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SUMMARY

Developmental neuronal cell death and axonal elimi-
nation are controlled by transcriptional programs, of
which their nature and the function of their com-
ponents remain elusive. Here, we identified the dual
specificity phosphatase Dusp16 as part of trophic
deprivation-induced transcriptome in sensory neu-
rons. Ablation ofDusp16 enhanced axonal degenera-
tion in response to trophic withdrawal, suggesting
that it has a protective function. Moreover, axonal
skin innervationwas severely reducedwhile neuronal
elimination was increased in the Dusp16 knockout.
Mechanistically, Dusp16 negatively regulates the
transcription factor p53 and antagonizes the expres-
sion of the pro-degenerative factor, Puma (p53
upregulated modulator of apoptosis). Co-ablation of
Puma with Dusp16 protected axons from rapid
degeneration and specifically reversed axonal inner-
vation loss early in development with no effect on
neuronal deficits. Overall, these results reveal that
physiological axonal elimination is regulated by a
transcriptional program that integrates regressive
and progressive elements and identify Dusp16 as a
new axonal preserving factor.

INTRODUCTION

Trophic factors, of which nerve growth factor (NGF) is the found-

ingmember, are critical regulatorsof axonalmaintenance andcell

survival (Harrington andGinty, 2013;Huang andReichardt, 2001).

Previous studies have identified trophic factor-induced genes

that are critical for axon maintenance, including Bcl-w, Impa1,

and Lmnb2 (Andreassi et al., 2010; Courchesne et al., 2011; Tas-
demir-Yilmaz and Segal, 2016; Yoon et al., 2012). Loss of trophic

signaling was found to elicit transcriptional programs that govern

neuronal death as well as axonal degeneration. Early studies

using the developing chick embryo demonstrated that active

transcription is required for cell death induced by ablation of the

peripheral targets (Oppenheim et al., 1990). In later studies,

the transcription factor c-Jun, members of the p53 family, and

the transcriptionally induced BH3-only proteins Hrk and Bim

were identified as key regulators of the apoptosis of sympathetic

and dorsal root ganglion (DRG) neurons during development

(Aloyz et al., 1998; Ham et al., 1995; Imaizumi et al., 1997; Putcha

et al., 2001). Additional in vitro findings support the role of active

gene transcription in neuronal cell death and axonal elimination

following whole-culture trophic deprivation, since inhibiting tran-

scription or translation preserved the neurons and their axons in

culture (Martin et al., 1988). In addition, disconnection of axons

from dying neurons protects the axons from degeneration. This

supports the idea that mobilization of newly synthesized pro-

teins from the cell body is required for axonal degeneration

(Gerdts et al., 2013; Simon et al., 2016). However, to date, there

has been no comprehensive analysis of this transcriptional pro-

gram or functional analysis of its components.

Mechanisms that control axonal breakdown during devel-

opment (axonal pruning) and after injury have begun to emerge

in the last few years (Neukomm and Freeman, 2014; Pease

and Segal, 2014; Schuldiner and Yaron, 2015). Components

of the apoptotic system, including Caspases-9, -6, and -3, and

the pro-apoptotic protein Bax, have been strongly implicated in

axonal degeneration in response to trophic withdrawal in vitro

and in axonal pruning in vivo (Maor-Nof and Yaron, 2013). More-

over, Caspases execute pruning of sensory neuron dendritic

arbors duringmetamorphosis inDrosophila (Kuo et al., 2006;Wil-

liams et al., 2006), suggesting that the role of the apoptotic sys-

tem in this developmental process is evolutionarily conserved.

Interestingly, it was suggested that regulation of the apoptotic

system in axons is distinct from that in cell bodies. Apaf-1 is

critical for cell death but not for axonal degeneration, while
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the Caspase inhibitor XIAP plays an important role in Caspase

regulation in axons but not in the soma (Cusack et al., 2013;

Unsain et al., 2013). However, other studies have challenged

these findings (Simon et al., 2012, 2016). More recently, the

pro-apoptotic protein Puma (p53 upregulated modulator of

apoptosis) was found to elicit axonal degeneration through an

unidentified anterograde degenerative program that activates

the axonal apoptotic system (Simon et al., 2016).

We performed RNA sequencing (RNA-seq) analysis of sen-

sory neurons following trophic deprivation in vitro to uncover

the transcriptional program elicited in response to trophic with-

drawal and to discover its role in axonal elimination. Dusp16 is

upregulated in this paradigm and was selected for further study

since its role in the nervous system has never been explored

before. Our findings indicate that Dusp16 provides a safeguard

mechanism to down-modulate the transcription upregulation of

the pro-degenerative Puma, regulating axonal degeneration.

RESULTS

Uncovering a Trophic Withdrawal-Induced
Transcriptional Program in Sensory Neurons
The ability of RNA and protein synthesis inhibitors to delay

axonal degeneration and cell death of NGF-deprived sensory

neurons in vitro (Martin et al., 1988) and to delay cell death of

sensory and motor neurons in vivo (Oppenheim et al., 1990)

suggested the existence of a transcriptional program that pro-

motes cell death and axonal degeneration. To explore this in

sensory neurons, we first determined the time point after tro-

phic withdrawal at which the transcriptional program required

for degeneration is completed. For this, we cultured DRG neu-

rons from embryonic day 13.5 (E13.5) mice for 36 hr in the

presence of NGF and applied the transcription inhibitor acti-

nomycin D at different times after trophic withdrawal. Axonal

degeneration magnitude was assessed after 24 hr. Inhibiting

transcription within 6 hr after trophic withdrawal provided robust

protection against axonal degeneration as monitored by micro-

tubule (MT) depolymerization (Figures 1A–1D, 1F–1I, and 1K)

and degradation of neurofilaments (NF) (Figures 1L and 1M).

Addition of actinomycin D at later time points had some inhibi-

tory effect, but this was much less profound (Figures 1E, 1J, and

1K). These data suggest that, after 6 hr, most of the transcrip-

tional program that mediates axonal degeneration has been

executed.

To identify and characterize components of the transcriptional

program that initiates axonal degradation, we cultured DRG neu-

rons for 36 hr in the presence of NGF and then induced depriva-

tion. RNA was extracted after 1, 3, or 6 hr of trophic deprivation,

and the neuronswere subjected to RNA-seq analysis (Figure 2A).

Transcriptional profiling demonstrated significant changes in

gene expression after 3 hr and 6 hr of trophic deprivation relative

to control cultures (control, 6 hr) (Figure 2B). These changes

included increased expression of two genes previously reported

to be induced in sensory neurons upon trophic deprivation, Hrk

and Jun (increased by 6-fold and 2.7-fold, respectively). Using

a 1.5-fold change as the threshold, 208 genes were found to

be downregulated and 87 genes were upregulated. Using the

CLICK algorithm (Sharan and Shamir, 2000) (Figure 2C), these
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genes were clustered with high homogeneity (>98) into four clus-

ters based on the pattern of changes in their expression.

Analysis of this dataset using the Ingenuity Systems IPA

platform suggested the emergence of an overall program

representing a regressive process of neuronal cell bodies and

their processes. Specifically, the group of induced genes was

enriched in pathways that are generally involved in ‘‘cell death’’

of different cell types (11 genes). In contrast, the genes with

reduced expression included pathways that participate in ‘‘cell

survival’’ (54 genes) ‘‘development of neurons’’ (36 genes),

‘‘branching of neurons’’ (17 genes), ‘‘shape change of neurites’’

(17 genes), ‘‘branching of neurites (16 genes), and ‘‘neuritogene-

sis’’ (26 genes) (Table S1). This analysis provides a high-resolu-

tion dataset of changes in gene expression in sensory neurons

upon trophic withdrawal.

Dusp16 Is a Negative Regulator of Axonal Degeneration
and Caspase-3 Activation In Vitro
To begin to determine the functional implications of these tran-

scriptional changes, we focused on the upregulated genes in

clusters 3 and 4 (Figure 2C). Since our results showed that

inhibition of transcription protects axons from degeneration,

we hypothesized that genetic ablation of genes from these

upregulated clusters would also confer axonal protection. More-

over, we aimed to analyze the genes that might converge to

play a key role in regulating axonal degeneration during devel-

opment and in the in vivo axonal response to injury. We there-

fore compared the upregulated genes from clusters 3 and 4

with those reported in two recently published gene-expression

studies of axonal injury of retinal ganglion cells (RGCs) and

DRGs (Michaelevski et al., 2010; Watkins et al., 2013).

We found only four genes, Stmn4, Atf3, Dusp16, and Puma, to

be induced in all three datasets (Figure 2D), a highly significant

intersection based on randomized test (p < 0.001). In a previous

study, we used small interfering RNA (siRNA) to examine the role

of Stmn4 and failed to detect a role for this protein in axonal

degeneration following trophic deprivation (Maor-Nof et al.,

2013). Atf3 is a known marker of axonal injury while the function

of Dusp16 in the nervous system was not studied before (Nied-

zielska et al., 2014). We therefore decided to focus on Dusp16.

Moreover, other members of the Dusp family are induced in

response to trophic deprivation in different neurons, but their

relative importance and specific functions are unknown (Kris-

tiansen et al., 2011; Mariga et al., 2015). Using DRG neurons

from Dusp16 knockout (KO) mice, we first examined whether

Dusp16 plays a role in axonal degeneration in response to tro-

phic deprivation in vitro. To our surprise, we found that the

degeneration of axons from these neurons is more rapid

compared with that from neurons of their wild-type (WT) litter-

mates (Figures 3A–3I), indicating that Dusp16 is a negative regu-

lator of axonal degeneration.

Given the central role of Caspase-3 in the process of axonal

degeneration (Cusack et al., 2013; Simon et al., 2012), we next

wanted to know whether its regulation in Dusp16 KO mice is

altered. To this end, we made use of the filter culture system,

enabling us to differentiate between the neuronal soma and the

axons (Schoenmann et al., 2010) (Figures 3J and 3K). E13.5 em-

bryonic DRGs from Dusp16 KO mice and wild-type littermates



Figure 1. The Transcription Inhibitor Actinomycin D Protects against Axonal Degeneration Following NGF Deprivation

(A–K) DRG explants were cultured for 48 hr in NGF-containing medium andwere either supplied with NGF (A and F) or deprived of NGF (B–E and G–J) for a further

24 hr and then immunostained for tubulin bIII. When deprived of NGF, axonal microtubules were depolymerized and degraded, as can be seen from the

punctuated pattern of the microtubule staining (B–E). Axonal microtubules were protected from depolymerization by the addition of actinomycin D either before

(0 hr) or up to 6 hr after NGF withdrawal (G–I). Addition of actinomycin D 9 hr post-NGF withdrawal did not protect against microtubule depolymerization (J). The

extent of microtubule depolymerization (mean index ± SEM) was calculated for each condition (K), as described in the Supplemental Experimental Procedures

(t test; ***p < 0.001, *p < 0.05, n.s., not significant). Scale bar, 100 mM.

(L and M) DRG explants were cultured for 36 hr in NGF-containing medium and then deprived of NGF for the next 24 hr. Actinomycin D or vehicle control (DMSO)

was added upon NGF withdrawal (0 hr) or at 3, 6, or 9 hr following NGF withdrawal. Neurofilament degradation was assessed by immunoblot analysis (L).

Neurofilaments were degraded after 24 hr of NGF deprivation but, like microtubules, were preserved by the addition of actinomycin D before (0 hr) or up to 6 hr

after NGF withdrawal. Quantitation of neurofilament loss following NGF withdrawal was determined by immunoblots and normalized to actin (M). Graphs show

mean ± SEM (t test; ***p < 0.001, n.s., n = 4).
werecultured for 48hr on1mmfilters, and trophicdeprivationwas

induced for 8, 12, or 16 hr. Neuronal cell bodies and their axons

were then extracted separately and subjected to biochemical

analysis using anti-Caspase-3 antibody, which detects both the

full Caspase-3 and its cleaved (active) short form. We found a

pattern of trophic deprivation-induced Caspase-3 activation in

both the cell bodies and the axons of Dusp16 KO neurons, man-

ifested by increases in the amount of the cleaved form (Figures 3L
and 3M). Next, we tested the role of Caspase-3 activity in the

more rapid axonal degeneration observed in Dusp16 KO neu-

rons. Although axonal degeneration was more advanced at

24 hr in Dusp16 KO neurons than in wild-type neurons, 50 mM

of the pan-Caspase inhibitor Z-VAD blocked axonal degenera-

tion in a similar manner in both (Figures 3N–3V). These results

suggest that ablation of Dusp16 enhances Caspase-3 activation

and axonal degeneration following trophic deprivation.
Neuron 92, 991–1006, December 7, 2016 993



Figure 2. NGF Deprivation Induces a Transcriptional Program

(A) Schematic representation of the experimental paradigm used to uncover the transcriptional program induced by NGF withdrawal. Overall, 295 genes were

significantly up- or downregulated at at least one time point in DRG neurons deprived of NGF for 1, 3, or 6 hr in comparison to control cells maintained in NGF.

(B and C) Heatmap representation and clustering of the transcriptional program based on the log value of the ratio of gene expression in NGF-deprived DRGs to

controls.

(D) 87 genes found to be significantly upregulated in the in vitro NGF-deprivationmodel in DRG neuronswere compared to the genes upregulated following in vivo

injury (crush) of optic nerve (RGC) and sciatic nerve (DRG). This comparison reveals that four genes were upregulated in all three models examined, a highly

significant intersection based on randomized test (p < 0.001).
Decreased Axonal Branching and Target Innervation in
the Dusp16 KO Mice
We next examined the axonal protective role of Dusp16 in

the development of the peripheral nervous system (PNS). Using

whole-mount neurofilament staining, we studied the pattern of

DRG axonal development at E12.5. The gross pattern of the

axons in Dusp16 KO embryos at that early stage was compara-

ble to the pattern observed in their WT littermates (Figure S1).

Moreover, DRG axons grow to the same extent in the Dusp16

KO embryos as in their WT littermates. This suggested that

Dusp16 does not regulate axonal growth or guidance (Figures

4A–4C). However, there was a clear reduction in the number of

axonal branches (Figures 4A, 4B, and 4D), indicating that

Dusp16 is a positive regulator of axonal morphogenesis. This

finding is in line with its function as a negative regulator of axonal

breakdown.

Next, we examined the innervation of the skin at E15.5. Strik-

ingly, staining with the neuronal marker PGP9.5 (Figures 4E–4G)

or the general axonal marker tubulin bIII (Figures 4H–4J) revealed

approximately 50% fewer nerves innervating the skin in Dusp16

KOmice than in WT controls. To examine the possibility that this

strong reduction was due to massive cell death of DRG neurons

with subsequent degeneration of their axons, we counted the

cleaved Caspase-3-positive cells during development. Relative

to controls, there is a 2.8-fold increase in the number of cleaved

Caspase-3-positive cells at both E13.5 and E15.5 in the Dusp16

KO mice (Figures 4K–4O). Consistent with this increase, the

Dusp16 KO mice exhibited a 16% reduction in the number of
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Islet1-positive DRG neurons at E13.5 and a 22% reduction at

E15.5 (Figures 4P–4T). Taken together, these results support a

critical role for Dusp16 in preserving sensory axons and, to a

lesser extent, protecting the cell bodies during development.

Dusp16 Negatively Regulates the Expression of the
Pro-apoptotic Protein Puma
Dusp16 has been shown to negatively regulate c-Jun N-terminal

kinase (JNK) in the immune system (Niedzielska et al., 2014;

Zhang et al., 2015). Moreover, the JNK pathway was found to

control axonal degeneration and cell death in response to trophic

withdrawal (Ghosh et al., 2011). We therefore examined the acti-

vation of JNK in response to trophic deprivation in DRG neurons

of the Dusp16 KO mice. Both in WT and in Dusp16 KO neurons,

an increase in JNK phosphorylation was detectable between 3

and 6 hr after NGF deprivation (Figures S2A–S2C). To our sur-

prise, however, JNK activation was no greater in Dusp16 KO

neurons than in controls (Figures S2A–S2C). To verify these find-

ings, we examined phosphorylation of the JNK substrate c-Jun,

which is robustly induced in response to trophic withdrawal

(Ghosh et al., 2011; Hamet al., 1995; Sun et al., 2005). The induc-

tion of c-Jun expression levels did not increase in theDusp16KO

neurons as compared to wild-type (Figures S2D–S2F). Consis-

tent with our analysis of JNK activation, 6 hr of trophic depriva-

tion induced c-Jun phosphorylation (pJun) to the same extent

in both wild-type and Dusp16 KO neurons (Figures S2D–S2F).

Interestingly, at 9 hr post-deprivation, c-Jun phosphorylation

falls in the Dusp16 KO neurons but remains elevated in the



Figure 3. Genetic Ablation of Dusp16 Enhances Microtubule Depolymerization upon NGF Deprivation

(A�I) DRG explants of either Dusp16 KO embryos (E–H) or their WT littermates (A–D) were cultured for 48 hr in NGF-containing medium. These explants were

either supplied with (A and E) or deprived of (B–D and F–H) NGF for an additional 12 hr (B and F), 16 hr (C and G), or 24 hr (D and H) and were then immunostained

for tubulin bIII. Upon NGF deprivation, axonal microtubules (MTs) of the Dusp16 KO neurons were depolymerized and degraded earlier and at a faster rate than

theWT, as can be seen from the punctuated pattern of microtubule staining (F�Hand B–D). Microtubule depolymerization (mean index ± SEM)was calculated for

each condition and genotype (I) (t test; ***p < 0.001, n.s.). Scale bar, 100 mM.

(J) Schematic illustration of the insert cell culture system. The upper sketch shows the insert, plated with DRG neurons, inside a culture well. The lower sketch

shows the underside of the insert, with axons that have passed through the 1 mm pores.

(K) Purity analysis of the axonal samples. DRG explants were grown in the presence of NGF for 36 hr on inserts, allowing the axons, but not the cell bodies, to pass

through the 1 mm pores to the bottom side of the membrane. Axonal and somatic samples were collected separately. Biochemical analysis of these samples

reveals the presence of histone H2B in the soma compartment only.

(L andM)Genetic ablation ofDusp16 resulted in enhanced activation of Caspase-3 uponNGFdeprivation. Activation of Caspase-3was evaluated by immunoblot

analysis; activated (cleaved) Caspase-3 appears as a second band below the uncleaved inactive Caspase-3 band. Enhanced appearance of the cleaved form is

detected in the soma compartment (L) at 12 hr and 16 hr after NGF withdrawal and in the axonal compartment (M) after 16 hr. Quantitation of cleaved Caspase-3

following NGF withdrawal was determined by immunoblots and normalized to actin. Graphs show mean ± SEM (t test; *p < 0.05, n.s., n = 3).

(N–V) Caspase inhibitor blocks axonal degeneration in WT and Dusp16 KO DRG neurons following NGF withdrawal. DRG explants of either Dusp16 KO embryos

(R–U) or their WT littermates (N–Q) were cultured for 48 hr in NGF-containing medium. These explants were either supplied with (N, O, R, and S) or deprived of

(P, Q, T, andU) NGF for an additional 24 hr andwere then immunostained for tubulin bIII. Axonal degeneration of bothWT andDusp16KOneuronswas completely

blocked by addition of the pan-Caspase inhibitor Z-VAD (Q and U). Microtubule depolymerization (mean index ± SEM) was calculated for each condition and

genotype (V) (t test; *p < 0.05, n.s.). Scale bar, 100 mM.
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controls (Figures S2D–S2F). Overall, these results show that loss

of Dusp16 has no effect on JNK activation in neurons following

trophic deprivation. Similarly, we did not observe any change

in activation of p38 in Dusp16 KO neurons (Figures S2G–S2I).

Our results indicate that the observed effects of Dusp16 KO on

axon degeneration are not mediated by increased activation of

JNK/p38 signaling.

Since Puma is co-induced with Dusp16 in response to trophic

deprivation and nerve injury (Figure 2D), we examined Puma

expression. Upon NGF deprivation, Puma is transcriptionally

upregulated as determined by our RNA-seq analysis. We then

assessed Puma protein levels following trophic deprivation using

the filter culture system described above (Figures 3J and 3K).

Using a specific anti-Puma antibody, we detected induction of

Puma in the soma compartment 8 hr and 12 hr after trophic

deprivation (Figures 5A and 5B; Figure S2J). Importantly, Puma

was also clearly detectable in the axonal compartment at these

times points (Figures 5C and 5D). We next examined expression

of Puma in Dusp16 KO neurons in response to trophic with-

drawal and observed more rapid induction of Puma (4 hr and

5 hr after NGFwithdrawal) inDusp16 KO neurons than in control,

suggesting that Dusp16 is an antagonist of Puma expression

(Figures 5E and 5F). In contrast, Puma KO had no effect on the

expression of Dusp16 in response to trophic withdrawal (Fig-

ure 5G). The transcriptional induction of Puma in response to

multiple insults is controlled by p53 (Yu and Zhang, 2008), which

is also important for cell death of sympathetic neurons and PC12

cells following NGF deprivation in vitro and during development

in vivo (Aloyz et al., 1998; Vaghefi et al., 2004). p53 transcriptional

activity is enhanced by phosphorylation on Ser15 (Loughery

et al., 2014). Therefore, we examined the expression and the

Ser15 phosphorylation status of p53 in response to trophic with-

drawal in WT and Dusp16 KO neurons. We did not detect an

increase in p53 levels or of Foxo3a, which also regulates the

transcription of Puma, following NGF deprivation at any time

point tested (Figure 5H; Figures S2K, S2M, and S2N). In contrast,

using a specific anti-pSer15 antibody, we detected an increase

in p53 phosphorylation on Ser15 as early as 4 hr after trophic

withdrawal (Figures 5I and 5J; Figure S2L). This phosphorylation

was significantly enhanced in the Dusp16 KO neurons at all

tested time points (Figures 5I and 5J). In agreement with the

role of Dusp16 as a negative regulator of p53 transcription ac-

tivity, we found more rapid elevation of Puma mRNA in the

Dusp16 KO neurons compared with WT after trophic withdrawal
Figure 4. Dusp16 KO Mice Exhibit Reduced Axonal Branching, Reduce

(A–D)Whole-mount NF staining of E12.5Dusp16KO embryos and their WT litterm

outgrowth ofDusp16KODRG spinal nerves does not differ from that of their WT lit

outgrowth index of the DRG spinal nerves (C) and the axonal branches index of th

n.s., n = 4).

(E–J) Analysis of peripheral axons adjacent to the skin labeled with anti-PGP9.5 an

axons is detected in E15.5 Dusp16 KO embryos (F and I) compared to their WT litt

from four embryos (40 sections each) of each genotype and is expressed as me

(K�O) Increase in the number of Caspase-3-positive neurons in the DRGs of Dus

both E15.5 and E13.5. The mean (±SEM) number of cleaved Caspase-3-positive

embryos of each genotype (O) (t test; *p < 0.05, ***p < 0.001).

(P�T) The number of Islet1-positive neurons in the DRGs ofDusp16KOembryos is

and E13.5. The number of Islet1-positive neurons was counted from 3 to 4 embryo

*p < 0.05). Scale bars, 1 mM (A and B), 100 mM (E, F, K�N, and P–S), and 50 mM
(Figure 5K). These findings argue that Dusp16 in sensory neu-

rons acts as a negative regulator of the apoptotic system, not

via the JNK pathway, but by suppressing p53 transcriptional

activity and thereby delaying Puma expression.

We next tested the upregulation of Puma in the p53 KO neu-

rons in response to NGF deprivation. The basal levels of Puma

were not reduced in the p53 KO neurons, but we detected a sig-

nificant decrease in the induction of Puma in response to trophic

withdrawal (Figures 5L and 5M), supporting the suggestion that

p53 regulates the induction of Puma in response to trophic with-

drawal. However, we detected no significant protection of axons

in DRG explants from p53 KO mice following trophic withdrawal

(Figures S2O–S2S).

Puma Is Required for Efficient Axonal Degeneration and
Restricts Axonal Branching and Target Innervation
Based on our observation of enhanced expression of Puma in

Dusp16KOmice and its localization to the axons, we next exam-

ined the possible function of Puma in axonal degeneration. We

cultured DRG explants from E13.5 WT and Puma KO embryos

and induced axonal degeneration by whole-culture trophic

deprivation. Microtubule breakdown following NGF deprivation

was strongly attenuated in the Puma KO explants, as detected

by anti-tubulin staining. While WT axons appeared completely

degraded after 24 hr, in the Puma KO axons, depolymerization

was detected mostly after 48 hr (Figures 6A–6I). Moreover,

phase microscopy and biochemical analysis revealed complete

axonal preservation of the Puma KO axons, complete preserva-

tion of the microtubules-associated protein Tau, and partial

preservation of NF (Figures S3A–S3I). Biochemical analysis of

Caspase-3 activation in DRG neurons of WT and Puma KO

following NGF deprivation revealed a critical role for Puma in

the activation of Caspase-3 in both cell bodies and axons (Fig-

ures S3J–S3M). To examine the role of Puma in local axonal

degeneration and Caspase-3 activation directly, we used micro-

fluidic chambers, in which NGF can be locally withdrawn from

the axonal compartment while the cell bodies, maintained in

the presence of NGF, remain intact (Figure 6J) (Cusack et al.,

2013). Importantly, this local axonal degeneration also requires

gene transcription (Chen et al., 2012). Using this system, we de-

tected substantial preservation of axons in Puma KO neurons up

to 72 hr after NGF withdrawal (Figures 6K and 6L). This protec-

tion was correlated with a lack of active Caspase-3, which ex-

hibited a punctuated pattern in WT axons (Figures S3N and
d Target Innervation, and Enhanced Neuronal Cell Death

ates showing the peripheral nervous system growth pattern. The relative axonal

termates but exhibits significantly less branching (A and B, arrows). The relative

e DRG spinal nerves (D). Error bars represent means ± SEM (t test; ***p < 0.001;

tibody (E–G) or anti-tubulin bIII antibody (H–J). Reduced innervation of sensory

ermates (E and H). Innervation density index was determined by data collected

an ± SEM (G and J) (t test; *p < 0.05).

p16 KO embryos (L and N) in comparison to their WT littermates (K and M) at

neurons per DRG was calculated by counting 40 sections per embryo in 3 to 4

reduced (Q and S) in comparison to theirWT littermates (P andR) at both E15.5

s (40 sections each) of each genotype and expressed asmean ± SEM (T) (t test;

(H and I).
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Figure 5. Genetic Ablation of Dusp16 Induces Enhanced Phosphorylation of p53 and Rapid Expression of Puma

(A–D) DRG explants were grown in the presence of NGF for 36 hr on inserts, allowing the axons, but not the cell bodies, to pass through the 1 mm pores to the

bottom side of the membrane. Cultures were deprived from NGF for 8 hr or 12 hr and Puma expression was analyzed in the soma (A) and the axonal (C)

compartments by anti-Puma antibodies. Strong upregulation of Puma was detected in both compartments. Quantitation of Puma following NGF withdrawal was

determined by immunoblots and normalized to actin (B and D). Graphs show mean ± SEM (t test; ***p < 0.001, n = 3).

(E and F) DRG explants fromWT andDusp16 KOwere cultured for 36 hr in NGF-containing medium and then deprived of NGF for the next 4, 5, or 6 hr. Puma was

detected earlier in the Dusp16 KO neurons, appearing at 4 hr, and at 5 hr, the Puma level in Dusp16 KO neurons was significantly greater than in WT neurons (E).

(legend continued on next page)
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S3O). Thus, in this in vitro paradigm, Puma appears to control

Caspase-3 activation in axons.

Next, we examined the physiological role of Puma in PNS

development. Using whole-mount NF staining at E12.5, we

detected a minor (�16%), but significant, increase in axonal

branching, with no change in extent of axonal growth in the

Puma KO (Figures 6M–6P; Figures S3P and S3Q). We then

examined the innervation of the skin at E15.5. In agreement

with the axonal-destructive function of Puma, we detected hy-

perinnervation of the skin in the Puma KO mice embryos: a

90% increase using anti-PGP9.5 (Figures 6Q–6S) and a 40%

increase using anti-tubulin bIII staining (Figures 6T–6V). This dif-

ference in the innervation quantification is due to the fact that

anti-PGP9.5 staining reveals many small axonal branch fibers

in the Puma KO that are not detected by the anti-bIII tubulin.

We next examined the role of Puma in cell death and neuronal

elimination. In agreement with our in vitro data, we detected a

significant (�40%) reduction in the number of cleaved Cas-

pase-3-positive cells in the Puma KO (Figures 6W–6Y), implying

that Puma is required for efficient activation of Caspase-3 in

neuronal cell bodies in vivo. However, the total number of DRG

neurons (as determined by Islet1 staining) was not affected

(Figures 6Z–6ZB). This indicates either that the reduced activa-

tion of Caspase-3 was still sufficient to eliminate neurons or,

alternatively, that neurons were eliminated by a Caspase-3-

independent death pathway that operates under physiological

conditions (Yuan and Kroemer, 2010). These results support

our findings in vitro, providing evidence that during develop-

ment, Puma plays a more critical role in axonal breakdown

than in neuronal cell death.

Co-ablation of Puma with Dusp16 Inhibits Axonal
Degeneration and Caspase-3 Activation
The above results suggest that Puma is required for axonal

degeneration and is more rapidly induced in theDusp16KO neu-

rons. Therefore, we examined the function of Puma in the rapid

axonal degeneration that we observed in the Dusp16 KO neu-

rons. We cultured DRG explants from E13.5 WT and Dusp16/

Puma double KO embryos and induced axonal degeneration

by trophic deprivation. We monitored axonal degeneration by

anti-tubulin bIII staining and Caspase-3 activation by specifically

staining for the cleaved active form. We observed a clear inhibi-

tion of axonal degeneration in the Dusp16/Puma KO compared
Quantitation of Puma following NGF withdrawal was determined by immunoblot

*p < 0.05, n.s., n = 3).

(G) Expression of Dusp16 assayed by real-time PCR in DRG explants fromWT and

6 hr after NGF deprivation in neurons of both genotypes (t test; *p < 0.05, n.s., n

(H–J) DRG explants fromWT and Dusp16 KOwere cultured for 36 hr in NGF-conta

p53 (H) and levels of p53 phosphorylated at Ser15 (I) were analyzed by immun

phorylation of p53 at Ser15 increased following NGF withdrawal in WT neurons an

ratio of phosphorylated p53 to total p53 following NGF withdrawal was determin

(t test; *p < 0.05, n.s., n = 3).

(K) Expression of Puma assayed by real-time PCR in DRG explants from WT and

NGF deprivation in neurons of the Dusp16 KO (t test; *p < 0.05, n.s., n = 3).

(L and M) DRG explants from WT and p53 KO were cultured for 36 hr in NGF-con

analyzed by immunoblots. Puma level was significantly increased following NGFw

of phosphorylated Puma to actin following NGF withdrawal was determined by im

***p < 0.01, n = 3).
to WT neurons (Figures 7A–7I and 7S–7Z). However, this inhibi-

tion of axonal degeneration was not to the same extent as in the

Puma single KO (Figures 6E–6I). The slower axonal degeneration

of the Dusp16/Puma double KO neurons was correlated with

delayed activation of axonal Caspase-3 (Figures 7J–7Z). These

results suggest that Puma is an important component of the

axonal degeneration machinery operating downstream or in

parallel to Dusp16.

Co-ablation of Puma with Dusp16 Reverses the
Reduction in Axonal Innervation, but Not Cell Death
Based on our observations that co-ablation of Puma with

Dusp16 inhibits rapid axonal degradation following trophic

deprivation in vitro, we examined whether the Dusp16 KO

phenotype is Puma dependent. For this, we analyzed the

Dusp16/Puma double KO and all the single mutant controls at

two developmental stages: E15.5, at the peak of neuronal cell

death, and E17.5, when neuronal cell death is nearly complete

(Piñon et al., 1996). We found a small, but significant, reduction

in the number of cleaved Caspase-3-positive cells in DRGs in

E15.5 Dusp16/Puma double KO embryos compared to Dusp16

single KO embryos (Figures 8A–8E). However, the double KO still

exhibited a 22% reduction in the number of Islet1-positive cells,

identical to that seen in Dusp16 KO embryos (Figures 8F–8J).

These results suggest that Puma is not essential for neuronal

elimination at this developmental stage, and Puma ablation

cannot protect against increased cell death in the Dusp16 KO.

In striking contrast to the loss of neuronal cell bodies, we found

that ablating Puma reversed the Dusp16 axonal phenotype:

innervation in the double KO was indistinguishable from WT, as

detected by both anti-PGP9.5 (Figures 8K–8O) and anti-tubulin

bIII (Figures 8P–8T).

Developmental sensory neuron cell death is complete at

E17.5 (Piñon et al., 1996). In agreement with this, we detected

very few active Caspase-3-positive cells in WT embryos at this

stage, and this number was not significantly different in Puma

KO embryos. In contrast, we detected 2.5 times more active

Caspase-3-positive cells in the Dusp16 KO at this time

point (Figures S4A–S4E). This number was markedly reduced

compared to the number of Caspase-3-positive cells in the

Dusp16 KO at E13.5 and E15.5 (Figure 4; Figures S4A–

S4E). Overall, neuronal number was reduced by 30% in the

Dusp16 KO (Figures S4F–S4J). Inspection of the axonal
s and normalized to actin (F). Graphs show mean ± SEM (t test; ***p < 0.001,

Puma KO. A 2-fold induction of Dusp16mRNA expression levels was detected

= 3).

ining medium and then deprived of NGF for the next 4, 5, or 6 hr. Total levels of

oblots. The total p53 level did not change during this time course, but phos-

d was further enhanced in the Dusp16 KO neurons (I and J). Quantitation of the

ed by immunoblots and normalized to GAPDH (J). Graphs show mean ± SEM

Dusp16 KO. The expression of Puma mRNA increases more rapidly 4 hr after

taining medium and then deprived of NGF for 6 hr. The levels of Puma (L) were

ithdrawal inWT neurons but not in the p53 KO neurons. Quantitation of the ratio

munoblots and normalized to GAPDH (M). Graphs show mean ± SEM (t test;
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Figure 6. Genetic Ablation of Puma Protects Axons from Degeneration upon NGF Deprivation and Induces Developmental Skin Hyper-

innervation

(A–I) DRG explants from Puma KO embryos (E–H) or their WT littermates (A–D) were cultured for 48 hr in NGF-containing medium. They were then either supplied

with (A and E) or deprived of (B–D and F–H) NGF for an additional 24 hr (B and F), 36 hr (C and G), or 48 hr (D and H) and then immunostained for tubulin bIII. As

shown in Figure 1, axonal microtubules of WT neurons were depolymerized and degraded following NGF withdrawal (B–D). In contrast, Puma KO neurons were

protected against breakdown of axonal microtubules after NGF deprivation (F–H). Microtubule depolymerization index (mean ± SEM) was calculated for each

condition and genotype (I) (t test; ***p < 0.001, *p < 0.05, n.s.).

(J) Schematic illustration of the microfluidic chamber model allowing local deprivation and axon-selective degeneration.

(K and L) Puma KO and WT neurons were maintained in NGF (5 days in vitro [DIV5]) and immunostained for tubulin bIII (K). Local NGF deprivation induces

breakdown of the axonal microtubules in WT neurons, as can be seen from the punctuated pattern of the microtubules. In contrast, axonal breakdown of

microtubules in the Puma KO neurons was inhibited even 72 hr after local NGF deprivation. Microtubule depolymerization index (mean ± SEM) was calculated for

each condition and genotype (L) (t test; ***p < 0.001, n.s.).

(M–P) Whole-mount NF staining of E12.5 Puma KO embryos and their WT littermates, showing the peripheral nervous system growth pattern. The relative axonal

outgrowth of Puma KODRG spinal nerves does not differ from that of their WT littermates, but they exhibit a small, but significant, increase in branching (M and N,

arrows). Relative outgrowth index (O) and axonal branches index (P). Error bars represent means ± SEM (t test; ***p < 0.001; n.s., n = 11).

(Q–V) Peripheral axons adjacent to the skin were analyzed in E15.5 embryos with anti-PGP9.5 antibody (Q–S) or anti-tubulin bIII antibody (T–V). In Puma KO

embryos, sensory axons hyperinnervated the skin (R and U) compared to their WT littermates (Q and T). Innervation density index (mean ± SEM) was calculated

from 5 embryos (40 sections each) for each genotype (S and V) (t test; *p < 0.05, ***p < 0.001).

(W–Y) Caspase-3 activation is reduced in DRG neurons in E15.5 Puma KO embryos. The numbers of cleaved Caspase-3-positive neurons at E15.5 in the DRGs of

Puma KO embryos (X) are lower than in those of their WT littermates (W). The number of cleaved Caspase-3-positive neurons (means ± SEM) was calculated from

8 embryos (20 section each) of each genotype (Y) (t test; ***p < 0.001).

(Z–ZB) There is no significant effect of Puma KO on the number of Islet1-positive sensory neurons in E15.5 DRG: compareWT (Z) and Puma KO (ZA). The number

of Islet1-positive neurons (means ± SEM) was counted in 8 embryos (20 sections each) of each genotype (ZB) (n.s.). Scale bars 100 mM (A–H, K, W, X, Z, and ZA),

50 mM (Q, R, T, and U), and 0.5 mM (M and N).
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Figure 7. Co-ablation of Puma and Dusp16 Delays the Activation of Caspase-3 and Axonal Degeneration

DRG explants from wild-type embryos (A–D, J–M, and S–V) or their Dusp16/Puma double KO littermates (E–H, N–Q, and W–Z) were cultured for 48 hr in

NGF-containing medium. The neurons were then either supplied with (A, E, J, N, S, and W) or deprived of NGF for an additional 16 hr (B, F, K, O, T, and X),

24 hr (C, G, L, P, U, and Y), or 36 hr (D, H, M, Q, Y, and Z) and then immunostained with antibodies against tubulin bIII (A–H) and active Caspase-3 (J–Q).

When deprived of NGF, the axonal microtubules of WT neurons were depolymerized and degraded, as seen from the punctuated pattern of anti-tubulin bIII

staining, and active Caspase-3 is detected in the axons (S–V). In contrast, in Dusp16/Puma double KO neurons, breakdown of the axonal microtubules was

inhibited and activation of axonal Caspase-3 was delayed (W–Z). Microtubule depolymerization index (mean ± SEM) was calculated for each condition and

genotype (I) (t test; ***p < 0.001, n.s.). Cleaved Caspase-3 index (mean ± SEM) was calculated for each condition and genotype (R) (t test; ***p < 0.001, n.s.).

Scale bar, 100 mM.
projections to the footpad’s toes revealed striking complete

elimination of the axons in the Dusp16 KO that was not

rescued by co-ablation with Puma (Figures S4K–S4O). These

results suggest that Dusp16 limits the normal program of

DRG neuron cell death and axonal elimination and is essential

for axonal preservation. In agreement with our in vitro results,

these in vivo findings indicate that Puma is a key player, but

not the sole player, in the developmental axonal elimination

program, and its ablation attenuated the pace of axonal loss

in the Dusp16 KO in vivo.
DISCUSSION

The results of this study show that DRG sensory neurons induce

a transcriptional program in response to loss of trophic signal.

Our results provide evidence that this program contains compo-

nents that both promote (‘‘accelerators’’) and inhibit (‘‘brakes’’)

cell death and axonal elimination and that these opposing regu-

lators coordinate to produce physiological innervation during

normal development (Figure 9). Therefore, the soma does not

control the degeneration of axons in an all-or-nothing response
Neuron 92, 991–1006, December 7, 2016 1001



Figure 8. Dusp16/Puma Double KO Embryos Have Fewer Neurons but Normal Skin Innervation by Sensory Axons

(A–E) Number of cleaved Caspase-3-positive cells at E15.5 in the DRGs of WT (A), Puma KO (B), Dusp16 KO (C), and Dusp16/Puma double KO mice (D). In the

Dusp16/Puma double KO mice (D), there is increase in the Caspase-3-positive cells in comparison to their WT littermates (A). Cleaved Caspase-3-positive

neurons (means ± SEM) were counted in sections from 3 to 5 embryos (40 sections each) of each genotype (E) (t test; *p < 0.05).

(F–J) Number of cleaved Islet1-positive neurons at E15.5 in the DRGs of WT (F), Puma KO (G), Dusp16 KO (H), and Dusp16/Puma double-KO mice (I). The

Dusp16/Puma double KOmice (I) at E15.5 exhibit fewer Islet1-positive neurons than their WT littermates (F). Islet1-positive neurons (means ± SEM) were counted

from 4 embryos (40 sections each) of each genotype (t test; *p < 0.05, n.s.) (J).

(K�T) Analysis of peripheral axons adjacent to the skin labeled with anti-PGP9.5 (K–O) or anti-tubulin bIII (P–T) antibodies. Innervation in theDusp16/Puma double

KO embryos (N and S) does not differ from that of their WT littermates (K and P). Innervation density index (mean ± SEM) was calculated from 4 embryos

(40 sections each) of each genotype (O and T) (t test; *p < 0.05, **p < 0.01, n.s.). Scale bars, 100 mM (A–D, F�I, and K–N) and 50 mM (P�S).
but rather sets the pace of degeneration through integration of

this transcriptional program. In principal, signaling from addi-

tional pathways might regulate this program and stimulate or

inhibit the degeneration response. Previous studies have identi-

fied NGF-induced genes that preserve the axons under normal

conditions (Tasdemir-Yilmaz and Segal, 2016). Our work un-

covers Dusp16 as a new brake on the degenerative response

once this process is initiated. In the absence of Dusp16, axons

degenerate more rapidly in response to trophic deprivation

in vitro. In vivo, Dusp16 null peripheral axons show reduced

branching and target innervation early in development and are

completely eliminated by E17.5. This developmental axonal

loss parallels increased cell death. Importantly, cell death in

the Dusp16 KO peaked at E15.5 and was largely reduced

at E17.5, a stage when normal developmental cell death is
1002 Neuron 92, 991–1006, December 7, 2016
completed, supporting the idea that Dusp16 acts as a brake

on the normal process of cell death and axonal elimination.

Neuronal loss may contribute to the axonal loss phenotype,

although axonal loss was not reported in mice with greater

reduction (�40%) in DRG neuronal number (Ben-Zvi et al.,

2013). Moreover, co-ablation of Puma specifically rescues the

axons early during development with no effect on neuronal num-

ber, supporting the idea that Dusp16 has an axonal protective

role distinct from its effect on cell death.

Mechanistically, Dusps have been explored as negative regu-

lators of the MAP kinase pathways (Huang and Tan, 2012).

Studies of the developing nervous system have focused largely

on Dusp1. Interestingly, this family member is induced by NGF

withdrawal in sympathetic neurons, where it regulates cell death,

and by brain-derived neurotrophic factor (BDNF) stimulation in



Figure 9. Coordination of Axonal Degener-

ation by a Transcriptional Program of Pro-

and Anti-degenerative Factors

(A) Loss of trophic support stimulates a transcrip-

tional program that controls neuronal cell death

and axonal pruning through the activation of the

apoptotic system. Puma promotes cell death and

axonal pruning while Dusp16 inhibits these pro-

cesses through inhibition of Puma transcription

and other targets.

(B–E) Neuronal number at the DRG and target

innervation are set by limited amount of NGF at

the target (Skin) (B). Loss of Puma increases the

innervation density while neuronal number remains

identical to the wild-type (C). In contrast, ablation

of Dusp16 cause reduction in neuronal number

and target innervation compared to the wild type

(D). Co-ablation of Dusp16 and Puma specifically

rescue the axonal innervation loss in the Dusp16

mutant, early during development (E).
hippocampal neurons, where it controls dendritic branching

(Jeanneteau et al., 2010; Kristiansen et al., 2010). In both of these

cases, the prime substrate of Dusp1 was suggested to be JNK,

which regulates cell death through the activation of c-Jun and, in

contrast, controls dendritic branching through inhibition of the

microtubule regulator stathmin-1 (Jeanneteau et al., 2010; Kris-

tiansen et al., 2010). Dusp16 was also suggested to act as a

negative regulator of JNK, as activation of JNK and p38 is pro-

longed in the immune system of the same Dusp16 KO mouse

that we used in this study (Niedzielska et al., 2014; Zhang

et al., 2015). However, our studies of Dusp16 KO DRGs failed

to detect any enhanced phosphorylation of JNK following

trophic withdrawal, of its prime substrate, c-Jun, or of p38. In

contrast, we detected enhanced phosphorylation of the pro-

apoptotic transcription factor p53 on Ser15, which stimulates

its transcriptional activity and induces Puma expression. In the

p53 KO neurons, Puma induction after trophic deprivation was

strongly reduced. Surprisingly, we have not detected axonal pro-

tection in neurons from the p53 KO mice in response to trophic

withdrawal. These results argue that, on the background of

p53 KO, the basal level or minimal induction of Puma is sufficient

for axonal degeneration. This may be due to the upregulation of

other apoptotic/degenerative pathways or due to parallel reduc-

tion in p53-dependent anti-apoptotic genes. Indeed, previous
Neu
work has shown that p53 plays an anti-

apoptotic function in a model of serum

withdrawal from fibroblasts (Lassus

et al., 1996).

Our findings reveal strong axonal pro-

tection by Puma. Importantly, co-ablation

of Puma and Dusp16 delayed the rapid

in vitro axonal degeneration response of

the Dusp16 KO neurons and rescued the

peripheral axons early during develop-

ment in vivo. These results suggest that

factors other than Puma promote axonal

degeneration and these are under the
regulation of Dusp16 as well. A recent report suggested that

Puma activates a soma-derived signal that is distinct from

Puma itself (Simon et al., 2016). Using our in vitro axonal purifica-

tion system, we detected Puma in the axons following trophic

withdrawal, suggesting that Puma acts locally within the axon.

The reasons for this difference from the prior report are not clear,

but we note that the axonal purification systems are not identical.

Currently available reagents only allow biochemical detection of

Puma. Generation of reagents that will allow in situ detection of

Puma, both in vitro and in vivo, may help resolve this issue.

Regardless, both studies identify Puma as a critical regulator

of axonal degeneration in vitro. Importantly, our study provides

supporting evidence for this function in vivo with the following

two observations. First, Puma KO mice show developmental

target hyperinnervation early during development. Second,

ablation of Puma on the background of the Dusp16 KO mice

specifically rescues the axonal innervation phenotype without

affecting the cell death phenotype of Dusp16 KO mice early in

development.

Developmental axonal pruning, injury-induced axonal degen-

eration, and dying back neurodegenerative diseases share

common pathways, although distinct signaling pathways have

also been found (Neukomm and Freeman, 2014; Pease and

Segal, 2014; Yaron and Schuldiner, 2016). Comparison of two
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microarray datasets of injured neurons in the PNS and the CNS

with our RNA-seq analysis identified Dusp16 and Puma as

unique shared elements. Moreover, Dusp16 is upregulated in

the hippocampus of ischemic mice (Wang et al., 2011). There-

fore, in addition to their role in developmental axon pruning,

Dusp16 and Puma may also play a role in neuronal fate deci-

sions under pathological conditions.

EXPERIMENTAL PROCEDURES

Mouse Strains

The Dusp16 KO mouse strain (RRID: MGI:5581506) was previously described

(Niedzielska et al., 2014). Puma KO mice (RRID: IMSR_JAX:011067) (Villunger

et al., 2003) and p53 KO mice (RRID: IMSR_JAX:002101) (Jacks et al., 1994)

were purchased from the Jackson Laboratory. All animal experiments followed

protocols approved by The Weizmann Institute of Science Institutional Animal

Care and Use Committee.

Explant Culture

Dorsal root ganglion explants of E13.5 mice were aseptically removed and

cultured on poly-D-lysine (PDL)/laminin-coated plates. The explants were

grown in neurobasal (NB) medium supplemented with 2% B-27, 1% gluta-

mine, 1% penicillin-streptomycin, and 25 ng/mL mouse NGF 2.5S (Alomone

Labs; N-100) for 48 hr before treatments. For NGF deprivation, the medium

was exchanged for medium lacking NGF and containing 0.1 mg/mL rabbit

anti-NGF neutralizing antibodies (Alomone; AN-240), unless otherwise is

specified.

RNA Sample Preparation

DRG explants were grown, as described above, in the presence of 50 ng/mL of

mNGF 2.5S (Alomone; N-100) for 36 hr. NGF deprivation was performed

without medium exchange by the addition of a high concentration of anti-

NGF (1.2 mg/mL) neutralizing antibodies (Alomone; AN-240). RNA was isolated

after 1, 3, and 6 hr of NGF deprivation and from the control after 6 hr (without

the addition of neutralizing antibodies) using QIAGEN RNeasy Plus Micro Kit

(QIAGEN) according to the manufacturer’s protocol. In brief, cells were lysed,

homogenized, and loaded on a genomic DNA (gDNA) eliminator column. After

removal of genomic DNA, RNA was purified using RNeasy spin columns. RNA

quantity and purity were determined by optical density measurements of

OD260/280 and OD230/260 using a NanoDrop spectrophotometer. Structural

integrity of the total RNAwas assessed with the Agilent 2100 Bioanalyzer using

the Agilent Total RNANanoChip assay (Agilent Technologies). Seven indepen-

dent replicates of RNA purification from each condition were collected and

pooled for each time point.

Axonal Preparation

Cell culture inserts (1 mm pore size) adequate for a 6-well plate were coated on

both sides with PDL/laminin. The inserts were placed upright in a 6-well plate,

each well containing 2 mL of medium with 50 ng/mL of NGF. The inner side of

the insert was filled with 1 mL of medium with 12.5 ng/mL of NGF. DRG ex-

plants were placed within the inserts and grown as described above, allowing

axons, but not cell bodies, to pass through the pores and grow on the lower

surface of the insert (Figure 2J). For NGF-deprivation experiments, themedium

was exchanged for a medium lacking NGF but containing 0.1 mg/mL rabbit

anti-NGF neutralizing antibodies (Alomone; #AN-240). Axonal material was

scraped and collected from the lower surface of the insert while the DRG ma-

terial was collected from the inner side of the insert.

Microfluidic Cultures

DRGs from E13.5 mice were aseptically removed and pelleted in Hank’s

balanced salt solution (Biological Industries) for 10 min and dissociated with

5% trypsin at 37�C for 2 min. The trypsin was neutralized with 10 mL of L15

medium supplemented with 5% fetal calf serum. The cells were then centri-

fuged at 2,800 rpm at 21�C for 4 min and resuspended in NB medium supple-

mented with B-27, glutamine, and 12.5 ng/mL NGF. The dissociated neurons
1004 Neuron 92, 991–1006, December 7, 2016
were cultured on the PDL/laminin-coatedmicrofluidic chambers and grown for

5 days as described (Cusack et al., 2013).

Immunohistochemistry

Embryos were fixed for 24 hr in 4% formaldehyde and stained as described

(Maor-Nof et al., 2013).

Whole-Mount NF Staining

E12.5 mouse embryos (Dusp16, Puma KO, and WT littermates) were stained

as described (Yaron et al., 2005).

Statistical Methods

Data represent mean ± SEM unless otherwise noted. Pairwise analyses were

conducted by two-tailed Student’s t tests (unpaired unless otherwise noted;

see figure legends). The distribution of intersect lengths was performed by

bootstrap test, and analyses were conducted using Microsoft Excel or R. Sig-

nificance is indicated at the figure legends.
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Piñon, L.G., Minichiello, L., Klein, R., and Davies, A.M. (1996). Timing of

neuronal death in trkA, trkB and trkC mutant embryos reveals developmental

changes in sensory neuron dependence on Trk signalling. Development 122,

3255–3261.

Putcha, G.V., Moulder, K.L., Golden, J.P., Bouillet, P., Adams, J.A., Strasser,

A., and Johnson, E.M. (2001). Induction of BIM, a proapoptotic BH3-only

BCL-2 family member, is critical for neuronal apoptosis. Neuron 29, 615–628.

Schoenmann, Z., Assa-Kunik, E., Tiomny, S., Minis, A., Haklai-Topper, L.,

Arama, E., and Yaron, A. (2010). Axonal degeneration is regulated by the

apoptotic machinery or a NAD+-sensitive pathway in insects and mammals.

J. Neurosci. 30, 6375–6386.

Schuldiner, O., and Yaron, A. (2015). Mechanisms of developmental neurite

pruning. Cell. Mol. Life Sci. 72, 101–119.

Sharan, R., and Shamir, R. (2000). CLICK: a clustering algorithm with applica-

tions to gene expression analysis. Proc. Int. Conf. Intell. Syst. Mol. Biol. 8,

307–316.

Simon, D.J., Weimer, R.M., McLaughlin, T., Kallop, D., Stanger, K., Yang, J.,

O’Leary, D.D., Hannoush, R.N., and Tessier-Lavigne, M. (2012). A caspase

cascade regulating developmental axon degeneration. J. Neurosci. 32,

17540–17553.

Simon, D.J., Pitts, J., Hertz, N.T., Yang, J., Yamagishi, Y., Olsen, O., Te�si�c

Mark, M., Molina, H., and Tessier-Lavigne, M. (2016). Axon degeneration

gated by retrograde activation of somatic pro-apoptotic signaling. Cell 164,

1031–1045.

Sun, W., Gould, T.W., Newbern, J., Milligan, C., Choi, S.Y., Kim, H., and

Oppenheim, R.W. (2005). Phosphorylation of c-Jun in avian and mammalian

motoneurons in vivo during programmed cell death: an early reversible event

in the apoptotic cascade. J. Neurosci. 25, 5595–5603.

Tasdemir-Yilmaz, O.E., and Segal, R.A. (2016). There and back again: co-

ordinated transcription, translation and transport in axonal survival and regen-

eration. Curr. Opin. Neurobiol. 39, 62–68.

Unsain, N., Higgins, J.M., Parker, K.N., Johnstone, A.D., and Barker, P.A.

(2013). XIAP regulates caspase activity in degenerating axons. Cell Rep. 4,

751–763.

Vaghefi, H., Hughes, A.L., and Neet, K.E. (2004). Nerve growth factor with-

drawal-mediated apoptosis in naive and differentiated PC12 cells through

p53/caspase-3-dependent and -independent pathways. J. Biol. Chem. 279,

15604–15614.

Villunger, A., Michalak, E.M., Coultas, L., M€ullauer, F., Böck, G.,
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Supplementary Figure 2 
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Supplementary Figure 3 
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Supplementary Figure legends  

Supplementary Figure 1 (related to Figure 3) Peripheral nervous system pattern in the Dusp16 KO 

embryos during early development. Whole-mount anti-NF staining of E12.5 WT (A) and Dusp16 KO 

embryos (B). Scale bar 1mM. 

 

Supplementary Figure 2 (related to Figure 5) Biochemical analysis of the MAP kinase pathway in the 

Dusp16 KO. DRG explants were cultured for 36 h in NGF-containing medium and deprived of NGF for the 

next 3, 6 and 9h or for 8, 12 and 16 h. Dusp16 KO did not induce enhanced or earlier phosphorylation of 

either JNK (A-C), Jun (D-F) or p38 (G-I) as evaluated by immunoblots with anti-phospho-JNK, anti-

phospho-Jun and anti-phospho-p38 antibodies. Moreover, reduced pJun is detectable in the Dusp16 KO 

neurons 9h after NGF withdrawal (E). Phosphorylation levels of JNK (C), c-Jun (F) and p38 (I), relative to 

total levels for each of these proteins, were calculated from 3 different experiments (t-test; *P < 0.05, N.S., 

non-significant). (J) Specificity of the anti-Puma antibody. DRG explants of Puma KO and their WT 

littermates were cultured for 36h in NGF-containing medium and deprived of NGF for 10h. A specific double 

band was detected in the WT DRGs but was not detectable in the Puma KO DRGs. Specificity of the anti-

p53 and anti-phosphorylated p53 antibodies (K, L). Total levels of Foxo3a. DRG explants were cultured for 

36h in NGF-containing medium and were subsequently deprived of NGF for the next 4, 5, or 6. The total 

level of Foxo3a in the Dusp16 KO neurons and WT littermates controls was evaluated by immunoblot 

analysis (M); Quantitation of total Foxo3a following NGF withdrawal was determined by immunoblots and 

normalized to actin (N). Graphs show mean ± SEM from three different experiments (t-test; N.S., non-

significant, n=3). DRG explants of p53 KO and their WT littermates were cultured for 36h in NGF-containing 

medium and deprived of NGF for 5h. A specific band was detected in the WT DRGs but was not detectable 

in the p53 KO DRGs. p53 does not regulate axonal degeneration upon NGF deprivation. (O–R) DRG 

explants from p53 KO embryos (Q, R) or their WT littermates (O, P) were cultured for 48h in NGF-
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containing medium. They were then either supplied with (O, Q) or deprived of (P, R) NGF for a further 24h 

and immunostained for tubulin III. Upon NGF deprivation, the axonal microtubles of p53 KO and WT 

neurons were depolymerized to a similar extent, as can be seen from the punctuated pattern of the 

microtubles (N, P). Microtuble depolymerization index (mean ± SEM) was calculated (S) for each condition 

and genotype (t-test; N.S., non-significant). Scale bar, 100 M.  

 

Supplementary Figure 3 (related to Figure 6) Genetic ablation of Puma protects NFs and Tau from 

degradation upon NGF deprivation (A–D). DRG explants were cultured for 48 h in NGF containing medium 

and then deprived of NGF for the next 20h. Degradation of NFs and Tau was evaluated by immunoblot 

analysis. Upon NGF deprivation, NF and Tau were greatly reduced in WT axons, whereas Tau in the Puma 

KO axons was preserved and the NF to some extent. (B,D) Quantitation of NF and Tau loss following NGF 

withdrawal was determined by immunoblots and normalized to actin. Graphs show mean ± SEM from 4 

different experiments (t-test; ***P < 0.001, N.S., non-significant). (E–I) Puma ablation protects axons from 

degradation. DRG explants from WT (E, F) and Puma KO (G, H) embryos were cultured, treated as 

described above, and imaged by phase microscopy. (I) Axonal degeneration index (mean ± SEM) was 

calculated from each condition and genotype (t-test; ***P < 0.001, N.S., nonsignificant). Genetic ablation of 

Puma prevents Caspase-3 activation in response to global or local NGF deprivation (J-O). DRG explants 

were cultured for 36h in NGF-containing medium on cell culture inserts and were subsequently deprived of 

NGF for the next 16, 24, or 36h (J–M). Activation of Caspase-3 was evaluated by immunoblot analysis; 

activated (cleaved) Caspase-3 appears as a second band, below the uncleaved inactive Caspase-3 band. 

A clear appearance in the cleaved form is detected in both the soma and the axonal compartments of WT 

neurons after 16h. In the Puma KO, in both compartments, no cleavage of caspse-3 was detected 16h after 

deprivation and minor cleavage is detected at 24h in the axons. (K, M) Quantitation of cleaved Caspase-3 

following NGF withdrawal was determined by immunoblots and normalized to actin. Graphs show mean ± 

SEM from three different experiments (t-test; *P < 0.05, N.S., non-significant).  (N, O) Local NGF 
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deprivation was modeled in the microfluidic chamber. Puma KO and WT neurons were maintained in NGF 

(5 DIV) and immunostained for cleaved Caspase 3 and tubulin III. In the presence of NGF, no cleaved 

Caspase 3 is detectable either in WT or in Puma axons (left). In response to local NGF deprivation, cleaved 

Caspase-3 is detectable in the WT but not in the Puma KO axons (right). (O) Cleaved Caspase-3 induction 

index (mean ± SEM) was calculated for each condition and genotype (t-test; *P < 0.05, N.S., non-

significant). (P, Q)Peripheral nervous system pattern in the Puma KO embryos during early development. 

Whole-mount anti-NF staining of E12.5 WT (P) and Puma KO embryos (Q). Scale bar 100 M (E-H, N) and 

1mM (P, Q). 

 

Supplementary Figure 4 (related to Figure 8) Dusp16/Puma double-KO embryos have fewer neurons and 

reduced skin innervation by sensory axons at a later developmental time. (A–D) Number of cleaved 

Caspase-3-positive cells at E17.5 in the DRGs of both Dusp16 KO and Dusp16/Puma double-KO mice (C, 

D) are increased in comparison to their WT littermates (A). Cleaved Caspase-3-positive neurons (means ± 

SEM) were calculated from 3 to 5 embryos (40 sections each) of each genotype (E) (t-test; *P < 0.05). (F–I) 

Dusp16 KO and Dusp16/Puma double-KO mice (H, I) at E17.5 exhibit fewer Islet1 positive neurons than 

their WT littermates (F). Number of Islet1-positive neurons (means ± SEM) were calculated from 4 embryos 

(40 sections each) of each genotype (t-test; *P < 0.05) (J). (K−O) Analysis of peripheral axons adjacent to 

the skin labeled with anti-tubulin III antibody. Innervation in the Dusp16 KO and Dusp16/Puma double-KO 

embryos (M, N) are reduced from that of their WT littermate (K). Innervation density index (mean ± SEM) 

was calculated from 4 embryos (40 sections each) of each genotype (O) (t-test; *P < 0.05, ***P < 0.001). 

Scale bars, 100 M (A–D, F−I, K-N). 
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Supplementary Table S1 (related to Figure 2): Pathways analysis by Ingenuity of sensory neurons 

transcriptome following NGF deprivation.  

 

Experimental Procedures 

Antibodies. The following antibodies and dilutions were used: tubulin β-III (Covance, MRB-

435P, RRID: AB_663339, 1:1,000), tubulin β-III (R & D Systems, MAB1195, 

RRID:AB_357520, 1:1000), Caspase-3 (Cell Signaling; 9662, RRID:AB_10694681, 1:500), 

cleaved Caspase-3 (Cell Signaling, 9664, RRID:AB_331439 1:100), actin (MP Biomedicals, 

691001, RRID:AB_2336056, 1:5,000), GAPDH (Millipore, MAB374, 

RRID:AB_21074451:1000). NF (2H3, RRID:AB_531793) and Islet1 (RRID:AB_528315) 

(Developmental Studies Hybridoma Bank, 1:10 and 1:1,000, respectively), Puma (Cell 

Signaling, 7467, RRID:AB_10829605, 1:500), Tau5 (Millipore, 577801, RRID:AB_212534, 

1:1,000), JNK (Cell Signaling, 9252, RRID:AB_2250373, 1:500), H2B (Millipore, 07371, 

RRID:AB_310561, 1:5,000), PGP9.5 (Abcam, ab8189, RRID:AB_306343, 1:50), Fox3a (Cell 

signaling, 75D8, RRID:AB_836876, 1:1000), phospho JNK (Cell Signaling, 4668, 

RRID:AB_823588, 1:500), Jun (BD Transduction Laboratories, 610326, RRID:AB_397716, 

1:500), phospho-c-Jun (Cell Signaling, 9261, RRID:AB _2130159, 1:500) p53 (Cell Signaling, 

2524, AB_331743, 1:500), phospho-p53-ser15 (Cell Signaling, 9284, RRID:AB _331464, 

1:400), P38 MAP Kinase (Millipore, 506123, RRID:AB _212253, 1:500), and phospho P38 

MAP Kinase Thr180/Tyr182 (Millipore, MABS64, AB_10631874, 1:500). Immunoblots were 

developed using horseradish peroxidase-labeled donkey anti-rabbit or anti-mouse IgG and then 

detected with chemiluminescence. For immunofluorescence staining, anti-mouse or anti-rabbit 

antibodies conjugated with either Alexa 549 or Alexa 488 fluorophores were used at 1:200 

(Jackson ImmunoResearch).  
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Library construction, sequencing, and data analysis. Total RNA was processed using the 

Illumina protocol. Single-end 80-bp reads were sequenced on an Illumina Genome Analyzer II. 

The sequence yield was between 30 and 40 million per sample. Approximately 80% of the reads 

were aligned to the genome build mm10 using TopHat (v2.0.10)(Trapnell et al., 2009). Genes 

were quantified with the program HTSeq (version 0.6.1; options -t exon -m intersection-strict -q 

-i gene_id ) (Anders and Huber, 2010; Anders et al., 2015). Count-based differential expression 

analysis of RNA sequencing data was done using DESeq2 (Love et al., 2014) For gene 

normalization and differential expression calculations against time zero (DESeq2 parameters 

cooksCutoff = TRUE and independent filtering= TRUE). Differentially expressed genes were 

selected according to the criteria FDR ≤ 0.05 and absolute FC ≥ 1.5. The differentially expressed 

genes were clustered using rld values (from DESeq normalization) and the Expander tool. Heat 

maps and cluster profiles were plotted with Partek® Genomics Suite® software, version 6.6. 

Pathway analysis was performed using the IngenuitySystems IPA platform.  

Quantative real time PCR. For Dusp16, Puma and GAPDH mRNA detection, 1 μg of total 

RNA were reverse transcribed using the iScript system cDNA kit (Bio-Rad laboratories, 

Hercules, California, U.S.), according to manufacturer's instructions. Dusp16 and GAPDH 

transcript levels were measured by TaqMan Real Time PCR, using TaqMan gene expression 

assay for Dusp16 (Mm00459935_m1), Puma (Mm00519268_m1) GAPDH (Mm99999915_g1) 

( Thermo Fisher Scientific, Waltham, MA, USA). Expression levels of the target Dusp16 mRNA 

were determined relative to Gapdh using the comparative Ct method to calculate changes in Ct 

and ultimately fold change. An average Ct value for each RNA was obtained from triplicate 

reactions. 

 

Image quantification. All images were quantified using computerized algorithms except for the 

Cleaved Caspase 3 positive stained neurons that were manually quantified.  
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Axonal Quantification In Vitro and In Vivo The images of DRG explants, immmunostained 

for -tubulin, were binarized such that pixels corresponding to axons converted to white while 

all other regions converted to black. To perform this binarization and differentiate between axons 

and background in the images, a localized Otsu threshold was used. The Otsu algorithm searches 

for a threshold that minimizes the variance sum of two or more populations in an image (Otsu, 

1979). This gives an exact threshold below which all pixels are considered background. This 

threshold was then applied to count the number of pixels corresponding to axons in each figure, 

which serves as the MTs stability index. A punctuated formation of MTs was evident from the 

DRG explants’ staining; these spots occupy only the higher gray levels in the image and 

appeared mostly in the NGF-deprived, and not in their corresponding controls. The MT 

depolymerization index was defined as the ratio of depolymerized axon pixel number to intact 

axon pixel number. To detect the depolymerized axons, we used an algorithm for counting all the 

pixels above a certain threshold. To find this threshold, we calculated the probability density 

function (PDF) of the sum-controlled experiments (+NGF), from which the cumulative 

probability density function (CDF) was extracted. The threshold was set as the value above 

which there were almost no pixels (less than 0.1%). Eight to twelve non-overlapping images 

were collected per explant. More than ten explants were analyzed for each experimental 

condition.  

Skin Innervation Density Index Fields taken from the same area of the embryo’s ventral part, 

such that each contained similar length of skin, were imaged. We used spectral analysis (RGB) to 

discriminate between axons and all other material in the image. The resulting images were then 

binarized above a certain threshold (as written above). Images from 45 fields were collected 

from each embryo and a total of 4 embryos per genotype was used. The algorithm was applied to 

all images counting the number of binarized pixels corresponding to axons.  
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Number of Islet Positive Neurons The number of neurons per DRG was calculated using an 

algorithm that searches circular-like shapes within the DRG area, stained with anti-islet1, using a 

normalized cross correlation technique with a Gaussian kernel of variable sizes. Once the kernel 

was applied, the algorithm found all local maxima within the resulting image, each 

corresponding to a neuron. The total number of neurons per each DRG was counted and neurons 

from all DRGs per each embryo were summarized. Images from 110 fields were collected from 

each embryo and a total of 4 embryos per genotype were used.  

We will be happy to provide the code for this algorithm freely upon request.  

Axonal Degeneration Index Following NGF-deprivation treatments, phase microscopy images 

revealed fragmented axons of DRG explants. The axonal degeneration index is defined as the 

ratio of fragmented to intact axons. Areas of fragmented axons in the image can be characterized 

with high frequencies in all directions (rapid gray level transitions), as opposed to other areas 

which are smoothed or have a directional derivative, such as the background or the axons 

themselves. The algorithm searches the image for areas in which the gray level derivative is high 

in all directions; these are counted as fragmented axons. Then, the algorithm searches for the 

areas that have a directional derivative (a derivative that has only one direction); these are 

counted as intact axons. The ratio between the two is the axonal degeneration index. The 

background is being filtered out, since it is smooth and has no or very small derivative. Eight to 

twelve non-overlapping images were collected per explant. More than 20 explants were analyzed 

per each experimental condition. 

Relative Outgrowth Index E12.5 mouse embryos were stained using neurofilament antibody. 

The average length of the dorsal nerves from each DRG was calculated. Images were taken from 

both sides of each embryo and 4 to 16 embryos were analyzed per genotype.  

Number of branches Index E12.5 mouse embryos were stained using neurofilament antibody. 

The relative number of branches was calculated from the number of nerves endings innervating 
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the dorsal skin. Images were taken from both sides of the embryos and a total of 4 to 16 embryos 

were used per genotype.  

 

 

 

References  

Anders, S., and Huber, W. (2010). Differential expression analysis for sequence count data. 
Genome Biol 11, R106. 
Anders, S., Pyl, P.T., and Huber, W. (2015). HTSeq--a Python framework to work with high-
throughput sequencing data. Bioinformatics 31, 166-169. 
Love, M.I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol 15, 550. 
Otsu, N. (1979). Threshold Selection Method from Gray-Level Histograms. Ieee T Syst Man 
Cyb 9, 62-66. 
Trapnell, C., Pachter, L., and Salzberg, S.L. (2009). TopHat: discovering splice junctions with 
RNA-Seq. Bioinformatics 25, 1105-1111. 

 

 


	NEURON13450_annotate.pdf
	Axonal Degeneration Is Regulated by a Transcriptional Program that Coordinates Expression of Pro- and Anti-degenerative Factors
	Introduction
	Results
	Uncovering a Trophic Withdrawal-Induced Transcriptional Program in Sensory Neurons
	Dusp16 Is a Negative Regulator of Axonal Degeneration and Caspase-3 Activation In Vitro
	Decreased Axonal Branching and Target Innervation in the Dusp16 KO Mice
	Dusp16 Negatively Regulates the Expression of the Pro-apoptotic Protein Puma
	Puma Is Required for Efficient Axonal Degeneration and Restricts Axonal Branching and Target Innervation
	Co-ablation of Puma with Dusp16 Inhibits Axonal Degeneration and Caspase-3 Activation
	Co-ablation of Puma with Dusp16 Reverses the Reduction in Axonal Innervation, but Not Cell Death

	Discussion
	Experimental Procedures
	Mouse Strains
	Explant Culture
	RNA Sample Preparation
	Axonal Preparation
	Microfluidic Cultures
	Immunohistochemistry
	Whole-Mount NF Staining
	Statistical Methods

	Accession Numbers
	Supplemental Information
	Author Contributions
	Acknowledgments
	References



