptic terminals whose phosphorylation state is regulated by
membrane depolarization via calcineurin. J Biol Chem 1996;271:16888–16896. [PubMed: 8663324]

Nadeau S, Hein P, Fernandes KJ, Peterson AC, Miller FD. A transcriptional role for C/EBP beta in the
neuronal response to axonal injury. Mol Cell Neurosci 2005;29:525–535. [PubMed: 15936952]

Nakata K, Abrams B, Grill B, Goncharov A, Huang X, Chisholm AD, Jin Y. Regulation of a DLK-1 and
p38 MAP kinase pathway by the ubiquitin ligase RPM-1 is required for presynaptic development.
Cell 2005;120:407–420. [PubMed: 15707898]

Nedelec S, Foucher I, Brunet I, Bouillot C, Prochiantz A, Trembleau A. Emx2 homeodomain transcription
factor interacts with eukaryotic translation initiation factor 4E (eIF4E) in the axons of olfactory
sensory neurons. Proc Natl Acad Sci U S A 2004;101:10815–10820. [PubMed: 15247416]

Piper M, Holt C. RNA Translation in Axons. Annu Rev Cell Dev Biol 2004;20:505–523. [PubMed:
15473850]

Yan et al. Page 11

Cell. Author manuscript; available in PMC 2010 March 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Poon VY, Klassen MP, Shen K. UNC-6/netrin and its receptor UNC-5 locally exclude presynaptic
components from dendrites. Nature 2008;455:669–673. [PubMed: 18776887]

Raivich G, Bohatschek M, Da Costa C, Iwata O, Galiano M, Hristova M, Nateri AS, Makwana M, Riera-
Sans L, Wolfer DP, et al. The AP-1 transcription factor c-Jun is required for efficient axonal
regeneration. Neuron 2004;43:57–67. [PubMed: 15233917]

Ramji DP, Foka P. CCAAT/enhancer-binding proteins: structure, function and regulation. Biochem J
2002;365:561–575. [PubMed: 12006103]

Roche FK, Marsick BM, Letourneau PC. Protein synthesis in distal axons is not required for growth cone
responses to guidance cues. J Neurosci 2009;29:638–652. [PubMed: 19158291]

Sanford T, Golomb M, Riddle DL. RNA polymerase II from wild type and alpha-amanitin-resistant
strains of Caenorhabditis elegans. J Biol Chem 1983;258:12804–12809. [PubMed: 6630208]

Schaefer AM, Hadwiger GD, Nonet ML. rpm-1, a conserved neuronal gene that regulates targeting and
synaptogenesis in C. elegans. Neuron 2000;26:345–356. [PubMed: 10839354]

Schmitz F, Konigstorfer A, Sudhof TC. RIBEYE, a component of synaptic ribbons: a protein’s journey
through evolution provides insight into synaptic ribbon function. Neuron 2000;28:857–872.
[PubMed: 11163272]

Steward O, Levy WB. Preferential localization of polyribosomes under the base of dendritic spines in
granule cells of the dentate gyrus. J Neurosci 1982;2:284–291. [PubMed: 7062109]

Sung YJ, Povelones M, Ambron RT. RISK-1: a novel MAPK homologue in axoplasm that is activated
and retrogradely transported after nerve injury. J Neurobiol 2001;47:67–79. [PubMed: 11257614]

Sutton MA, Schuman EM. Local translational control in dendrites and its role in long-term synaptic
plasticity. J Neurobiol 2005;64:116–131. [PubMed: 15883999]

Wang W, van Niekerk E, Willis DE, Twiss JL. RNA transport and localized protein synthesis in
neurological disorders and neural repair. Dev Neurobiol 2007;67:1166–1182. [PubMed: 17514714]

Willis DE, van Niekerk EA, Sasaki Y, Mesngon M, Merianda TT, Williams GG, Kendall M, Smith DS,
Bassell GJ, Twiss JL. Extracellular stimuli specifically regulate localized levels of individual
neuronal mRNAs. J Cell Biol 2007;178:965–980. [PubMed: 17785519]

Wilusz CJ, Wormington M, Peltz SW. The cap-to-tail guide to mRNA turnover. Nat Rev Mol Cell Biol
2001;2:237–246. [PubMed: 11283721]

Wu Z, Ghosh-Roy A, Yanik MF, Zhang JZ, Jin Y, Chisholm AD. Caenorhabditis elegans neuronal
regeneration is influenced by life stage, ephrin signaling, and synaptic branching. Proc Natl Acad
Sci U S A 2007;104:15132–15137. [PubMed: 17848506]

Xiao HS, Huang QH, Zhang FX, Bao L, Lu YJ, Guo C, Yang L, Huang WJ, Fu G, Xu SH, et al.
Identification of gene expression profile of dorsal root ganglion in the rat peripheral axotomy model
of neuropathic pain. Proc Natl Acad Sci U S A 2002;99:8360–8365. [PubMed: 12060780]

Yudin D, Hanz S, Yoo S, Iavnilovitch E, Willis D, Gradus T, Vuppalanchi D, Segal-Ruder Y, Ben-Yaakov
K, Hieda M, et al. Localized regulation of axonal RanGTPase controls retrograde injury signaling in
peripheral nerve. Neuron 2008;59:241–252. [PubMed: 18667152]

Zhen M, Huang X, Bamber B, Jin Y. Regulation of presynaptic terminal organization by C. elegans
RPM-1, a putative guanine nucleotide exchanger with a RING-H2 finger domain. Neuron
2000;26:331–343. [PubMed: 10839353]

Zhou HM, Brust-Mascher I, Scholey JM. Direct visualization of the movement of the monomeric axonal
transport motor UNC-104 along neuronal processes in living Caenorhabditis elegans. J Neurosci
2001;21:3749–3755. [PubMed: 11356862]

Yan et al. Page 12

Cell. Author manuscript; available in PMC 2010 March 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Loss of function in mak-2 suppresses rpm-1(lf)
(A) MAK-2 is a member of the MAPKAPK family and has two isoforms that differ at their
N-termini. Mouse MK2 is NP_032577. (B) mak-2(lf) suppresses motor neuron presynaptic
morphology defects of rpm-1 cell-autonomously. Images are juIs1[Punc-25-SNB-1::GFP] in
the adult dorsal cord. SNB-1::GFP puncta are uniformly-shaped and evenly distributed in wild
type and mak-2, but are irregular and fewer in rpm-1 mutants. Right panel, quantification of
SNB-1::GFP puncta # (n ≥ 12 animals per genotype; data shown as mean ± SEM). (C)
mak-2 suppresses touch neuron axon termination defects of rpm-1 cell-autonomously. Images
are muIs32[Pmec-7-GFP] in adults. The ALM axon (red arrows) ends before the tip of the
nose in wild type, but overextends and frequently loops in rpm-1 mutants. The PLM axon (blue
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arrows) terminates posterior to the ALM cell body (*) in wild type, but overextends and turns
ventrally in rpm-1. The PLM synaptic branch (purple arrows) is frequently missing in
rpm-1. Axon termination defects of PLM and ALM neurons are quantified as % of total # of
animals. Quantification of PLM synaptic branch shows similar pattern (not shown). (D)
Expression of MAK-2(EE) induces gain of function phenotypes. (E) MAK-2 rescuing activity
is abolished by mutation of Thr250 and Thr262 or of Lys103 in the ATP-binding site, but is
not affected by deletion of the NLS or NES. (B–E) Unless noted, alleles are rpm-1(ju44) and
mak-2(ok2394). Promoters: Prgef-1 (F25B3.3) for pan-neural, Pmyo-3 for body wall muscles;
Pmec-4 for touch neurons; Punc-25 for GABA motor neurons. N, total # of animals; TL, total
# of transgenic lines; RL, # of transgenic lines showing rescuing activities. Statistics in this
and subsequent figures, ANOVA (panel B) or Fisher exact test (C–E). *, P < 0.05; **, P <
0.01; ns, not significant. Scales, 10 μm.
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Figure 2. Loss of function in cebp-1 suppresses rpm-1(lf)
(A) CEBP-1 contains a bZip domain most similar to those of C/EBP proteins. (B) cebp-1(lf)
suppresses motor neuron presynaptic morphology defects of rpm-1 cell-autonomously (juIs1
marker). Right panel, quantification of SNB-1::GFP puncta (n ≥ 10 animals per genotype; data
shown as mean ± SEM). (C) cebp-1(lf) suppresses the touch axon overextension of rpm-1 cell-
autonomously (muIs32 marker). (D) The bZip domain is required for cebp-1 function. (E)
CEBP-1(R290C) and CEBP-1(S289L) have dominant-negative activity. (B–E) Unless noted,
alleles are rpm-1(ju44) and cebp-1(ju659). Quantitation, labels, details of mutant phenotypes,
promoters and statistics as in Figure 1. Scales, 10 μm.
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Figure 3. rpm-1 and the MAP kinases regulate levels of cebp-1 mRNA via its 3′ UTR
(A) Quantitative RT-PCR analysis shows up-regulation of cebp-1 mRNA in rpm-1(lf), which
is eliminated in dlk-1, pmk-3 or mak-2 mutants (n=3). The control transcript ama-1 encodes
the large subunit of RNA polymerase II (Sanford et al., 1983). (B–D) Transgenic expression
of mCherry reporters in GABA motor neurons and quantification of fluorescence (n = 35 per
genotype). Blue lines and letters denote inclusion of the cebp-1 3′ UTR in the transgene. (B)
CEBP-1 with its own 3′ UTR is more highly expressed in rpm-1(lf) and mak-2(EE) transgenic
animals than in wild type, dlk-1, and MAK-2(AA) transgenic animals. (C) A CEBP-1 transgene
with the unc-54 3′UTR is expressed at similar levels in rpm-1 and wild type. (D) The cebp-1
3′UTR confers up-regulation of mCherry in rpm-1. (E) Expression of cebp-1 with the
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unc-54 3′UTR causes abnormal motor synapses. Data in A–E shown as mean ± SEM; n = 30
animals per genotype; statistics, Anova. (F) Overexpression of cebp-1 with its own UTR causes
PLM axon overextension; transgenes with the unc-54 3′ UTR cause further defects in ALM.
Overexpression of cebp-1 from muscles does not affect neuronal morphology. Quantitation,
labels, details of mutant phenotypes, promoters and statistics as in Figure 1; GL, # of transgenic
lines exhibiting gain-of-function abnormalities. Scales, 10 μm.

Yan et al. Page 17

Cell. Author manuscript; available in PMC 2010 March 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. MAK-2 and CEBP-1 are present at motor neuron synapses
(A) Functional mCherry::MAK-2 in GABA motor neurons. Top panels are motor neuron soma
in animals coexpressing Punc-25-mCherry::MAK-2 (red) and Histone::GFP (zuIs178).
MAK-2 is present both in nucleus and cytoplasm. Bottom panels are motor neuron synapses
in the dorsal cord coexpressing mCherry::MAK-2 with Punc-25-SNB-1::GFP (juIs1, left), or
with RPM-1::GFP (juIs77, right). MAK-2 partially colocalizes with SNB-1 but not with
RPM-1 (quantitation in Figure S7). (B) Functional mCherry::CEBP-1 in motor neuron cell
bodies (top panels) and synapses (bottom panels) using the same markers as in (A). CEBP-1
shows nuclear and cytoplasmic localization in soma, and co-localizes with SNB-1 but is
excluded from areas of RPM-1 at synapses (Figure S7). Synapse morphology (SNB-1::GFP)
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is unaltered in these transgenic animals. (C) mCherry::PHR::MAK-2 is confined to motor
neuron synapses (left panels), and is excluded from the nucleus (N) in the soma (right panel).
(D) Synaptic targeting of constitutively active MAK-2(EE), but not wild type MAK-2(+) or
inactive MAK-2(AA), alters synapse morphology and reduces SNB-1::GFP puncta number
(juIs1). (E) Quantification of the SNB-1::GFP phenotypes in D (n ≥ 30 per genotype). (F)
Induction of un-regulated cebp-1 in adult neurons alters synapse morphology and number
(juIs1). Quantification is on the right (n ≥ 30 for each group). 15°C–15°C indicates animals
cultured continuously at 15°C; 15°C–25°C indicates animals grown at 15°C until late L4, then
shifted to 25°C for 24 h. Data shown as mean ± SEM; statistics, Anova. Scales, 10 μm.
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Figure 5. cebp-1 protein and mRNA are localized in touch neuron axon and synapses
(A) Expression of functional GFP::CEBP-1 in touch neurons. GFP is present along the axon
(left panel), in the cell body (middle) and synapse (right). (B) GFP::NLS::MS2 reporter detects
mRNA of cebp-1 in touch neuron axons. Illustrations of the constructs are shown above each
image. Axonal fluorescence intensity as a fraction of peak cell body intensity is plotted versus
distance along the axon from the cell body. GFP::NLS::MS2 alone (juEx1982) is concentrated
in the cell body, and faintly seen along the axon. Coexpression of juEx1982 with cebp-1
transgenes containing six MS2 binding sites in the cebp-1 3′ UTR (juEx1984), but not in
unc-54 3′ UTR (juEx2013), results in increased punctate GFP in axons. Axonal expression of
GFP::NLS::MS2 + CEBP-1-cebp-1 3′ UTR is decreased in dlk-1(lf) animals, but significantly
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elevated in rpm-1(lf). (C) Average GFP::NLS::MS2 fluorescence intensity in axons when co-
expressed with juEx1984 as % of cell body intensity (n = 15 per genotype). Data shown as
mean ± SEM; statistics, Anova. Scale, 10 μm.
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Figure 6. The DLK-1 pathway and CEBP-1 are required for touch axon regeneration in adults
(A) Regeneration of PLM axon (muIs32 marker) is reduced in loss of function mutants in each
MAP kinase and cebp-1. mak-2(lf) has modest effects on regeneration compared to dlk-1(lf);
the defect is rescued by wild type MAK-2 but not by MAK-2(K103R). Overexpression of
DLK-1 enhances regrowth in a CEBP-1-dependent manner. Images are at 0 h and 24 h;
quantitation at 24 h. Alleles are dlk-1(ju476), mkk-4(ju91), pmk-3(ok169), cebp-1(ju659),
juEx1301[Prgef-1-dlk-1(+)] as dlk-1(++), juEx2111[Pmec-4-GFP::MAK-2(+)], and
juEx2262[Pmec-4::MAK-2(K103R)]. n, # of animals shown below genotype or in column. (B)
Heat-shock induced expression of cebp-1(R290C) transgene in adults blocks PLM
regeneration. n, # of animals, in columns. Data shown as mean ± SEM; statistics, Anova. Scales,
10 μm.
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Figure 7. Axotomy induces translation of CEBP-1 in a MAP kinase dependent manner and involves
the 3′ UTR of cebp-1
Shown are images of Dendra reporter transgenes expressed in touch neurons, with illustration
of constructs above. Green images are unconverted or newly synthesized Dendra; red images
show photoconverted Dendra (Dendra*). (A) Under normal conditions synthesis of new
Dendra::CEBP-1 from transgenes containing the cebp-1 3′ UTR (juEx1915) is slow.
Quantification data are collected from soma, and axons of 60 μm away from soma (n = 10 for
each time point). (B) Axotomy of PLM axons (middle), but not laser wounding of nearby
epidermis (top panels), increases synthesis of Dendra::CEBP-1 (juEx1915). The increase is
blocked by dlk-1(lf) or cycloheximide, and reduced by mak-2(lf). White arrows mark the laser
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cutting sites. (C) Axotomy of PLM axons does not induce new protein synthesis from a
Dendra::CEBP-1 transgene lacking cebp-1 3′ UTR. (D) Quantitation of B and C (n = 12 for
each group). (E, F) cebp-1 3′ UTR is sufficient to confer axotomy-induced protein synthesis
(n = 12 for each group). Data shown as mean ± SEM. Statistics, Anova or t-test. Scales, 10
μm.
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