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Summary

Precise regulation of microtubule (MT) dynamics is increasingly recognized as a critical
determinant of axon regeneration. In contrast to developing neurons, mature axons exhibit
noncentrosomal microtubule nucleation. The factors regulating noncentrosomal MT architecture
in axon regeneration remain poorly understood. We report that PTRN-1, the C. elegans member of
the Patronin/Nezha/CAMSAP family of microtubule minus end binding proteins, is critical for
efficient axon regeneration in vivo. ptrn-1 null mutants display generally normal developmental
axon outgrowth but significantly impaired regenerative regrowth after laser axotomy.
Unexpectedly, mature axons in ptrn-1 mutants display elevated numbers of dynamic axonal MT
before and after injury, suggesting PTRN-1 inhibits MT dynamics. The CKK domain of PTRN-1
is necessary and sufficient for its functions in axon regeneration and MT dynamics, and appears to
stabilize MTs independent of minus end localization. Whereas in developing neurons PTRN-1
inhibits activity of the DLK-1 MAPK cascade, we find that in regeneration PTRN-1 and DLK-1
function together to promote axonal regrowth.

© 2014 The Authors.
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Introduction

The ability of axons to regenerate their structure after injury is now recognized as a
fundamental and conserved property of neurons. The ability of axons to regrow in vivo is
modulated by a large number of interacting influences, including the extracellular
microenvironment and the intrinsic growth state of the neuron. Recent studies have begun to
reveal the molecular determinants of the neuronal growth state (Liu et al., 2011). In
vertebrate neurons, intrinsic determinants of axon regrowth include PTEN (Park et al., 2008)
and the KLF transcription factors (Moore et al., 2009). Studies of axon regrowth in genetic
model organisms such as C. elegans have also contributed to our understanding of axon
regeneration mechanisms (Hammarlund and Jin, 2014). In C. elegans the DLK-1 MAPK
cascade has been revealed as a key intrinsic regulator of regrowth initiation, and may act to
sense axonal damage (Hammarlund et al., 2009; Yan and Jin, 2012; Yan et al., 2009). DLK
kinases also play critical roles in axon regrowth in Drosophila and mammals (Tedeschi and
Bradke, 2013; Xiong et al., 2010).

Regulation of axonal microtubule (MT) dynamics has emerged as a key factor in axonal
regrowth potential. The MT network of mature axons is largely composed of stable MTs.
Axon injury triggers an intricate series of changes in axonal MT organization and dynamics
that drive formation of regenerative growth cones and subsequent axon extension (Bradke et
al., 2012; Chisholm, 2013). After injury, microtubule dynamics are upregulated by a variety
of mechanisms (Sahly et al., 2006; Stone et al., 2010). Interestingly, partial stabilization of
axonal MTs by pharmacological treatment after spinal cord injury promotes axon regrowth
(Hellal et al., 2011; Sengottuvel et al., 2011). Loss of function in MT destabilization factors
can enhance axon regrowth in C. elegans (Chen et al., 2011; Ghosh-Roy et al., 2012).
Conversely, failure to regenerate correlates with disorganization of the axonal MT
cytoskeleton (Erturk et al., 2007). These studies highlight the importance of MT remodeling
as a conserved intrinsic determinant of axon regeneration capacity.

In dividing cells the centrosome is the dominant microtubule organizing center. In contrast,
the MT cytoskeleton of neurons is predominantly noncentrosomal (Keating and Borisy,
1999). A well-established model for axonal MT biogenesis is that axonal MTs are nucleated
at the centrosome, then cleaved and translocated into the axon during axonal development
and regeneration (Conde and Caceres, 2009). At least some axonal MTs can form
independently of the centrosome in mammalian neurons (Stiess et al., 2010). In Drosophila
neurons MT organization is unaltered by laser ablation or mutational disruption of the
centrosome (Nguyen et al., 2011); y-tubulin at noncentrosomal sites is required for MT
nucleation (Nguyen et al., 2014; Ori-McKenney et al., 2012). The control of noncentrosomal
MT stabilization in neuronal processes remains poorly understood.

The Patronin/Nezha/CAMSAP MT-binding proteins regulate noncentrosomal MT
architecture in a variety of cell types. CAMSAPs can bind specifically (Meng et al., 2008)
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and directly to MT minus ends (Goodwin and Vale, 2010; Hendershott and Vale, 2014;
Jiang et al., 2014). Of the three mammalian CAMSAPs, CAMSAP2 is important for axon
specification and dendrite morphology in mouse hippocampal neurons (Yau et al., 2014). C.
elegans encodes a single Patronin/fCAMSAP, PTRN-1. ptrn-1 null mutants are viable and
superficially normal in behavior and morphology, but are hypersensitive to MT destabilizing
drugs (Marcette et al., 2014; Richardson et al., 2014). Neurons of ptrn-1 null mutants
display impenetrant axon overgrowth defects that may result from activation of a
regenerative program involving the DLK-1 cascade. However the role of Patronins in axon
regeneration has not been directly evaluated.

Here we report that ptrn-1 mutants are impaired in axon regeneration, in contrast to their
near-normal developmental axon outgrowth. The requirement for PTRN-1 in regeneration is
bypassed by loss of function in the MT depolymerase kinesin-13/KLP-7. ptrn-1 mutants
display reduced numbers of axonal MTs, yet have increased numbers of dynamic axonal
MTs. The aberrant MT dynamics of ptrn-1 mutants are suppressed by loss of function in the
DLK-1 pathway. Despite this, PTRN-1 can act independently of DLK-1 in regeneration, and
PTRN-1 overexpression induces branches in dik-1 null mutants. We conclude that PTRN-1
plays a critical role in noncentrosomal MT dynamics in axon regrowth and that the
relationship of PTRN-1 and DLK-1 in regeneration is distinct from that in development.

C. elegans Patronin/PTRN-1 is required for axon regeneration

To address the role of PTRN-1 in axon regeneration we examined three ptrn-1 putative null
mutant alleles, collectively ptrn-1(0) (see Experimental Procedures). We confirmed previous
findings that ptrn-1(0) mutants are viable and superficially normal in behavior, with
incompletely penetrant defects in touch neuron morphology (Marcette et al., 2014). For
example, in ptrn-1(0) mutants the cell bodies of ALM neurons extend ectopic posterior
neurites of varying lengths (Figure S1A). Nonetheless, PTRN-1 is generally dispensable for
developmental axon outgrowth.

To investigate roles of PTRN-1 in axon regeneration, we used femtosecond laser surgery to
sever the PLM axon in ptrn-1(0) mutants and imaged axon regrowth. PLM axon regrowth
was significantly impaired in ptrn-1(0) mutants, decreasing to 60-75% of wild type regrowth
at 24 h post axotomy (24 hpa) (Figure 1A,B). The PLM regeneration defects of ptrn-1(0)
mutants were rescued by pan-neural expression of PTRN-1, consistent with PTRN-1 acting
cell autonomously (Figure 1A,B). Pan-neural overexpression of PTRN-1 in wild type
background did not enhance PLM regrowth (Figure 1A), suggesting PTRN-1 levels are not
rate limiting in regeneration. In ptrn-1(1t1) and ptrn-1(tm5597) mutants, and to a lesser
extent in ptrn-1(ju698), axotomy of PLM occasionally triggered growth of small neurites
(“sprouting™) from the soma (Figure 1B; Figure S1B); this phenotype was rescued by
PTRN-1::GFP transgenes (Figure S1B). Regeneration of commissures of D type motor
neurons was also impaired in ptrn-1 mutants (Figure S1C,D), indicating PTRN-1 is required
for regeneration of diverse neuron types.
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Reduced axon regrowth may reflect defects in axon extension or in growth cone formation
(Chen et al., 2011). We examined PLM regrowth in ptrn-1(0) at 6 and 48 hpa and found that
regrowth was significantly reduced at all time points (Figure 1C), reflecting a reduced rate
of PLM axon extension throughout the period of regrowth (Figure 1D). ptrn-1(0) mutant
axons formed regenerative growth cones at similar frequencies to the wild type at 6 and 24
hpa; by 48 hpa growth cones remained in ptrn-1(0) mutants but were mostly absent from
wild type axons (Figure 1E). Thus, PTRN-1 is not required for formation of regenerative
growth cones; the persistence of growth cones at 48 hpa may reflect slower regrowth of
ptrn-1 axons.

To define when in regrowth PTRN-1 was required we induced PTRN-1 expression at
different times relative to axotomy and assayed rescue of the ptrn-1(0) regrowth phenotypes
at 24 hpa (see Experimental Procedures). Induction of PTRN-1 4 h or 1 h before axotomy
fully rescued ptrn-1(0) regrowth defects (Figure 1F). In contrast, induction at 6 hpa failed to
rescue ptrn-1(0) (Figure 1F), suggesting PTRN-1 function is required within the first 6 h
after injury and that the decreased regrowth of ptrn-1(0) is not caused by earlier
developmental defects.

We further probed the temporal requirements for PTRN-1 function by protein inhibition
using miniSOG based Chromophore-Assisted Light Inactivation (CALI). miniSOG absorbs
blue light and generates singlet oxygen when illuminated with high intensity blue light (Shu
etal., 2011), allowing inactivation of tagged proteins via CALI (Lin et al., 2013; Zhou et al.,
2013). PTRN-1::miniSOG rescued the regrowth defects of ptrn-1(0) neurons (Figure 1G).
Illumination with blue light a few minutes before axotomy abolished ptrn-1 rescuing activity
(Figure 1G), suggesting PTRN-1::miniSOG was efficiently inactivated by CALI. Pan-
neuronal expression of a control construct expressing cytosolic miniSOG did not affect
regrowth, with or without blue light treatment. We then used blue light illumination at
different times to dissect when PTRN-1 was required. Illumination 6 h before, or minutes
prior to axotomy (‘0 h”), abolished PTRN-1::miniSOG rescuing activity, whereas
inactivation 6 hpa only partly inhibited PTRN-1 function (Figure 1G), consistent with
PTRN-1 being required in the first few hours after axon injury.

Axonal MT dynamics are upregulated in ptrn-1(0) mutants before and after axon injury

ptrn-1(0) mutants display fewer dynamic MTs in PHC dendrites, and are sensitized to MT
depolymerizing drugs, suggesting PTRN-1 stabilizes MTs (Richardson et al., 2014). We
therefore tested whether the impaired axon regeneration of ptrn-1(0) mutants reflected
altered MT dynamics, using GFP-tagged end-binding protein (EBP) to track growing MT
plus ends (Ghosh-Roy et al., 2012; Stepanova et al., 2003). In the wild type uninjured PLM
axon, few EBP comets are visible, consistent with most MTs being stabilized (Ghosh-Roy et
al., 2012). In contrast, ptrn-1(0) mutants displayed a two-fold increase in the number of
axonal EBP comets in the steady state, as well as increased comet growth velocity and
persistence (Figure 2A-C, Figure S2A). Altered MT dynamics in ptrn-1(0) mutants were
rescued by pan-neuronally expressed PTRN-1 (Figure 2A-C). Over-expression of PTRN-1
in wild type backgrounds did not significantly alter MT dynamics (Figure 2A-C), consistent
with its lack of effect on axon regeneration. Axonal MT polarity was normal in ptrn-1(0) or
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in ptrn-1(++) backgrounds (Figure S3). We conclude that PTRN-1 specifically restrains the
number of dynamic MTs in axons.

C. elegans touch neurons contain many 15-protofilament (pf) MTs, as opposed to the 11-pf
MTs prevalent in other C. elegans neurons or the 13-pf MTs typical of neurons in other
species (Topalidou et al., 2012). To assess whether PTRN-1 repressed dynamic MTs in
other neurons, we examined D type motor neurons, which contain a small number of 11-pf
MTs. As in PLM, ptrn-1(0) D neurons displayed increased numbers of dynamic MTs
(Figure S2B,C). Thus ptrn-1 mutants display more dynamic MTs in axons with different MT

types.

Axotomy of PLM axons results in an increase in the number of dynamic MTs by 3 h after
injury followed by a decrease in catastrophe frequency concurrent with growth cone
formation (Ghosh-Roy et al., 2012) (Figure 2E-G). In ptrn-1(0) mutants the numbers and
growth length of dynamic MTs 3 hpa were further elevated compared to wild type (Figure
3E). Thus, despite displaying more dynamic MTs in the steady state, ptrn-1(0) mutants can
respond to injury by further increasing dynamic MT numbers.

Axonal MTs in ptrn-1(0) mutants are reduced in number and increased in length but
display normal minus end morphology

The increased MT growth velocity in uninjured axons of ptrn-1(0) might be explained by
elevated tubulin concentration due to reduced total MT polymers. Ultrastructural analysis of
ptrn-1(tm5597) mutants showed that PLM axons contained fewer MTs than in the wild type
(Richardson et al., 2014). Here, we performed serial section electron microscopy on
ptrn-1(1t1) and ptrn-1(ju698) mutants and counted MTs in ALM and PLM axons (Table S1).
In wild type PLM axons, MT numbers average 46 (4 axons) whereas ptrn-1(It1) animals had
an average of 17 (range 12-24, 40 sections from 2 axons), revealing a trend of reduced
axonal MTs. We did not observe small-diameter or morphologically aberrant MTs as
reported for ptrn-1(tm5597) (Richardson et al., 2014); this may reflect the different axonal
regions examined or other differences in genetic background.

As PTRN-1 has been implicated in stabilization or anchoring of MT minus ends in neurons,
we reconstructed the MT arrays of an ALM axon segment in wild type and ptrn-1(0)
animals (Figure S4). Counting fully reconstructed MTs, wild type axons contained 8.9
minus ends/pm, whereas in ptrn-1(ju698) we saw 1.7 minus ends/um, a 5-fold reduction in
density of minus ends. Interestingly, ptrn-1(ju698) mutants also displayed significantly
longer individual MTs (7.3 £ 0.8 pm vs 3.3 + 0.2 um in the wild type), so the number of MT
profiles per section is reduced only twofold in ptrn-1. We also examined MT end
morphology; when an MT end is imaged in a thin section, it appears as diffuse
(corresponding to the splayed MT lattice at the plus end) or filled (minus end) (Chalfie and
Thomson, 1979) (Figure S4A). MT terminations not imaged close to the section surface
resemble the rest of the MT and are scored as clear. Most fully reconstructed MTs had
diffuse plus distal ends both in the wild type and in ptrn-1(ju698) mutants (83% in WT vs.
79% in mutant). A small fraction of MTs have filled/minus ends distal (24% in WT vs. 38%
in mutant). This analysis suggests that PTRN-1 does not affect the ultrastructure or
orientation of MT ends.

Cell Rep. Author manuscript; available in PMC 2015 November 06.
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ptrn-1 defects in MT dynamics and axon regrowth are suppressed by loss of function in
the MT depolymerizing kinesin-13/KLP-7

To address mechanistically why PTRN-1 is required for axon regrowth we investigated its
potential interactors. In Drosophila, Patronin protects MT minus ends from kinesin-13
mediated depolymerization (Goodwin and Vale, 2010; Wang et al., 2013). In C. elegans,
KLP-7/kinesin-13 destabilizes axonal MTs (Ghosh-Roy et al., 2012). To address whether
reduced axon regeneration of ptrn-1(0) might reflect excessive KLP-7-dependent
depolymerization of MT minus ends we analyzed MT dynamics in ptrn-1(0) kip-7(0) double
mutants. Few or no EBP comets were visible in klp-7(0) axons, and kip-7(0) ptrn-1(0)
double mutants resembled kip-7(0) (Figure 3A-C). The track length of individual EBP
comets in ptrn-1(0) kip-7(0) double mutants was suppressed to wild type levels (Figure 3C).
ptrn-1(0) kip-7(0) double mutants displayed reduced MT dynamics after injury (Figure 3A-
C). These data indicate that the elevated number of growing MTs in ptrn-1(0) requires
KLP-7. Remarkably, PLM regrowth was suppressed to wild type levels in the ptrn-1(0)
kip-7(0) double mutant (Figure 3 D,E). Thus, the requirement for PTRN-1 can be bypassed
by loss of KLP-7, suggesting the inability of ptrn-1(0) axons to regrow is due to KLP-7-
mediated MT depolymerization.

The CKK domain of PTRN-1 is necessary and sufficient for PTRN-1 function in axon

regeneration

To elucidate the roles of PTRN-1 domains in axon regeneration, we expressed fragments
and domains of PTRN-1 (Figure 4A). PTRN-1, like other CAMSAPSs, contains an N-
terminal calponin homology (CH) domain, a coiled-coil region, and a C-terminal CKK
(CAMSAP/KIAAL078/KIAA1543) domain. The CKK domain is unique to the CAMSAP
family, and binds MTs (Baines et al., 2009; Goodwin and Vale, 2010; Jiang et al., 2014).
The domain responsible for minus end targeting varies: in human CAMSAPs the CKK
domains are sufficient for minus end targeting (Jiang et al., 2014), whereas in Drosophila
Patronin the CKK domain binds along the length of MTs and the coiled-coil region is
required for minus end targeting (Goodwin and Vale, 2010). We found that transgenic
overexpression of the CKK domain, but not the CH or the coiled-coil domains, was both
necessary and sufficient to rescue regrowth defects of ptrn-1(0) (Figure 4B). CKK domain
overexpression in a ptrn-1(0) background also caused formation of long ALM posterior
neurites (not shown), as seen in other conditions where axonal MTs are hyperstabilized
(Ghosh-Roy et al., 2012; Kirszenblat et al., 2013). Consistent with the idea that the CKK
domain stabilizes MTs, we found that overexpression of the CKK domain in a ptrn-1(0)
background reduced the number, length, and velocity of EBP tracks (Figure 4D-F).

To investigate how the PTRN-1 domains might contribute to axonal regrowth we examined
their subcellular localization. PTRN-1 has been shown to localize to puncta along the
processes of many neurons (Richardson et al., 2014); we confirmed this with our functional
tagged PTRN-1 fusion proteins, expressed either from single-copy insertion transgenes
containing the ptrn-1 promoter or under the control of other neuronal promoters (Figure S5).
PTRN-1::GFP puncta were dense in touch neurons (e.g. Figure S5D,F), while puncta in
motor neuron commissures were more sparse (Figure S5D,E) correlating with their lower
density of axonal MTs. In other neurons PTRN-1::GFP was predominantly punctate (Figure
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S5B), although some filaments were seen in axons (Figure S5C). Puncta could also be seen
in the regrowing PLM process after injury, including at the tip of the process and the growth
cone (Figure S5G,H).

The GFP::CC domain fusion protein localized to puncta, similar to full-length
PTRN-1::GFP (Figures 4C, S5), although the puncta were smaller and fewer in number. The
GFP::CKK fusion protein was mostly diffuse, yet faint filaments could be seen in some
axons close to the soma (Figure 4C). This localization differs from full length
PTRN-1::GFP, which strongly localizes to MT bundles if overexpressed (Figure S5E). The
filamentous appearance of GFP::CKK suggests that any requirement for punctate
localization of PTRN-1 can be bypassed if the CKK domain is expressed at high levels.

PTRN-1 overexpression can promote axon branching in the absence of DLK-1

DLK kinases are conserved regulators of axon regeneration in multiple organisms (Tedeschi
and Bradke, 2013). In C. elegans, DLK-1 is essential for PLM and motor neuron axon
regeneration (Hammarlund et al., 2009; Yan et al., 2009). DLK-1 acts via multiple targets,
including the bZip transcription factor CEBP-1 (Yan et al., 2009) and the MT cytoskeleton
(Chen et al., 2011; Ghosh-Roy et al., 2012). The ptrn-1(0) developmental defects in touch
neurons partially resemble those caused by increased DLK-1 activity, suggesting that
PTRN-1 may antagonize the DLK-1 pathway (Marcette et al., 2014; Richardson et al.,
2014). We tested whether the DLK-1 pathway interacted with PTRN-1 in axon regeneration.
dik-1 null mutants are strongly blocked in PLM regrowth, and lack regenerative growth
cones (Figure 5A,B). dik-1(0) ptrn-1(0) mutants displayed slightly more severe defects in
regrowth compared to dlk-1(0) (Figure 5A). Similarly, cebp-1(0) ptrn-1(0) showed further
reduced regrowth compared to single mutants. These data suggest PTRN-1 does not
antagonize the DLK-1 pathway in regeneration.

To further address the relationship of PTRN-1 and DLK-1 we overexpressed PTRN-1 in
dik-1(0) ptrn-1(0) double mutants. Overexpression of PTRN-1 did not suppress the
regeneration defect in dlk-1(0), nor did it enhance regrowth from the severed axon stump.
However after injury PTRN-1-overexpressing axons frequently extended one or more short
collateral branches (Figure 5B,C); these were rarely seen in dik-1(0) or in dlk-1(0) ptrn-1(0)
animals after axotomy. Overexpression of the PTRN-1 CKK domain was also sufficient to
induce formation of collateral branches after axon injury (Figure 5A,B). Strikingly, these
collateral branches always grew posteriorly towards the PLM soma (Figure 5B). This effect
of PTRN-1 overexpression was not observed in wild type or in ptrn-1(0) single mutant
backgrounds (Figure 5C), suggesting it is dependent on loss of function in the DLK-1
pathway. Consistently, overexpression of PTRN-1 in the cebp-1(0) ptrn-1(0) mutant was
also sufficient to trigger posteriorly directed branching after axotomy (Figure 5A-C). The
ability of PTRN-1 overexpression to induce neurite outgrowth in animals lacking DLK-1
pathway activity suggests that PTRN-1 can act either downstream or in parallel to the
DLK-1 pathway.

The posterior orientation of PTRN-1-induced collateral branches suggested that axonal MT
organization or polarity might be disrupted in these animals. However the fraction of
retrograde EBP comets in PLM axons was not significantly altered, indicating axonal MT

Cell Rep. Author manuscript; available in PMC 2015 November 06.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chuang et al.

Page 8

polarity was normal (Figure S3). Notably, the increased numbers of dynamic MTs of
ptrn-1(0)animals were fully suppressed in ptrn-1(0) dik-1(0) double mutants (Figure 5D,E).
DLK-1 overexpression can upregulate axonal MT dynamics in the absence of injury
(Ghosh-Roy et al., 2012), correlating with increased axon regrowth (Hammarlund et al.,
2009; Yan et al., 2009). Despite displaying upregulated dynamic MTs, ptrn-1(0) axons are
unable to regrow efficiently suggesting that PTRN-1 has additional functions important in
regeneration.

Discussion

We have shown that PTRN-1 is required for efficient axon regeneration in C. elegans. The

role of PTRN-1 in regeneration is distinct from its function in development, in that PTRN-1
inhibits axon outgrowth (Marcette et al., 2014). Our observations of elevated MT dynamics
in ptrn-1 mutant axons provides new insights into PTRN-1 function, and identify Patronin/

CAMSAPs as key players in axonal MT organization in regrowth.

PTRN-1 protection from kinesin-13/KLP-7 is required for axonal regrowth

Our results indicate that PTRN-1-dependent MT stabilization is required for normal
regeneration. Loss of the MT depolymerase KLP-7 completely suppresses the axon
regrowth defects of ptrn-1(0), suggesting excess destabilizing activity of KLP-7 impairs
regrowth, and that a low level of dynamic MTs is sufficient for regrowth. Expression of the
PTRN-1 CKK domain was necessary and sufficient for its function in axon regeneration,
and restored MT dynamics to normal levels, indicating that the CKK domain alone can
stabilize axonal MTs in vivo. Suppression of ptrn-1(0) phenotypes by loss of function in
kip-7 or by CKK overexpression also implies that MT stabilization can be sufficient for
normal axon regrowth, and therefore that the primary defect in ptrn-1(0) is in stabilization as
opposed to minus end anchoring. The CKK domain was sufficient to rescue ptrn-1 defects
but did not show a punctate distribution, and instead weakly localized along filaments,
presumably MT bundles. In contrast, the coiled-coil domain displayed punctate localization.
These observations suggest that the minus end targeting mechanism of C. elegans PTRN-1
resembles that of Drosophila Patronin (Hendershott and Vale, 2014).

ptrn-1 mutants display elevated levels of dynamic axonal MTs

ptrn-1 mutants display consistently increased numbers of dynamic MTs in axons. This was
unexpected, both in view of recent studies of CAMSAPs (see below), and because an
increase in dynamic MTs correlates with enhanced regrowth in mutants such as efa-6 (Chen
etal., 2011). These observations suggest the absolute level of dynamic MTs may not be the
critical determinant of regrowth capacity, and that instead, the change in the number of
dynamic MTs after injury may be key. Alternatively, the ratio of dynamic to stable MTs
may be important. Ultrastructural analysis confirms that ptrn-1 mutants display fewer axonal
MTs in the steady state (Richardson et al., 2014; and this study). In either case, the increased
number of dynamic MTs in ptrn-1 appears to reflect MT destabilization, just as the reduced
number of dynamic MTs in kip-7 is due to hyperstabilization.
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Our observations of increased numbers of dynamic MTs in ptrn-1(0) axons may be
compared to a previous report that ptrn-1(0) mutants displayed fewer dynamic MTs in the
dendrites of PHC sensory neurons (Richardson et al., 2014). This difference might reflect
the opposing polarities of axonal MTs (oriented plus end out) versus dendritic MTs (in PHC,
oriented with minus ends out) or differences in levels of free tubulin as the result of MT
disruption in these different compartments. Dendritic MTs may be particularly dependent on
PTRN-1. Indeed, knockdown of CAMSAP2 in mouse embryonic hippocampal neurons
reduces the numbers of EBP comets most strongly in dendrites (Yau et al., 2014).
Conversely, the upregulation of dynamic axonal MTs in ptrn-1(0) mutants could be a
chronic response to the destabilization of the MT array in mature axons.

Relationship of PTRN-1 and DLK-1 in MT dynamics and regeneration

Consistent with the idea that increased dynamic MTs are a regulated response to MT
destabilization, loss of function in dlk-1 suppressed the upregulated MT dynamics of ptrn-1.
However ptrn-1 dik-1 double mutants display essentially normal numbers of dynamic axonal
MTs. Thus, DLK-1-dependent MT upregulation does not mask an underlying loss of
dynamic MTs. It is striking that although PTRN-1 has opposite effects on dendritic and
axonal MT dynamics (Richardson et al., 2014; and this study), in both cases loss of DLK-1
restores the number of dynamic MTs to normal levels. DLK-1 can sense MT
depolymerization (Bounoutas et al., 2011), and may act homeostatically to upregulate or
downregulate MT dynamics.

Our analysis of MT dynamics is consistent with the model that DLK-1 activity is
upregulated in uninjured axons of ptrn-1 mutants. However PTRN-1 does not appear to
inhibit DLK-1 in regeneration. ptrn-1(0) and dik-1(0) mutants both displayed reduced
regrowth, and double mutants were further impaired, consistent with PTRN-1 and DLK-1
acting in concert. Overexpression of PTRN-1 was not sufficient to enhance axon regrowth in
wild type or in dik-1(0). However in the absence of DLK-1 pathway activity, the
combination of axon injury and PTRN-1 overexpression induced collateral branching,
suggesting PTRN-1 has a neurite outgrowth promoting activity that is normally repressed by
the dominant DLK-1 pathway.

In conclusion, we have shown that PTRN-1 is critical for axon regrowth, and that this role
differs significantly from its function in development. Numerous questions remain to be
addressed regarding PTRN-1’s role in axon regeneration, and it will be of interest to
examine the roles of CAMSAPs in other models of axon regeneration.

Materials and Methods

C. elegans genetics

C. elegans strains were maintained on NGM agar plates between 15 and 25°C using
standard methods. We used the following published alleles and transgenes: dlk-1(tm4024),
klp-7(tm2143), cebp-1(tm2807), Pmec-7-GFP(mul s32) for touch neurons, and Punc-25-
GFP(juls76) for GABAergic motor neurons. ptrn-1(ju698) was isolated as a suppressor of
an epidermal morphology mutant (Amy Tong, M.C., and A.D.C., unpublished results) and
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creates a premature stop in PTRN-1A. ptrn-1(tm5597) was obtained from the Mitani lab.
ptrn-1(1t1) was generated by MosDEL (Frgkjeer-Jensen et al., 2010) and deletes most of
ptrn-1 (S.W. and K.O., unpublished). Plasmids were constructed by standard methods; new
strains, plasmids, and transgenes are listed in Table S2.

Laser Axotomy, Confocal Imaging, and Image Analysis

Statistics

Axon injury and regrowth imaging were performed as described (Wu et al., 2007). To image
EBP-2::GFP dynamics we used spinning disk confocal microscopy essentially as described
(Ghosh-Roy et al., 2012), using beads or 4 mM levamisole to immobilize animals. Movies
were taken for 100-200 frames. For analysis of EBP::GFP dynamics in the ventral processes
of GABAergic motor neurons we analyzed an ROI extending 30 um anteriorly from the
VD11 cell body (Figure S2B).

Statistical analysis used GraphPad Prism. Categorical data were analyzed using the Chi
squared or Fisher exact test. Continuous variables were tested for normality using the
D’Agostino Pearson test; pairwise comparisons used Student’s t test or the Mann-Whitney
test; multiple comparisons used one-way ANOVA or a Kruskal-Wallis test followed by a
post test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PTRN-1 is required for sensory and motor neuron axon regeneration
(A) PLM axon regrowth is significantly reduced in ptrn-1(0) mutants and fully rescued by

panneural expression of PTRN-1 (Prgef-1-PTRN-1::GFP, juEX5676). Statistics: Kruskal-
Wallis test and Dunn’s post test; *, P < 0.05; ***, P <0.001. (B) PLM axons (muls32) at 24
hpa in wild type, ptrn-1(It1), and ptrn-1(It1) rescued by Prgef-1-PTRN-1::GFP(jUEX5676).
Anterior is to the left and dorsal up; red asterisks, site of axotomy. Regenerative growth
cones (yellow arrows) are normal in ptrn-1(0) mutants. Axon injury in ptrn-1(It1) triggers
sprouting of extra neurites from the PLM soma in ~20% of animals (magenta arrow; Figure
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S1B). (C) ptrn-1(1t1) mutants display reduced regrowth throughout PLM regeneration. (D)
ptrn-1(It1) mutants display reduced axon extension rates. (E) In ptrn-1(It1) mutants
regrowing axons retain growth cones at 48 hpa. (F) The ptrn-1(It1) regrowth defect is
rescued by heat-shock induced expression of PTRN-1 either 4 h or 1 h before axotomy, but
not by heat shock at 6 hpa. Animals were heat shocked at 34°C for 1 h. Statistics: Student’s t
test; ***, P <0.001, **, P < 0.01. (G) PTRN-1::miniSOG-induced CALI at 6 h or O h prior
to axotomy abolishes PTRN-1 rescue activity, whereas CALI at +6 h does not significantly
reduce rescue. (H) PLM regrowth is normalized to WT of corresponding time point in the
absence of blue light. Genotypes: wild type (muls32), pan-neural cytosolic miniSOG
(JUEx3701), and ptrn-1(1t1); Prgef-1-PTRN-1::miniSOG (juEx6307). Kruskal-Wallis test,
Dunn post test; ***, P < 0.001 compared to WT + blue light at same time point.
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Figure 2. ptrn-1 mutants display elevated numbers of dynamic axonal microtubules before and
after axon injury
(A-C) Quantitation of MT plus end dynamics in the uninjured PLM axon using Pmec-4-

EBP-2::GFP(juls338). Bars show mean + SEM; Statistics, ANOVA and Sidak post test. (A)
ptrn-1(1t1) mutants display more EBP-2::GFP comets in the PLM axon prior to axotomy;
this phenotype is rescued by pan-neural expression of PTRN-1(juEx5580); overexpression
of PTRN-1 in wild type background does not significantly affect MT dynamics. In (A) and
(E) numbers on bars indicate number of axons. (B) EBP-2::GFP track length is significantly
increased in ptrn-1(It1) mutants. Statistics (B, C), Kruskal-Wallis test and Dunn’s post test.
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In (B) and (F) numbers on bars indicate number of tracks; same tracks analyzed in (C) and
(G). (C) EBP-2::GFP comets grow faster in ptrn-1(It1) PLM axons. (D) Representative
kymographs (inverted grayscale) of EBP-2::GFP (juls338) tracks in WT and ptrn-1(It1), and
PTRN[+] (juEx6178) PLM axons, before and 3 and 6 h after axotomy. In all kymographs of
PLM, the length (x axis) and time (y axis) scales are 10um and 10 s respectively. (E-G)
ptrn-1(It1) mutants have increased numbers of dynamic MTs, EBP track length, and velocity
at 3 and 6 h post injury compared to wild type; n>10 axons per genotype. Statistics, Kruskal-
Wallis test (3 h), Mann-Whitney test (6 h).
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Figure 3. ptrn-1(0) defects in MT dynamics and axon regeneration are suppressed by loss of
kinesin-13/KLP-7

(A) Representative kymographs of Pmec-4-EBP-2::GFP(juls338) dynamics in PLM axons,
before and after injury. klp-7(tm2143) mutants display few dynamic MTs before injury, and
upregulate MT dynamics at 3 h post injury. (B) Quantitation of EBP::GFP track numbers
before and 3 h after injury; n > 10 axons per condition. (C) klp-7(tm2143) suppresses the
increased EBP::GFP track length of ptrn-1(1t1); n> 70 tracks per condition. Bars indicate
mean + SEM. Statistics, Kruskal-Wallis test. ***, P <0.001, **, P < 0.01. (D,E) The
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ptrn-1(ju698) defect in PLM axonal regrowth is suppressed by the Kip-7(tm2143) null
mutation; klp-7 single mutants display normal regrowth (Ghosh-Roy et al., 2012); scale, 10
um. Statistics, t test.
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Figure 4. The CKK domain of PTRN-1 is necessary and sufficient for its function in axon
regeneration and in inhibition of dynamic MTs

(A) Domain architecture of PTRN-1 full-length and fragments and ju698 mutation.
PTRN-1A contains a calponin homology (CH) domain (aa 153-270), three coiled-coil (CC)
regions, and a CKK domain (aa 969-1098). (B) Expression of the CKK domain is sufficient
to rescue ptrn-1(1t1) axon regrowth defects to wild type levels. Statistics: Kruskal-Wallis
test, Dunn post test; ***, P < 0.001, **, P < 0.01 compared to ptrn-1(It1). (C) The coiled
coil domain (GFP::CC, juEx6308) displays similar localization to full length PTRN-1 (see
Figure S5) in a ptrn-1(1t1) mutant background. In contrast, the GFP::CKK fusion protein
(juEx6311) is largely diffuse but displays faint filamentous localization in proximal axons
(arrow). (D-F) Expression of the CKK domain alone is sufficient to rescue the increased
EBP::GFP (juls338) dynamics of ptrn-1(It1) in the uninjured PLM. Statistics: Kruskal-
Wallis test, Dunn’s post test.
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Figure 5. PTRN-1 can function independently of DLK-1 in regrowth and collateral branching
after injury
(A) PLM axon regeneration is severely impaired in dik-1(tm4024) or cebp-1(tm2807)

mutants; these defects are slightly enhanced in double mutants with ptrn-1(0). PTRN-1 over-
expression causes increased growth in the dik-1(0) ptrn-1(0) background due to increased
collateral branching. Statistics, Mann-Whitney or t test.*, P <0.05. (B) Collateral branches
formed in PTRN-1 or CKK-overexpressing animals in dik-1 or cebp-1 backgrounds
(magenta arrowheads) are oriented towards the posterior. Representative confocal images of
PLM 24 hpa; yellow arrows, axon stumps; scale, 10 pm. (C) Overexpression of PTRN-1 in
dik-1 pathway background leads to collateral branch formation after axotomy. Chi squared
test; n>10 animals per genotype. (D,E) The elevated EBP::GFP comet number and track

Cell Rep. Author manuscript; available in PMC 2015 November 06.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chuang et al.

Page 21

length of ptrn-1(It1) mutants in the steady state is suppressed to wild type levels in dik-1(0)
double mutants. Statistics: ANOVA, *** P < 0.01.
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