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Stress-induced vesicular assemblies of dual leucine
zipper kinase are signaling hubs involved in kinase
activation and neurodegeneration
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Abstract

Mitogen-activated protein kinases (MAPKs) drive key signaling
cascades during neuronal survival and degeneration. The localiza-
tion of kinases to specific subcellular compartments is a critical
mechanism to locally control signaling activity and specificity upon
stimulation. However, how MAPK signaling components tightly
control their localization remains largely unknown. Here, we
systematically analyzed the phosphorylation and membrane local-
ization of all MAPKs expressed in dorsal root ganglia (DRG)
neurons, under control and stress conditions. We found that
MAP3K12/dual leucine zipper kinase (DLK) becomes phosphory-
lated and palmitoylated, and it is recruited to sphingomyelin-rich
vesicles upon stress. Stress-induced DLK vesicle recruitment is
essential for kinase activation; blocking DLK-membrane interaction
inhibits downstream signaling, while DLK recruitment to ectopic
subcellular structures is sufficient to induce kinase activation. We
show that the localization of DLK to newly formed vesicles is
essential for local signaling. Inhibition of membrane internaliza-
tion blocks DLK activation and protects against neurodegeneration
in DRG neurons. These data establish vesicular assemblies as
dynamically regulated platforms for DLK signaling during neuronal
stress responses.
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Introduction

Neuronal death is a tightly regulated process, necessary for the
proper development of the nervous system and a key pathological
event in many neurodegenerative diseases. Elimination of excessive
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neurons during the developing nervous system occurs as a failure to
establish trophic relationships with a target cell. Neuronal loss
becomes highly restricted as the nervous system matures; however,
it emerges in response to stroke and traumatic brain injury and
contributes to neurodegenerative diseases such as amyotrophic
lateral sclerosis and Alzheimer’s disease (Mattson, 2000; Yamaguchi
& Miura, 2015). Neuronal death is an active and well-orchestrated
process with numerous signaling pathways implicated. Among
others, mitogen-activated protein kinase (MAPK) signaling path-
ways have been shown to play key roles in balancing cell survival
and death during both development and pathological conditions in
numerous cell types including neurons (Kim & Choi, 2010, 2015).
Despite the critical importance of MAPK cascades, it remains largely
unknown how MAPKs signaling is spatially and temporally
controlled in complex neuronal cells under the various stress
conditions.

Different MAPK cascades have been reported to differentially
contribute to neuronal survival and degeneration. For example, it is
widely accepted that MAPKs such as c-Jun N-terminal kinase (JNK)
and p38 MAPK (p38) promote cell death, whereas extracellular
signal-regulated kinase 1/2 (ERK1/2) contribute to neuron survival
(Xia et al, 1995; Hetman & Gosdz, 2004; Yarza et al, 2016; Asih
et al, 2020). MAP3Ks have been shown to function as critical nodes
in neuronal signaling pathways. For instance, MAP3K12/ dual
leucine zipper kinase (DLK) mediates neuronal death induced by
nerve growth factor (NGF) deprivation in sympathetic neurons, and
DLK, together with leucine zipper-bearing kinase (LZK), MAPK/ERK
kinase kinase 4 (MEKK4), and mixed lineage kinase 2 (MLK2), are
key mediators of cell death in response to traumatic injury (Ghosh
et al, 2011; Yang et al, 2015). Interestingly, pharmacological and
genetic inhibition of MAP3Ks such as DLK and LZK are sufficient to
attenuate neuronal death in different models of acute neuronal
injury and neurodegenerative diseases (Chen et al, 2008; Miller
et al, 2009; Ghosh et al, 2011; Pozniak et al, 2013; Watkins et al,
2013; Fernandes et al, 2014; Patel et al, 2015; Le Pichon et al, 2017;
Welsbie et al, 2013; Welsbie et al, 2017; Welsbie et al, 2019;
Wlaschin et al, 2018; Hu et al, 2019; Ma et al, 2021).
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Considering the broad range of stimuli that activate MAPK
signaling cascades and the large number of processes that these
kinases regulate, MAPK specificity needs to be tightly controlled. A
precise and dynamic subcellular localization of the MAPK cascade
components is critical to tightly control kinase (in)activation and
the access to downstream effectors (Witzel et al, 2012; Wainstein &
Seger, 2016; Zhang et al, 2021). The mechanisms that control kinase
localization are not fully understood but may include interactions
with specific adaptor proteins or lipids. For example, in resting
conditions, specific anchor proteins retain components of the Raf-
MEK-ERK cascade such as ERK1/2 in the cytoplasm in different cell
lines (Fukuda et al, 1997; Brunet et al, 1999; Formstecher et al,
2001; Chen et al, 2005; Mebratu et al, 2008). Upon stimulation, the
components of the cascade rapidly change their subcellular location:
Rafs are known to move to the plasma membranes and other intra-
cellular membranes, whereas active MEK1/2 and ERK1/2 translo-
cate from the cytosol to the nucleus in numerous cell types
including neurons (Eblen, 2018). In addition, lipid modifications
such as palmitoylation have been shown to target MAPKs such as
DLK and JNK3 to membranes, controlling not only localization and
activity but also protein stability in neurons (Yang et al, 2012;
Holland et al, 2016; Niu et al, 2022). Understanding the complex
subcellular localization of MAPK cascades components in neurons
and their dynamic changes upon stress will provide a better under-
standing of the regulation of signaling pathways involved in
neuronal survival and degeneration.

Here, we systematically analyze changes in phosphorylation and
localization of MAPKs expressed in dorsal root ganglia (DRG)
neurons, in control and stress conditions. MAPKs such as c-Raf,
MEKK2, and ERK1/2 decrease their phosphorylation levels in
response to NGF deprivation. Interestingly, DLK is the only MAPK
that responds by increasing its phosphorylation and membrane
localization. NGF deprivation-induced stress also promotes DLK
palmitoylation which changes its localization from the cytoplasm to
axonal transport vesicles. Preventing DLK vesicle assembly inhibits
DLK-mediated signaling pathways, and conversely, ectopic recruit-
ment of DLK to other subcellular structures is sufficient to induce its
activation. We show that DLK vesicle recruitment is independent of
DLK dimerization or kinase activation, but relies on an active

Figure 1. Neuronal stress increases DLK recruitment to membranes.
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endocytic pathway and sphingomyelin levels in the neuron. These
findings provide new insights into the mechanism of DLK activation
in neurons and suggest that stress-induced DLK vesicle assemblies
act as local signaling platforms that drive kinase activation and
neurodegeneration.

Results
Neuronal stress increases DLK recruitment to membranes

MAPK cascades respond to various stimuli and control both survival
and apoptosis signaling. The subcellular localization of MAPK
components has been shown to be key in controlling their activity
and specificity. We decided to systematically characterize the dif-
ferent MAPK family members and their membrane localization
during neuronal stress using an in vitro model that mimics the
competition for trophic factors experienced by sensory neurons
in vivo. Cultured DRG neurons in vitro require the presence of NGF
to survive, and NGF depletion initiate an active and tightly
controlled process of degeneration (Deshmukh & Johnson, 1997;
Freeman et al, 2004). Interestingly, the molecular machinery
involved in this developmental neurodegeneration process is acti-
vated in adult axonal injury and various neurodegenerative diseases
(Asghari Adib et al, 2018). We first analyzed total protein expres-
sion and phosphorylation of the different MAPK cascade compo-
nents by mass spectrometry. Many different MAPKs were expressed
in DRG primary cultures, including MAPK, MAP2K, and MAP3K
members (Fig 1A). Although none of the MAPK family member
changed their expression at total protein levels (Dataset EV1), some
of them, such as DLK, ERK1/2, MEKK2, and c-Raf, altered their
phosphorylation levels after 1 and 4 h of NGF deprivation (Fig 1B,
Appendix Fig S1A). In addition to the changes in DLK phosphoryla-
tion, we also found increased phosphorylation levels of the down-
stream effector c-Jun after NGF deprivation, but could not detect
sustained changes in phosphorylation levels of intermediate kinases
such as JNK1/2/3 or MKK4/7 during the 4-h time window in this
particular mass spectrometry experiment (Dataset EV1). We next
tested the membrane association of the different MAPKs present in

A Schematic diagram of MAPK signaling cascades in mammalian cells. Only representative signaling molecules are shown. MAPK cascade components detected in
3 days in vitro (DIV) cultured embryonic DRG neurons by TMT-based mass spectrometry analysis are colored. In grey, MAPKs not detected (n = 2 independent

experiments).

B Volcano plot of differently-regulated phosphosites of MAPK cascade components from 3DIV cultured embryonic DRG neurons upon 4 h of NGF deprivation, with
protein-level cut-offs set at log2 fold change > 1.0 and —log10 adjusted P-value > 1.3 (P < 0.05), marked by dashed lines. Downregulated sites represented as blue

points, and up-regulated sites as orange points (n = 2 independent experiments).

C Representative Western blots of the different MAPKs expressed in DRG neurons (DIV3) cultured in the presence or absence of NGF for 3 h and subjected to a
membrane/cytosolic fractionation. a-tubulin and STMN-1 are used as controls of cytosolic proteins and Na'/K"-ATPase and STMN-2 as controls of membrane

proteins.

D Quantification of the ratio of protein localized in the membrane fraction after 3 h of NGF deprivation (n = 6-14 biological replicates; series of unpaired t-tests

followed by a Holm-Sidak correction).

E Flow chart showing the approach used to detect palmitoylation levels in DLK from cultured embryonic DRG neurons. Palmitoylated proteins were labeled with click-it
palmitic acid, conjugated with biotin and subjected to immunoprecipitation using streptavidin beads.

F Representative Western blots of total and palmitoylated DLK (upper panel) and quantification of DLK palmitoylation levels (lower panel) from cultured DRG neurons
subjected to 3 h of NGF deprivation (n = 5 independent experiments; Mann—Whitney U test).

Data information: Graphs represent mean + SEM in (D) and (F). *P < 0.05 and **P < 0.01. Diagrams in A and E were created with BioRender.com. See also

Appendix Fig S1.
Source data are available online for this figure.
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DRG neurons and determined whether their localization was altered
upon NGF deprivation. By performing membrane fractionation
experiments of DRG neurons after NGF withdrawal, we found that
kinases such as DLK, MKKS, or ERK1/2 partially or fully coincided
with membranes. However, only DLK changed its membrane associ-
ation upon NGF withdrawal (Fig 1C and D, Appendix Fig S1B).
Membrane anchoring of cytosolic protein can be mediated by palmi-
toylation (Iwanaga et al, 2009). We confirmed that several MAPK
can be palmitoylated in DRG neurons using click-it chemistry
(Fig 1E, Appendix Fig S1C) and observed that, in agreement with
the stress-induced membrane recruitment, DLK increased its palmi-
toylation levels upon NGF deprivation while total protein levels
remained unchanged (Fig 1F, Appendix Fig S1D). These findings
are in line with previous studies in which DLK was described to
respond to cellular stress (Tedeschi & Bradke, 2013; Asghari Adib
et al, 2018). As DLK is the only MAPK in DRG neurons that
responded by increasing its protein phosphorylation and membrane
association, we decided to further characterize the role of DLK-
membrane associations and its impact on DLK activity and neurode-
generation.

DLK vesicle recruitment induces kinase activation and signaling
upon stress

We next analyzed the subcellular localization of DLK under control
and stress induced by NGF deprivation. Using live imaging experi-
ments in DRG neurons, we found that GFP-tagged DLK was present
in vesicle-like structures that were transported along the axon, in
both anterograde and retrograde directions (Fig 2A and B). Similar
vesicle localization was observed for endogenous DLK (Fig 2C,
Appendix Fig S2A). DLK localization was prevented by the

Elena Tortosa et al

pharmacological inhibitor of protein palmitoylation, 2-
bromopalmitate (2-BP) or by point mutation of DLK’s palmitoyla-
tion site, Cys-127 (Appendix Fig S2B and C) (Holland et al, 2016).
We observed an increase in the number of DLK-positive vesicles
after NGF withdrawal for both endogenous and overexpressed GFP-
tagged DLK in DRG neurons (Fig 2D-G), consistent with the
increase in membrane association in the fractionation experiments.
To further explore the role of vesicle recruitment during DLK
signaling, we next tested whether displacing DLK from vesicles
could block DLK activity. We overexpressed an N-terminal portion
of DLK (1-162 aa) including the palmitoylation region but without
the kinase domain, and analyzed the levels of p-c-Jun as a readout
of endogenous DLK activation. We observed that the N-terminal
domain is recruited to vesicles and reduces the activation of DLK in
response to NGF withdrawal (Fig 2H-J). To further determine the
importance of DLK recruitment for the kinase activity, we measured
the activity of DLK upon recruitment to ectopic membrane of structures
such as the endoplasmic reticulum, the plasma membrane, or mito-
chondria using the transmembrane domain of VAPB (DLK-WT-ER), the
C-terminal CAAX motif of Ras proteins (DLK-WT-CAAX) or the
membrane targeting sequence of the ActA protein of Listeria monocyto-
genes (DLK-WT-MTS), respectively (Fig 2K). We observed that upon
intracellular membrane recruitment to structures such as the endoplas-
mic reticulum or mitochondria DLK increases the phosphorylation of c-
Jun, indicating that recruiting DLK to ectopic subcellular structures is
sufficient to induce kinase activation. To exclude the possibility of an
additional recruitment of DLK to Golgi membranes, we tested the activ-
ity of the C127S palmitoyl mutant DLK (DLK-CS) ectopically recruited
to similar structures. As observed before, palmitoyl mutant DLK is acti-
vated when recruited to structures such as endoplasmic reticulum or
mitochondria (Fig 2L-N, Appendix Fig S2D and E). Together, these

Figure 2. DLK vesicle recruitment induces kinase activation and signaling upon stress.

A
B

Representative stills from time-lapse recordings of DIV6 DRG neurons overexpressing DLK-GFP. Arrowheads point to individual moving DLK-GFP positive structures.
Kymographs made from the complete time-lapse recording shown in A. The left shows the original kymograph, and the right shows an illustration of the manually
traced structure displacements for better visualization.

Representative images of DIV3 DRG neurons nucleofected with a non-targeting siRNA (NT siRNA) or a siRNA against DLK (DLK siRNA), and stained for endogenous
DLK and B3-tubulin (TUBB3). On the right, quantification of the DLK mean intensity in neurons expressing control NT or DLK siRNAs (n = 25 neurons/condition;
Unpaired t-test).

Representative kymographs (D), quantification of GFP-positive particle number (E) and percentage of anterograde, retrograde, reverse or non-moving GFP-positive
particles (F) from DLK-GFP time-lapse recordings in DIV6 DRG neurons, in control situation (+NGF) or after 3 h of NGF deprivation (—NGF) (n = 45-46 neurons/
condition; Mann-Whitney U test in E and Chi-square test in F).

Representative images of DIV3 cultured embryonic DRG neurons maintained in the presence (+NGF) or absence (—NGF) of NGF for 3 h and stained for
endogenous DLK. On the right, quantification of the number of DLK- positive puncta in control situation or after 3 h of NGF deprivation (n = 18-19 neurons/condi-
tion; Mann-Whitney U test).

Representative kymograph and stills from a time lapse recording of 6DIV neurons overexpressing a GFP-tagged N-terminal region of DLK (NtermDLK-GFP). Arrow-
heads point to individual moving NtermDLK-GFP positive structures.

Representative Western blots of p-cJun and GAPDH (I), and quantification of relative c-Jun phosphorylation levels (J) from DIV6 cultured embryonic DRG neurons
overexpressing GFP or NtermDLK-GFP, and subjected to NGF withdrawal for 3 h (n = 7-8 biological replicates; series of unpaired t-tests /Mann-Whitney U tests
followed by a Holm-Sidak correction).

Diagram of different DLK constructs fused with the transmembrane domain of VAPB (DLK-ER), the C-terminal CAAX motif of Ras proteins (DLK-CAAX) or the mem-
brane targeting sequence of the ActA protein of Listeria monocytogenes (DLK-MTS), and their expected localization.

Representative images of Hela cells expressing the different HA-tagged wild-type (WT) and palmitoyl-mutant (CS) DLK constructs (DLK-WT-ER, DLK-CS-ER, DLK-
WT-CAAX, DLK-CS-CAAX, DLK-WT-MTS, DLK-CS-MTS), and stained with markers of the endoplasmic reticulum (KDEL), plasma membrane (CellMask) and mitochon-
dria (cytochrome C).

Representative Western blots of DLK, p-cjun and GAPDH (M) and quantification of relative c-Jun phosphorylation levels (N) from Hela cells transfected with HA
alone (HA) and the different HA-tagged wild-type (WT) and palmitoyl-mutant (CS) DLK constructs (DLK-WT-ER, DLK-CS-ER, DLK-WT-CAAX, DLK-CS-CAAX, DLK-WT-
MTS, DLK-CS-MTS) (n = 7-8 biological replicates; series of unpaired t-tests /Mann—-Whitney U tests with DLK-WT or DLK-CS followed by a Holm-Sidak correction).

Data information: All graphs represent mean £ SEM. *P < 0.05 **P < 0.01 and ***P < 0.001. Scale bar represents 10 um in (B) and (C), 5 um in (A), (D), (G), (H) and (L),
and 2 um in zooms in (C). See also Figure Appendix Fig S2.
Source data are available online for this figure.
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data suggest that DLK vesicle localization is critical for the kinase acti-
vation and downstream signaling in response to stress.

DLK-vesicle localization is independent of its activation state

To further elucidate whether DLK vesicle recruitment requires
dimerization and kinase activity, we generated a series of point
mutations in the kinase and leucine zipper domains of DLK, DLK-
KD-GFP, and DLK-LZ-GFP, respectively (Fig 3A, Appendix Fig S2F).
It has been shown that DLK overexpression is sufficient for DLK
activation and phosphorylation of c-Jun in cell lines (Mata et al,
1996). We expressed the mutant constructs in HeLa cells and found
that, with the exception of the GFP- tagged wild-type DLK (DLK-
WT-GFP), all mutated constructs were inactive and did not increase
the phosphorylation levels of c-Jun (Fig 3B and C). We next
analyzed the localization of the different mutants and found that
DLK-WT-GFP was present at intracellular vesicles. The vesicular
association was dependent on palmitoylation because the palmitoyl
mutant (DLK-CS-GFP) shifted DLK to a cytoplasmic localization.
Interestingly, both DLK-KD-GFP and DLK-LZ-GFP also showed a
punctate localization (Fig 3D). Consistently, subcellular fractiona-
tions showed that all constructs tested were equally present in both
membrane and cytosolic compartments, with the exception of DLK-
CS-GFP, that was highly enriched in the cytosolic fraction (Fig 3E
and F). We next performed similar experiments in DRG neurons and
found that, consistently with results obtained in HeLa cells, all DLK
mutants were recruited to vesicles, with the exception of DLK-CS
(Fig 3G-I). In agreement with these data, treatments with DLK inhi-
bitor (GNE-3511) did not block DLK vesicle localization. Interest-
ingly, DLK inhibitor increased the number of DLK-positive vesicles
in DRG neurons (Fig 3J-L). These results demonstrate that DLK
vesicle localization is dependent on protein palmitoylation but is
independent of protein dimerization or kinase activity.

Sphingomyelin regulates DLK-vesicle localization and
kinase activity

We next determined the identity of the DLK-positive vesicles by
staining for various vesicular structures, including markers for the

Figure 3. DLK- vesicle localization is independent of its activation state.
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secretory pathway, such as post-Golgi secretory vesicles (Rab6) and
synaptic precursor vesicles (Rab3), and markers for vesicles from
the endocytic pathway, including late endosomes (Rab?7) and recy-
cling endosomes (Rab11) (Fig 4A). Object-based colocalization anal-
ysis revealed that DLK was present on various vesicles in the
secretory and endosomal pathway, and was not associated with a
specific vesicular subcompartment (Fig 4B, Appendix Fig S3A-C).
Based on these results, we investigated whether DLK-positive vesi-
cles have a unique lipid signature. We expressed control HA, DLK-
WT-HA, and DLK-CS-HA in HeLa cells, performed anti-HA pull
downs, and ran an unbiased lipidomic analysis on the samples. We
found that vesicles containing overexpressed HA-tagged DLK were
enriched in lipids such as phosphatidylethanolamine, phosphatidyl-
cholines, and sphingomyelin (Fig 4C-E). From these lipids only
sphingomyelin levels and species were significantly different
between DLK-WT-HA and DLK-CS-HA (Fig 4E and F). Consistently,
inhibition of sphingomyelin synthase with compounds such as D609
blocked both DLK-vesicle localization and the increase in c-Jun
phosphorylation induced by NGF withdrawal, while did not affect
vesicular structures, axon integrity and neuron viability (Fig 4G-L,
Appendix Fig S3D-G). Together, the data suggest that DLK vesicle
localization and further kinase activation requires the presence of
sphingomyelin in membrane vesicles.

Endocytosis is required for DLK-vesicle localization and signaling

Sphingomyelin is synthesized at the endoplasmic reticulum and
Golgi apparatus, and is present in both the endocytic and the secre-
tory pathway (Gault et al, 2010; Yang et al, 2018). As DLK-
membrane localization depends on sphingomyelin and DLK is found
on both endocytic and secretory vesicles, we next investigated
which vesicular trafficking pathway is involved in DLK signaling.
We first performed treatments with either brefeldin-A to disrupt the
secretory pathway and the dynamin inhibitor dynasore to block
dynamin-dependent endocytosis, in DRG neurons under control and
NGF deprivation. We immunoblotted for p-c-Jun as a readout of
DLK activation and found that, whereas brefeldin-A did not
affect levels of c-Jun phosphorylation, treatments with dynasore
completely abolished the increase in phosphorylation of c-Jun under

A Schematic diagram of DLK indicating point mutations generated for the different GFP-tagged DLK constructs.

B, C Representative Western blots of GFP, p-cJun and GAPDH (B) and quantification of relative c-jun phosphorylation levels (C) from HelLa cells non transfected (NT) or
transfected with GFP alone (GFP), GFP-tagged DLK wild-type (DLK-WT-GFP), kinase dead mutant (DLK-KD-GFP), leucine zipper domain mutant (DLK-LZ-GFP) and a
palmitoyl-site mutant (DLK-CS-GFP) (n = 4-7 biological replicates; series of unpaired t-tests /Mann-Whitney U tests with DLK-WT-GFP followed by a Holm-Sidak

correction).

Representative images and zooms of Hela cells expressing GFP alone or the different GFP-tagged DLK mutants.

E, F Representative Western blots of GFP, a-tubulin and Na*/K*-ATPase from cytosolic and membrane fractions (E) and quantification of the percentage of DLK localized
in the membrane and cytosolic fraction (F) from HelLa cells expressing GFP alone or the different GFP-tagged DLK mutants (n = 4-5 biological replicates; series of
unpaired t-tests /Mann-Whitney U tests with DLK-WT-GFP followed by a Holm-Sidak correction).

G-I Representative stills (G), representative kymographs (H) and quantification of the number of GFP-positive particles (I) from time-lapse recordings of the different
GFP-tagged DLK mutants in DIV6 cultured embryonic DRG neurons (n = 31-65 neurons/condition; series of Mann-Whitney U tests with DLK-WT-GFP followed by a

Holm-Sidak correction).

J-L Representative stills (J), kymographs (K) and quantification of the number of DLK-GFP positive particles (L) from time-lapse recordings of DIV6 DRG neurons overex-
pressing GFP-tagged DLK and treated with control (DMSO) or DLK inhibitor GNE-3511 (DLKi) for 3 h (n = 22-46 neurons/condition; Unpaired t-test).

Data information: Arrowheads point to individual DLK-GFP positive structures in G and |. All graphs represent mean + SEM. *P < 0.05 and ***P < 0.001. Scale bar repre-
sents 100 um in (D), 10 um in (G) and (J), 5 um in (H), (K) and zooms in (D). See also Appendix Fig S2.

Source data are available online for this figure.
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Figure 4. Sphingomyelin controls DLK—vesicle localization and kinase activity.

A Representative confocal deconvolved and thresholded images of DIV3 cultured embryonic DRG neurons co-stained for endogenous DLK (green) and the marker for
synaptic vesicles Rab3 (magenta).

B Colocalization analysis between DLK (black values) or same image after 90° rotation (grey values), and markers for different intracellular compartments (Rab3,
Rab6, Rab7, Rab11 and mitochondria) in DIV3 cultured embryonic DRG neurons (n = 13-17 images/condition).

C Representative images of Hela cells expressing HA alone and the different HA-tagged DLK constructs: a wild-type form of DLK (DLK-WT-HA) and the palmitoyl-
mutant DLK (DLK-CS-HA).

D  Western blot analysis from total lysate (Input) and immunoprecipitates (IP) of HA-tag protein immunoprecipitations in Hela cells overexpressing HA alone and the
different HA-tagged DLK constructs, DLK-WT-HA and DLK-CS-HA in the absence of any detergent.

E, F Lipidomic analysis of the immunoprecipitates obtained from the HA-tagged protein immunoprecipitations from extracts of Hela cells overexpressing HA alone,
DLK-WT-HA and DLK-CS-HA. Quantification of lipid classes (E) and sphingomyelin fatty acid species (F) measured in the immunoprecipitates (n = 3-4 independent
experiments; series of unpaired t-tests /Mann-Whitney U tests followed by a Holm-Sidak correction.

G-I Representative Western blots of DLK, p-cJun and GAPDH (G) and quantification of relative c-jun phosphorylation (H) and DLK levels (l) from 3DIV cultured embryonic
DRG neurons treated with D609 for 3 h in the presence or absence of NGF (n = 8 biological replicates; series of unpaired t-tests with control NGF withdrawal condi-
tion followed by a Holm-Sidak correction).

J, K Representative stills (J), kymographs and quantification of the number of DLK-GFP positive particles (K) from time-lapse recordings from 6DIV cultured embryonic
DRG neurons overexpressing GFP-tagged DLK and treated with D609 for 3 h (n = 29-46 neurons; Mann-Whitney U test). Arrowheads in | point to individual DLK-
GFP positive structures.

L Representative Western blots of DLK, a-tubulin and Na*/K*-ATPase from cytosolic, membrane and insoluble fractions of 3DIV cultured embryonic DRG neurons
treated with D609 for 3 h.

Data information: All graphs represent mean + SEM. *P < 0.05 **P < 0.01 and ***P < 0.001. CE, cholesteryl ester; CER, ceramide; DAG, diacylglycerol; DCER,
dihydroceramides; HCER, hexosylceramides, LCER, lactosylceramides; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; SM, sphingomyelin; TAG, triacylglycerol. Scale bar represents 20 um in (C), 10 um in (J), 5 um in (A) and (K), and 2 um in zooms in (A).

See also Figure Appendix Fig S3.
Source data are available online for this figure.

NGF withdrawal (Fig SA). Consistently, dynasore treatments
blocked the increase in phosphorylation of the downstream effector
MKK4 whereas did not affect compartments such as mitochondria
or axon integrity (Hirai et al, 1997; Xu et al, 2001; Huntwork-
Rodriguez et al, 2013) (Fig 5B, Appendix Fig S3H-J). We next
analyzed the DLK localization in DRG neurons and observed that
brefeldin-A treatments did not change DLK vesicle localization
whereas dynasore completely abolished DLK vesicle recruitment
(Fig 5C-F). Consistently, dynasore treatments blocked DLK
membrane recruitment observed by fractionation experiments after
NGF withdrawal (Fig 5G and H). We next tested other endocytosis
inhibitors in these assays: hypertonic sucrose media (HS), chlorpro-
mazine (CHP), and dansylcadaverine (DCV) as inhibitors of
clathrin-dependent endocytosis, and methyl-b-cyclodextrin (MCD)
as an inhibitor of clathrin-independent and caveolin-dependent
endocytosis pathway. We found that inhibition of either pathway
was sufficient to block DLK vesicle localization and activation after
NGF withdrawal (Fig 5I-L, Appendix Fig S3K and L). Interestingly,
dynasore not only blocked NGF withdrawal dependent signaling but
also inhibited DLK activation by a different stressor such as vincris-
tine (Fig SM). These data suggest that membrane internalization,
both clathrin-dependent and -independent are required for DLK-
vesicle localization and signaling upon various neuronal stressors.

Inhibition of endocytosis protects against axon degeneration and
neuronal apoptosis

Given the essential role of DLK-vesicle recruitment for DLK-
dependent downstream signaling and the robust effects of dynasore
on DLK localization and activity, we next assessed whether
membrane internalization is required for apoptotic pathway activa-
tion and further axon degeneration. To test whether the effect of
endocytosis inhibition similarly blocked neuronal apoptosis, we
immunoblotted for activated caspase-3. Treatments with dynasore

© 2022 Genentech Inc

reduced the levels of activated caspase-3 8 h after NGF withdrawal
(Fig 6A). Consistently, similar effects were observed with inhibitors
of clathrin-dependent and -independent endocytosis and by overex-
pressing a dominant negative form of dynamin-1 (Fig 6B and C). To
determine whether treatments with dynasore were sufficient to
attenuate axonal degeneration in DRG neurons after NGF depriva-
tion, we treated DRG explants and dissociated DRG neurons with
different concentrations of dynasore. Examination of DRG explants
after 24 h of NGF withdrawal showed a robust protective effect of
dynasore treatments on axon degeneration while neuron viability
was not affected (Fig 6D, Appendix Fig S4A and B). Similar axon
protective effects were observed in dissociated DRG neurons in a
dose-response relationship and by overexpressing a dominant-
negative form of dynamin-1 (Fig 6E and F, Appendix Fig S4C),
suggesting that membrane internalization acts as a key upstream
regulator of the DLK signaling pathway. Together, these data show
that inhibition of endocytosis protects neurons from DLK activation
and subsequent apoptotic signaling and axon degeneration.

Discussion
MAPK signaling during neuronal cell death

Growth factors such as NGF mediate neuronal survival and NGF
withdrawal from cultured embryonic DRG neurons have been
shown to initiate an acute stress response that shares several
aspects with adult axonal injury responses (Kristiansen & Ham,
2014). The induction of neuronal death by NGF deprivation
involves the activation of a robust MAPK signaling system of
which many factors remain unknown. Here, we systematically
analyze changes in protein levels, phosphorylation and membrane
localization of MAPKs expressed in DRG cultured neurons in
response to NGF withdrawal. Consistent with previous studies

The EMBO journal 41:e110155[2022 9 of 20
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reporting no changes in MAPKs mRNA following NGF deprivation
(Maor-Nof et al, 2016; Larhammar et al, 2017), we observe no
major changes in MAPK protein expression. We also analyzed
protein phosphorylation by mass spectrometry and found that NGF
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deprivation decreases phosphorylation levels of MAPKs such as
c-Raf and ERK1/2, and increases phosphorylation of DLK. These
data agree with previous reports describing an inhibition of the
Raf-MEK-ERK cascade and a stimulation of the JNK signaling

A *% k%% ns B *kk kkk
‘—-....—-—-‘DLK = 5.
= e == I
| — -I ol 1 - — — — — p-MKK4 % 4
E ——— — — —— e | MKK4 §3
|-----—| Rab6 (<D S
|""" --—:-_| GAPDH E W —————— | GAPDH x
B NGF + + + + - - - - 3 1
NGF + - + - + - = 0
NGF v . R R Control DYN Control DYN NGE
Control DYN  BFA
Control Control DYN
C Control BFA DYN D E » *kk
T (TR [y 7 £ — mm anterograde
5 o S -‘*?z‘! =100 = retrogrga\de
e SR | B8 a o [ non moving
al g ;*’ [ o 75 3 reverse
& il O 1y 2
3 gl = -
5 z (=) o C.L
al. g X
: T 2 A 2%
oy | ! 5] =
; G ot f hek el R \ 8 B
Time (1min) — ES Control BFA
08 C lic frac. Membrane frac.
F % kkk G . . . H ytosoli
. Cytosolic fraction ~ Membrane fraction *kk gk
E 0.6 . L L DLK ’53
£ 2
g . , <
3 : W e | b 8% B
S04 - B B ) <
3 J s S . :
: 5 & P | NaKATPase S 14 = -. _
= 0.2+ k 5 ;
R o s
= Control 6\% Control é$ NGF - M
Control DYN Control DYN
= 06+ *kk kkk kkk
I J KE
€
a o 2044
L [T [%:)
[G) (O] 2
> N 2
a a £ 0.2
X
a
*0.0
Control CHP DCV MCD
L Kk M p-cJun
515_ . -—--w--l GAPDH
<
T trol VN VNC
5 104 . Contro C v
<C
) ‘. .
% 5 2 kkk %%k %%k VNC+DYN *
Control CHP  DCV BMCD = VNC *
Control *
NGF + - }
N ) S RPN

Figure 5.

10 of 20

The EMBO Journal  41: 110155 | 2022

Control c)?\Q QG“Q?\\\GQ

p-cJun/ GAPDH (AU)

© 2022 Genentech Inc



Elena Tortosa et al

The EMBO Journal

Figure 5. DLK uses the endocytic pathway as a platform for signaling.

A

Western blot analysis of endogenous DLK, p-cJun, Rab6 and GAPDH, and quantification of relative c-Jjun phosphorylation levels in 3DIV cultured embryonic DRG
neurons treated with dynasore (DYN) or brefeldin A (BFA) for 3 h in the presence or absence of NGF (n = 6-12 biological replicates; series of unpaired t-tests /
Mann-Whitney U tests with control NGF withdrawal followed by a Holm-Sidak correction).

Representative Western blots of p-MKK4, MKK4 and GAPDH, and quantifications of the relative MKK4 phosphorylation levels in 3DIV cultured embryonic DRG neu-
rons treated with dynasore (DYN) for 3 h in the presence or absence of NGF (n = 6 biological replicates, series of unpaired t-tests with control NGF withdrawal
followed by a Holm-Sidak correction).

Representative stills (C), kymographs (D) and quantification of the orientation (E) and number of DLK-GFP positive particles (F) from time-lapse recordings of DIV6
DRG neurons overexpressing GFP-tagged DLK and treated with dynasore (DYN) or brefeldin A (BFA) for 3 h (n = 34-101 neurons, Chi-square test in E and series of
Mann-Whitney tests with control followed by a Holm-Sidak correction in F). Arrowheads in C point to individual DLK-GFP positive structures.

Representative Western blots of DLK, a-tubulin and Na“/K*-ATPase (G) and quantifications (H) from cytosolic and membrane fractions of 3DIV cultured embryonic
DRG neurons treated with dynasore (DYN) for 3 h in the absence of NGF (n = 5-11 biological replicates, series of unpaired t-tests /Mann-Whitney U tests with con-
trol NGF withdrawal followed by a Holm-Sidak correction).

Representative stills (I), kymographs (J) and quantification of the number of DLK-GFP positive particles (K) from cultured embryonic DRG neurons treated with
chlorpromazine (CHP), dansylcadaverine (DCV) or methyl-B-cyclodextrin (MCD) for 3 h (n = 12 neurons, series of Mann—Whitney U tests with control situation
followed by a Holm-Sidak correction). Arrowheads in | point to individual DLK-GFP positive structures.

Representative Western blots of p-cJun and GAPDH, and quantification of relative c-jun phosphorylation levels in 3DIV cultured embryonic DRG neurons treated
with chlorpromazine (CHP), dansylcadaverine (DCV) or methyl-B-cyclodextrin (MCD) for 3 h in the absence of NGF (n = 6-24 biological replicates, series of Mann—
Whitney U tests with control NGF withdrawal followed by a Holm-Sidak correction).

Representative Western blots of p-cJun and GAPDH, and quantification of relative c-Jun phosphorylation levels in 3DIV cultured embryonic DRG neurons treated
with vincristine (VNC) and dynasore (DYN) for 3 h (n = 7 biological replicates, series of Mann—-Whitney U tests with vincristine condition followed by a Holm-Sidak

correction).

Data information: All graphs represent mean + SEM. *P < 0.05 **P < 0.01 and ***P < 0.001. Scale bar represents 10 um in (C) and (1), 5 um in (D) and (). See also

Figure Appendix Fig S3.
Source data are available online for this figure.

pathway upon NGF withdrawal (Virdee & Tolkovsky, 1995; Ghosh
et al, 2011). Consistently, we also detect changes in upstream
regulators of the Raf-MEK-ERK cascade such as the tropomyosin-
receptor-kinase (Trk) receptor, the accessory protein son of seven-
less (SOS) and the signaling protein SNT, known to be associated
with TrK receptors, GRB2-associated-binding protein 1 (GAB1),
and Phospholipase C Gamma 1 (PLCgl). Further studies will be
required to elucidate the role of the Raf-MEK-ERK pathway in
NGF-withdrawal induced neuronal death.

Membrane localization controls MAPK activity

Although kinases are mainly localized in the cytosol, a recent
mapping of the subcellular localizations of the kinome have shown
that kinases are abundantly present in intracellular membrane
compartments (Zhang et al, 2021). Kinase localization has been
shown to be critical in mediating kinase activity. For example,
ectopic recruitment of MAPKs such as Raf to the plasma
membrane has been shown to be sufficient to trigger kinase activa-
tion in cell lines (Leevers et al, 1994; Stokoe et al, 1994). An
important membrane recruitment mechanism is protein palmitoyla-
tion, a lipid modification that not only promotes protein
membrane association, but also controls protein stabilization and
facilitates protein—protein interaction to form local signaling plat-
forms in numerous cell types including neurons (Charollais & Van
Der Goot, 2009; Salaun et al, 2010). Compared with other lipid
modifications, palmitoylation is reversible and allows proteins to
shuttle between cellular compartments, allowing protein relocaliza-
tion within cellular compartments (Iwanaga et al, 2009). In this
study, we found that DLK responds to NGF deprivation by increas-
ing its palmitoylation and vesicle recruitment. Interestingly, stress
has been shown to increase the levels of palmitoylation of synaptic
proteins and influence the palmitoylation of several neuronal
kinases, including the calcium/calmodulin-dependent protein

© 2022 Genentech Inc

kinase II (CaMKII), protein kinase C (PKC), and Src (Zamzow
et al, 2019; Zareba-Koziol et al, 2019). Therefore, it is interesting
to speculate that a global increase in protein palmitoylation may
help the recruitment and activation of signaling proteins such as
DLK in response to stress.

Endocytosis and sphingomyelin drive DLK activation

DLK functions as a damage sensor in the axon and can initiate the
JNK-dependent stress response (Hirai et al, 2005; Chen et al, 2008;
Miller et al, 2009; Ghosh et al, 2011; Shin et al, 2012; Watkins et al,
2013). In this study, we show that DLK localizes to axonal vesicles
within the secretory and endocytic pathway. Using unbiased lipi-
domic approach, we found that DLK is enriched in sphingomyelin-
containing vesicles. The subcellular distribution of DLK in cultured
cells is consistent with the Golgi and vesicular localization described
previously for sphingomyelin (Deng et al, 2016). Our results demon-
strate that sphingomyelin levels control DLK localization and activa-
tion in response to NGF deprivation in DRG neurons. Interestingly,
sphingomyelins, together with cholesterol, can form lipid microdo-
main on the plasma membrane to recruit palmitoylated proteins
(Lingwood & Simons, 2010; Delint-Ramirez et al, 2011; Kim et al,
2013; Levental & Veatch, 2016; Tripathi et al, 2021). In addition, the
levels of sphingomyelin in these lipid rafts regulate the localization
and trafficking of palmitoylated proteins (Xiong et al, 2019). It is
therefore tempting to speculate that neuronal stress may cause accu-
mulation of sphingomyelin in intracellular vesicles that favors the
recruitment of palmitoylated DLK, promoting kinase activation and
neuronal degeneration.

We also found that the formation of new vesicles from the
plasma membrane through endocytosis plays an important role in
controlling DLK activation. Inhibition of endocytosis blocks DLK
vesicle localization and downstream signaling pathway, protecting
neurons from different stressors such as NGF withdrawal and
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Figure 6. Inhibition of endocytosis protects against neuronal apoptosis and axon degeneration.

A Western blot analysis of cleaved caspase-3 (cCasp3) and GAPDH, and quantifications of cCasp3 levels in 3DIV cultured embryonic DRG neurons treated with dynasore
(DYN) for 8 h in the absence of NGF (n = 6-13 biological replicates, series of unpaired t-test/Mann—-Whitney U tests with control NGF withdrawal followed by a

Holm-Sidak correction).

B Quantifications of cCasp3 levels from 3DIV DRG neurons treated with chlorpromazine (CHP), dansylcadaverine (DCV) or methyl-B-cyclodextrin (MCD) for 8 h in
absence of NGF (n = 6-13 biological replicates, series of unpaired t-test/Mann-Whitney U tests with control NGF withdrawal followed by a Holm-Sidak correction).

C Representative images of DRG neurons expressing GFP, Dnm-1-WT-HA or Dnm1-DN-HA form, cultured in the absence of NGF for 8 h, and stained with antibodies
against cCasp3 (magenta) and HA tag (green). On the right, quantification of the ratio of cCasp3 positive cells over GFP or HA positive cells (n = 10-15 images from 3
independent cultures, series of unpaired t-test/Mann—Whitney U tests with control NGF withdrawal followed by a Holm-Sidak correction).

D Representative images of axons from E12.5 DRG explants cultured for 2 days, subsequently deprived of NGF and treated with different concentrations of dynasore
(DYN) for 24 h, and visualized by immunostaining for BllI-tubulin. Quantification of the axonal degeneration index as the ratio of fragmented axon area over total
axon area (n = 13-15 explants, series of unpaired t-test/Mann-Whitney U tests with control NGF withdrawal followed by a Holm-Sidak correction).

E Representative images of axons from cultured embryonic DRG neurons cultured for 2 days, subsequently deprived of NGF and treated with different concentrations
of dynasore (DYN) for 24 h, and visualized by imaging SiR-tubulin probe. On the right, quantification of fragmented axons using the degeneration index (n = 15
images from three independent cultures, series of unpaired t-test/Mann-Whitney U tests with control NGF withdrawal followed by a Holm-Sidak correction).

F Representative images of axons from cultured embryonic DRG neurons expressing GFP, Dnm-1-WT-HA or Dnm1-DN-HA form and deprived of NGF for 24 h, and visu-
alized with an antibody against neurofilament heavy chain (NFH). On the right, quantification of fragmented axons using the degeneration index in (n = 8-13 images
from three independent cultures, series of unpaired t-test tests with control NGF withdrawal followed by a Holm-Sidak correction).

Data information: All graphs represent mean £ SEM. *P < 0.05 **P < 0.01 and ***P < 0.001. Scale bar represents 100 um in (E), 40 um in (F), 20 um in (C) and (D) and

10 pum in zooms in (D). See also Figure Appendix Fig S4.
Source data are available online for this figure.

vincristine-mediated microtubule depolymerization. The process of
endocytosis may provide the required membrane patches necessary
for DLK recruitment and activation. However, we cannot rule out
that an extracellular stimulus or a receptor signal during membrane
internalization may also be involved in DLK activation. Consistent
with the role of endocytosis in controlling DLK signaling pathway,
protective effects of endocytosis inhibition have been described to
be neuroprotective after spinal cord injury in rats (Li et al, 2017).
All these data together suggest that protein palmitoylation and
membrane internalization are two independent but interrelated
pathways involved in the control of the DLK-mediated stress
response. Our data show that, upon stress, neurons increase DLK
palmitoylation that facilitates the recruitment of the kinase to axonal
vesicles. While DLK vesicle recruitment might be exclusively
controlled by the increase in DLK palmitoylation, the number of
sphingomyelin-positive vesicles available for DLK association may
increase the strength or duration of the stress response.

Stress-induced DLK-vesicle assemblies

We found that recruitment of DLK to ectopic intracellular
membranes is sufficient to mediate kinase activation, suggesting
that local accumulation of DLK is a critical step in stress response
signaling. Interestingly, protein assemblies such as liquid-liquid
phase separation condensates and cytoplasmic protein granules
have been previously identified as critical signaling hubs (Wu,
2013; Zhang et al, 2020; Tulpule et al, 2021). Our data suggest that
stress-induced DLK-vesicle assemblies in the axon signal to the cell
body to activate transcriptional responses.

How does DLK in the axon communicate with the neuronal
soma? DLK and JNK3 have been suggested to be retrogradely trans-
ported in the same vesicle from damaged axons to neuronal cell
bodies (Holland et al, 2016; Niu et al, 2022). Here, we show that
DLK localizes to vesicles that are transported bidirectionally along
the axon in DRG neurons but do not observe an increase in retro-
grade DLK-positive vesicles trafficking upon stress. However, we do
not rule out a role for DLK in retrograde axonal stress signaling. In
our live cell imaging experiments, we are unable to discriminate

© 2022 Genentech Inc

between vesicles containing active or inactive DLK. It is therefore
possible that only active DLK is retrogradely transported, whereas a
constant anterograde transport of inactive DLK is maintained in
neurons. Consistent with this idea is that expression of inactive
forms of DLK such as a kinase-dead point mutant or a leucine zipper
domain mutant localize to vesicles. Alternatively, DLK might not be
retrogradely transported itself and other downstream effector such
as MKK4 or JNK3 could travel back to the soma to initiate the tran-
scriptional response (Perlson et al, 2010). It will be interesting to
analyze the localization, activation, and transport of the different
components of the DLK signaling cascade to identify how the signal
is retrogradely transported to the nucleus to initiate a transcriptional
response to stress.

DLK inhibition has been proposed as a neuroprotective strat-
egy as pharmacological inhibition and genetic knockout of DLK
confer striking neuroprotection in different chronic forms of stress
that include mechanical axon transection or stress associated with
drugs that alter the microtubule cytoskeleton such as vincristine
or colchicine. DLK also plays a role in animal models of Parkin-
son’s disease, Alzheimer, amyotrophic lateral sclerosis, diffuse
traumatic brain injury, excitotoxicity-induced degeneration, glau-
coma/optic  neuropathy,  chemotherapy-induced  peripheral
neuropathy, or sciatic nerve injury (Chen et al, 2008; Miller et al,
2009; Pozniak et al, 2013; Watkins et al, 2013; Fernandes et al,
2014; Patel et al, 2015; Le Pichon et al, 2017; Welsbie et al,
2013; Welsbie et al, 2017; Welsbie et al, 2019; Wlaschin et al,
2018; Hu et al, 2019; Ma et al, 2021). An alternative strategy to
inhibit DLK could be to target regulatory features that control
DLK localization, such as palmitoylation. These ideas are in line
with published work that identifies novel inhibitors of DLK palmi-
toylation such as ketoconazole. This compound affects DLK local-
ization and blocks phosphorylation of c-Jun upon NGF
deprivation (Martin et al, 2019). These results further emphasize
the idea that DLK-vesicle recruitment is a critical event in stress-
induced signaling in DRG neurons.

In summary, our findings show the importance of MAPK local-
ization in controlling kinase activation and highlights DLK as a
unique MAPK that is a critical mediator of neurodegeneration.
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This study also provides new insights into the mechanism of
DLK activation. We propose a model in which inactive DLK is
present in the cytosol and at low levels attached to axonal transport
vesicles. Upon stress, DLK increases its palmitoylation levels, accu-
mulates at sphingomyelin-positive vesicles, and forms signaling
platforms to promote apoptosis and axon degeneration. Endocytosis
may increase the number of vesicles available for DLK accumulation
which may control the strength and duration of the stress response.
These data establish DLK-vesicular assemblies as dynamically regu-
lated platforms for signaling during neuronal stress responses.

Methods and Protocols
Experimental models

Animals

Timed pregnant CD1 mice were obtained from Charles River. The
animals were kept under conditions of 50% humidity and a
12 h:12 h light: dark cycle. They were fed a standard pellet diet and
tap water ad libitum. All animal studies were authorized and
approved by the Genentech Institutional Animal Care and Use
Committee.

Primary neuronal cultures and NGF withdrawal

E12.5 - E13.5 CD-1 mouse embryos were dissected in Leibovitz’s L-
15 to isolate the DRGs. Neurons were dissociated with 0.05%
trypsin (Sigma) for 30 min at 37°C and plated on precoated poly-d-
lysine (PDL) and laminin chamber slides (BioCoat; BD), or cham-
bered coverslip (Ibidi) and plates coated with 0.1 mg/ml PDL
(Sigma) and 1 pg/ml laminin (Invitrogen). DRG neurons were
plated at a density of 125,000 cells per well (8 well slides or 48 well
plates) for biochemistry experiments or in small dots with 30,000
cells/ dot for immunofluorescence and live imaging experiments.
Explants were obtained from E12.5 to E13.5 CD-1 mouse embryos
and directly plated on PDL/laminin-coated plates. Explants and
dissociated DRG neurons were cultured in F12 media containing N3
supplement, 40 mM glucose, and 50 ng/ml NGF, at 37°C in 5%
CO,. Twenty-four hour after plating, media was supplied with
7 mM mitotic inhibitor (cytosine arabinofuranoside) and kept it for
48 h.

Dissociated DRG neurons in suspension were nucleofected with
500 ng of siRNAs using the Amaxa Mouse Neuron Nucleofector kit
(Lonza) according to the manufacturer’s instructions. Adherent
DRG neurons were transduced with AAV (Dj serotype) at 3 DIV for
3-7 days.

DRGs were cultured for 3 days (for Western blot and immunoflu-
orescence experiments) or 7 days (live imaging and Dnm-1 overex-
pressing experiments) before treatments. For NGF withdrawal,
media was replaced with media containing no NGF and 25 pg/ml
anti-NGF antibody (Genentech) for various time periods (3, 8 or
24 h).

Heterologous cell culture and transfection

HeLa cells were obtained from ATCC and all stocks were tested for
mycoplasma prior to and after cells were cryopreserved. Two meth-
ods were used to avoid false-positive/-negative results: Mycosensor
PCR Assay kit (302108, Agilent) and MycoAlert Mycoplasma
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Detection Kit (LT07-318, Lonza). They were not authenticated prior
to use.

Cells were cultured in DMEM: F12 supplemented with 10% fetal
bovine serum (VWR), 2 mM L-glutamine, penicillin (100 units/ml)
and streptomycin (100 pg ml™Y) (Invitrogen) at 37°C and 5% CO,.
Cells were plated in 24-well plates with or without 18 mm glass
coverslips, and transfected using 0.25 pg of DNA and 0.75 pl of
Fugene HD (Promega) according to the manufacturer’s protocol. For
immunofluorescence experiments, cells with low expression levels
of the different constructs were used.

Method details

Quantification of proteome and phosphoproteome by mass
spectrometry

Protein precipitation

Protein concentration in the lysates was quantified using the Pierce
micro-BCA assay (ThermoFisher Scientific, Waltham, MA).
Cysteines were reduced with 5 mM dithiolthreitol and alkylated
with 15 mM lodoacetamide (Sigma). All protein from the cell lysates
was precipitated with a combination of methanol/chloroform/water
(Wessel & Fliigge, 1984). In brief, X volume of lysate was mixed
with 4x volume of methanol followed by 2x volume of chloroform
and 3x volume of water. The protein pellets were washed a total of
three times with 5x volume of methanol. The protein pellets were
air dried and resuspended in 6 M guanidine-HCI, 100 mM EPPS pH
8.0.

LysC/trypsin digestion

The protein in 6 M guanidine-HCI/EPPS was diluted to 2 M
guanidine-HCl with 100 mM EPPS, pH 8.0. 1 mg of protein/sample
was digested at 25°C for 12 h with lysyl endopeptidase (LysC, Wako
Chemicals USA) at a 1:25; protein:protease ratio. Following LysC
digestion, the peptides in 4 M urea were diluted to 0.5 M guanidine-
HCl with 100 mM EPPS, pH 8.0. The lysC peptides were digested
with trypsin at 37°C for 8 h (Promega) at a 1:50; protein:protease
ratio.

TMT labelling of peptides

0.5 mg of peptide from each sample was labeled with 1.2 mg of
TMT reagent resuspended in 30 pl, 100% acetonitrile. The peptides
were incubated with TMT reagent for 3 h at 25°C. TMT-labeled
peptides were quenched with hydroxylamine (0.5% final) and acidi-
fied with trifluoroacetic acid (2% final). The samples were
combined, desalted with 200 mg tC18 Sep-Paks, and dried by
vacuum.

Phosphoserine, -threonine, -tyrosine enrichment and fractionation

Phosphotyrosine (pY) peptides were enriched using the Cell Signal-
ing Technologies P-Tyr-1000 antibody kit as per the manufacturers’
protocol. The flow through from the pY enrichment was desalted on
a 200 mg tC18 Sep-Pak cartridges (Waters Corporation, Milford,
MA) and dried by centrifugal evaporation and saved for phosphoser-
ine and phosphothreonine (pST) analysis. pST phosphopeptides
were enriched using the Pierce Fe-NTA phospho-enrichment Kkit
(ThermoFisher). In brief, peptides were bound and washed as per
the manufacturers’ protocol. Phosphopeptides were eluted from the

Fe-NTA resin with 50 mM HK2PO4 pH 10.5. Labeled
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Phosphopeptides were subjected to orthogonal basic-pH reverse
phase fractionation on a 3 x 100 mm column packed with 1.9 um
Poroshell C18 material (Agilent, Santa Clara, CA), equilibrated with
buffer A (5% acetonitrile in 10 mM ammonium bicarbonate, pH 8).
Peptides were fractionationed utilizing a 45 min linear gradient from
8% to 30% buffer B (90% acetonitrile in 10 mM ammonium bicar-
bonate, pH 8) at a flow rate of 0.4 mL/min. Ninety-six fractions
were consolidated into 24 samples, acidified with formic acid and
vacuum dried. The samples were resuspended in 0.1% trifluo-
roacetic acid, desalted on StageTips and vacuum dried. Peptides
were reconstituted in 5% formic acid + 5% acetonitrile for LC-MS3
analysis. The flow through peptides from the pST enrichment were
saved for total protein analysis.

Peptide fractionation for total protein analysis

The flow through from the pST enrichment was dried by centrifugal
evaporation. The dried peptides were resuspended in 0.1% TFA.
Approximately 250 pg of peptide mix was subjected to orthogonal
basic-pH reverse phase fractionation on a 3 x 100 mm column
packed with 1.9 pm Poroshell C18 material (Agilent, Santa Clara,
CA), equilibrated with buffer A (5% acetonitrile in 10 mM ammo-
nium bicarbonate, pH 8). Peptides were fractioned utilizing a
45 min linear gradient from 12 to 45% buffer B (90% acetonitrile in
10 mM ammonium bicarbonate, pH 8) at a flow rate of 0.4 ml/min.
Ninety-six fractions were consolidated into 24 samples, acidified
with formic acid and vacuum dried. The samples were resuspended
in 5% formic acid, desalted on StageTips, and vacuum dried.
Peptides were reconstituted in 5% formic acid + 5% acetonitrile for
LC-MS3 analysis.

Mass spectrometry analysis
All peptide mass spectra were acquired on an Orbitrap Fusion
Lumos coupled to an EASY nanoLC-1000 (or nanoLC-1200) (Ther-
moFisher) liquid chromatography system. Approximately 2 pg of
peptides were loaded on a 75 pm capillary column packed in-
house with Sepax GP-C18 resin (1.8 um, 150 A, Sepax) to a final
length of 35 cm. Peptides for total protein analysis were separated
using a 90-min linear gradient from 10 to 28% acetonitrile in
0.1% formic acid. The mass spectrometer was operated in a data-
dependent mode. The scan sequence began with FTMS1 spectra
(resolution = 120,000; mass range of 350-1,400 m/z; max injection
time of 50 ms; AGC target of 1e6; dynamic exclusion for 60 s with
a + 10 ppm window). The ten most intense precursor ions were
selected for ITMS2 analysis via collisional-induced dissociation
(CID) in the ion trap (normalized collision energy (NCE) = 35;
max injection time = 100 ms; isolation window of 0.7 Da; AGC
target of 2e4). Following ITMS2 acquisition, a synchronous-
precursor-selection (SPS) MS3 method was enabled to select
10 MS2 product ions for high energy collisional-induced dissocia-
tion (HCD) with analysis in the Orbitrap (NCE = 55; resolu-
tion = 50,000; max injection time = 110 ms; AGC target of 1.5e5;
isolation window at 1.2 Da for +2 m/z, 1.0 Da for +3 m/z or
0.8 Da for +4 to +6 m/z).

pY peptides were separated using a 180-min linear gradient from
7 to 26% acetonitrile in 0.1% formic acid. The mass spectrometer
was operated in a data-dependent mode. The scan sequence began
with FTMS1 spectra (resolution = 120,000; mass range of 350—
1,400 m/z; max injection time of 50 ms; AGC target of 1e6; dynamic
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exclusion for 75 s with a + 10 ppm window). The ten most intense
precursor ions were selected for FTMS2 analysis via collisional-
induced dissociation (CID) in the ion trap (normalized collision
energy (NCE) = 35; max injection time = 150 ms; isolation window
of 0.7 Da; AGC target of 3e4; m/z = 2-6; Orbitrap resolution = 15k).
Following FTMS2 acquisition, a synchronous-precursor-selection
(SPS) MS3 method was enabled to select five MS2 product ions for
high energy collisional-induced dissociation (HCD) with analysis in
the Orbitrap (NCE =55; resolution = 50,000; max injection
time = 300 ms; AGC target of 1e5; isolation window at 1.2 Da).

pST peptides were separated using a 120-min linear gradient
from 6 to 26% acetonitrile in 0.1% formic acid. The mass spectrom-
eter was operated in a data-dependent mode. The scan sequence
began with FTMSI1 spectra (resolution = 120,000; mass range of
350-1,400 m/z; max injection time of 50 ms; AGC target of le6;
dynamic exclusion for 60 s with a + 10 ppm window). The ten
most intense precursor ions were selected for ITMS2 analysis via
collisional-induced dissociation (CID) in the ion trap (normalized
collision energy (NCE) = 35; max injection time = 200 ms; isolation
window of 0.7 Da; AGC target of 2e4). Following MS2 acquisition, a
synchronous-precursor-selection (SPS) MS3 method was enabled to
select five MS2 product ions for high energy collisional-induced
dissociation (HCD) with analysis in the Orbitrap (NCE = 55; resolu-
tion = 50,000; max injection time = 300 ms; AGC target of 1le5;
isolation window at 1.2 Da for +2 m/z, 1.0 Da for +3 m/z or 0.8 Da
for +4 to +6 m/z).

All mass spectra were converted to mzXML using a modified
version of ReAdW.exe. MS/MS spectra were searched against a
concatenated 2018 mouse Uniprot protein database containing
common contaminants (forward + reverse sequences) using the
SEQUEST algorithm (Eng et al, 1994). Database search criteria are
as follows: fully tryptic with two missed cleavages; a precursor
mass tolerance of 50 ppm and a fragment ion tolerance of 1 Da for
peptide and phosphoserine and phosphothreonine (phosphoty-
rosine fragment ion tolerances were set to 0.02 Da); oxidation of
methionine (15.9949 Da) or pSTY (79.9663304; pSTY searches
only) was set as differential modifications. Static modifications
were alkylation on cysteines (57.02146374) and TMT on lysines
and N-termini of peptides (229.1629). Peptide-spectrum matches
were filtered using linear discriminant analysis (Huttlin et al, 2010)
and adjusted to a 1% peptide false discovery rate (FDR) (Elias &
Gygi, 2007) and collapsed further to a final 1.0% protein-level
FDR. Posttranslational modifications were localized using a
probability-based algorithm similar to Ascore (Beausoleil et al,
2006). Proteins were quantified by summing the total reporter
intensities across all matching PSMs.

Immunoprecipitation of DLK-containing vesicles for
lipidomic analysis

HeLa cells were plated in 15 cm dishes and transfected with
15 pg/plate of DNA for 24 h. Cell were quickly rinsed twice with
PBS, scraped in 1 ml of PBS containing protease and phosphatase
inhibitors and gently homogenized with 20 strokes of a 2 ml homog-
enizer. The homogenate was centrifuged at 1,000 rpm for 2 min at
4°C. Supernants were precleared with magnetic beads for 10 min at
RT and anti-HA Magnetic Beads were blocked with 3 %BSA/PBS for
30 min at RT. Precleared supernants and blocked beads were
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incubated for 10 min at RT in constant rotation. Beads were washed
5 times with PBS and subjected to lipidomic analysis.

Lipid extraction of DLK-containing beads

For lipid extraction, 800 pl of dichloromethane/methanol (1:1, v/v)
was added into each vial containing magnetic beads. The vials were
then sonicated for 2 min in ultrasonic bath sonicator. Then, 100 pl
of pre-mixed internal standard (SCIEX, cat#: 5040156) were spiked
into each extract, mixed by vortex, and centrifuged for 10 min.
Using a magnetic tray to pull down the beads, the supernatant was
transferred to a new glass vial. The extracts were then dried by
vacuum evaporation and reconstituted with 250 pl of dichloro-
methane/methanol (1:1 v/v, 10 mM ammonium acetate). Lipid
analysis was performed on a SelexION enabled 6500 QTRAP (Sciex,
Redwood City, CA) utilizing Lypidyzer platform methods (Sciex).

DNA and shRNA constructs

DNA constructs were designed by the authors, and constructed and
packaged into AAV-Dj viruses by Vectorbuilder. The endoplasmic
reticulum membrane targeting sequence of VAPB was taken from
(Teuling et al, 2007) and the membrane targeting sequence (MTS)
of the ActA protein of Listeria monocytogenes was taken from (Pis-
tor et al, 1994). The C-terminal CAAX motif was taken from human
K-Ras4B (aa 169-188).

Live imaging experiments

Live-cell imaging experiments were performed on a 3i Marianas
spinning disk confocal microscope equipped with a Yokogawa CSU-
W1 spinning disc, a Photometrics Prime95B CMOS camera, Zeiss
Definite Focus 2, OkoLab stage-top environmental control chamber,
a 150 mW 488 nm solid state laser passed through a 3i Mesa W
excitation enhancement and a Zeiss 63x Plan Apo 1.4 NA objective.
The system was controlled by the 3i Slidebook 6 software. Cham-
bered coverslips (Ibidi) were imaged using an incubation chamber
that maintains temperature and CO, at 37°C and 5% CO,. Neuron
live imaging was performed in full conditioned medium and fresh
medium was added to HeLa before imaging.

Time-lapse live-cell imaging of GFP-tagged N-terminal domain of
DLK and DLK wild-type, kinase dead mutant, leucine zipper domain
mutant and a palmitoyl-site mutant was performed with minimal
488 nm excitation with time acquisition intervals of 500 ms for 1-
2 min.

Axon integrity in dissociated neurons was assessed by incubating
neurons with SiR-tubulin (100 nM in full conditioned medium) for
5 min at 37°C before imaging. Mitochondrial integrity after dynasore
treatments was assessed by incubating neurons with MitoTracker
Green FM (25 nM in full conditioned medium) for 5 min at 37°C
before imaging. In each case, five single images were taken from each
dot of dissociated neurons at similar distance from soma center.

Live cell imaging of D609 and dynasore treatments was
performed in 3DIV cultured embryonic neurons by incubating
neurons with the Live Cell Labeling dye for 1 h in a 37°C, 5% CO,
incubator. Media was replaced and neurons were imaged. In each
case, five single images were taken from each dot of dissociated
neurons.
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Subcellular fractionation

Membrane and cytosolic subcellular fractions were obtained from
3DIV cultured embryonic DRG neurons or HeLa cells (~0.5 x 10°
cells per condition) using the Mem-PER Plus Membrane Protein
Extraction Kit (Thermo Fisher) according to the manufacturer’s
instructions. Briefly, cells were washed with Cell Wash Solution
and resuspended in 150 pl of Permeabilization Buffer. Samples
were briefly vortexed and incubated 10 min at 4°C with constant
mixing. After 15 min of centrifugation at 16,000 g, supernants
were transferred to a new tube (cytosolic fraction) and pellet was
resuspended in 150 pul of Solubilization Buffer. The samples
were incubated at 4°C for 30 min with constant mixing and centri-
fuged at 16,000 g for 15 min at 4°C. Resultant supernants were
considered the membrane and membrane-associated proteins.
Pellets were considered as insoluble fractions. Fraction purity
was assessed by Western blot analysis using antibodies against o-
tubulin and STMN-1 for the cytosolic fraction and Na*/K*-ATPase
and STMN-2 as membrane markers.

Click-it assay

Click-it assays were performed in 3DIV cultured embryonic DRG
neurons (10° neurons per condition). 100 pM of Click-iT palmitic
acid-azide was added to the cell medium and incubated at 37°C and
5% CO,. After 4-h incubation, the medium was removed and cells
were lysated in 200 pl of lysis buffer (1% sodium dodecyl sulfate in
50 mM Tris-HCI, pH 8.0) containing protease and phosphatase inhi-
bitors. Cells were incubated for 20 min on ice, vortexed for 5 min
and cell lysate was centrifuged at 18,000 g, 4°C for 5 min. 50 pl of
supernatant was subjected to a click-chemistry reaction in the pres-
ence of a biotin-alkyne using the Click-iT Protein Reaction Buffer Kit
(Thermo Fisher) and following the manufacturer’s instructions.
Biotinylated proteins were pulled down using streptavidin magnetic
beads (25 pl/reaction) in a lysis buffer containing 20 mM Tris—HCI,
pH 7.5, 150 mM NaCl, 1% Triton X-100, and protease inhibitors
overnight at 4°C. After 4 washes with lysis buffer, pellets were
resuspended in LDS sample buffer containing sample reducing
agent, boiled for 10 min and subjected to immunoblotting detection
for DLK.

Immunoblotting

Neurons and cell lines were directly lysed in LDS sample buffer
containing sample reducing agent, boiled for 10 min and run in
NuPAGE Bis-Tris gradient gels (Thermo Fisher) followed by blotting
on nitrocellulose membranes using a dry blotting setup (iBlot 2 Gel
Transfer Device, Thermo Fisher). After 1 h blocking in 5% BSA/
TBST buffer, membranes were incubated with primary antibodies
overnight at 4°C and secondary HRP-conjugated antibodies for 1 h
at room temperature. Chemiluminescence signals were acquired on
ChemiDoc XRS+ (Bio-Rad) and quantified using Image J software.

Immunofluorescence staining and imaging
Cells were fixed with 4% PFA/4% sucrose/PBS, washed three times

for 5 min in PBS, permeabilized with PBS/0.1% Triton X-100 for
15 min and blocked with 10% FBS/PBS blocking solution for 1 h.
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Subsequently, cells were incubated with primary antibodies over-
night at 4°C. After three washes with PBS, cells were incubated with
secondary-antibodies in blocking buffer for 1 h at room tempera-
ture. After washing, coverslips were mounted in Fluoromount-G
(Electron Microscopy Sciences).

Images of HeLa cells and dissociated DRG neurons were captured
with a Zeiss LSM 710 inverted confocal laser-scanning microscope
(Zeiss) with a 100X Plan-Apochromat NA 1.46 oil DIC, Plan-
Apochromat 40x NA1.40 Oil DIC and a Plan-Apochromat 20x NA
0.8 objective. Each confocal image was a z series of 5-10 images
with a 0.3 pm steps and averaged two times, covering the entire
region of interested from top to bottom. Maximum projections were
done from the resulting z stack. Images for colocalization analysis
were deconvolved with Huygens software (Scientific Volume Imag-
ing, The Netherlands, http://svi.nl). DRG explants were imaged on
a Keyence BZ-X 700 fluorescence microscope equipped with a 20x
Nikon CFI Plan Apo NA 0.75 objective. Images were taken from
each dot at similar distance from soma center.

For fluorescence intensity comparison, settings were kept the
same for all conditions. All images were processed and analyzed
with ImageJ.

Drug treatments

The following concentrations were used for 4-h treatments: brefeldin
A: 5 ug/ml, 2-bromopalmitate: 30 pM, dynasore: 80 uM, chlorpro-
mazine: 25 pg/ml, dansylcadaverine: 300 uM; B-methylcyclodextrin:
5 mM, D609: 50 uM, DLKi:1 pM, vincristine:100 nM.

The following concentrations were used for 8-h treatments: dyna-
sore: 80 uM, chlorpromazine: 7 pg/ml, dansylcadaverine: 30 pM,
B-methylcyclodextrin: 5 mM. For 24 h treatments, dynasore was
used at 10, 20, and 40 pM.

LDH assay

Cytotoxicity was determined by measuring the levels of lactate
dehydrogenase (LDH) released in the media using the CyQUANT™
LDH Cytotoxicity Assay, according to the manufacturer’s instruc-
tions. DRG neurons were plated in 96-well plates at a density of
6 x 10* neurons per condition, cultured for 3 days and treated with
control or D609 for 3 h. To measure the maximum LDH release,
lysis buffer was added to the well 30 min before collecting the
media. Quantifications were performed in duplicates from three
independent cultures.

Image analysis and quantification

Data were collected and analyzed from 3 to 5 independent experi-
ments. No specific strategy for randomization and/or stratification
was employed. The studies were blind in data processing and analy-
sis. Grubbs’ test was performed to detect significant outliers.

Analysis of knockdowns
DRG neurons were nucleofected with either non-targeting siRNA
control or a siRNA against DLK. Neurons were fixed 72 h after

nucleofection with 4%PFA/4% sucrose/PBS and co-stained with an
antibody against DLK together with an anti-B-III tubulin antibody.
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Mean intensities for DLK were quantified using ImageJ software.
Background values were subtracted and values were corrected to -
III tubulin levels.

Object-based colocalization analysis

Work on centers-particles coincidence analysis was determined
using the JACoP plugin under ImageJ software from deconvolved
images of each channel. For each condition, five images from three
independent experiments were analyzed. Analyses were repeated
rotating DLK images 90 degrees as control.

Pearson’s coefficient quantification

Pearson’s coefficient and Costes randomization analysis were deter-
mined using the JACoP plugin under ImageJ software from decon-
volved images of each channel. For each condition, five images
from three independent experiments were analyzed.

Quantification of moving particles

DLK-positive vesicles (labeled with GFP-tagged N-terminal domain
of DLK, DLK wild-type, kinase dead mutant, leucine zipper domain
mutant and a palmitoyl-site mutant version of DLK) were quantified
from kymographs of axons created using the KymoResliceWide
v.0.5 plugin under Fiji.

Quantification of DLK-positive vesicles in fixed images

ImageJ plugin ComDet was used to quantify the number of DLK-
positive vesicles in axons. Numbers were normalized to the corre-
sponding neurite length.

Quantification of Western blot data

Densitometry of Western blots was performed using the gel analysis
module of ImageJ software. Protein levels were normalized to load-
ing controls. Ratio of membrane and cytosolic protein was calcu-
lated as the ratio of protein present in the membrane or cytosolic
fraction to the protein content of both fractions.

Axon degeneration index

The axon degeneration index from tubulin, SiR-tubulin and neurofil-
ament heavy chain stained images of axons was calculated based on
a method described previously (Sasaki et al, 2009). Following back-
ground subtraction, each image was binarized based on pixel inten-
sity to create a map of axon area. To detect degenerated axons, we
used the particle analyzer module of ImageJ and counted the area of
the small fragments or particles (size = 20-10,000 pixels) derived
from the degenerated axons. Axon degeneration index was calcu-
lated as a ratio of fragmentated axons area over the total axon area
in each image.

Caspase-3 staining

Following background subtraction, cCasp-3, HA and GFP images
were binarized based on pixel intensity to create a map of
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infected (HA- or GFP-positive cells) and cCasp-3 positive cells.
Cells containing both infected and cCasp-3 signal were calculated
using the image calculator, watershed segmentation and particle
analyzer module of Image J. The ratio of infected neurons
positive for cCasp-3 over the total amount of cells infected was
calculated.

Statistical analysis

All statistical details of experiments, including the definitions and
exact values of n, and statistical tests performed, can be found in
Figures and Figure Legends. Data processing and statistical analysis
were made in Excel and GraphPad Prism (GraphPad Software).
Significance was defined as: ns-not significant, *P < 0.05 **P < 0.01
and ***P < 0.001. Statistical analyses include: Unpaired t-test,
Mann-Whitney U test, one-way ANOVA followed by a Tukey’s
multiple comparison test, Kruskal-Wallis test followed by a Dunn’s
Multiple Comparison Test and Holm-Sidak correction. Groups with
all zero or negative values were excluded from the analysis. The
assumption of normality was checked using Shapiro-Wilk test.

Statistical testing of proteomics data

Quantification and statistical testing of global proteomics and phos-
phoproteomics data were performed by MSstats v2, an open-source
R/Bioconductor package (Choi et al, 2014). MSstats was used to
create statistical testing results on the protein and site level for the
global proteomics and phosphoproteomics datasets, respectively,
using the Peptide Spectrum Matches (PSM) as described above.
First, PSMs were filtered out if they were from decoy proteins; from
peptides with length < 7; with isolation specificity < 70%; with
reporter ion intensity less than 2/eight noise estimate; with summed
reporter ion intensity (across all eleven channels) lower than
30,000. Next, PSMs were summarized to the peptide level by select-
ing the single PSM per peptide with the highest summed reporter
ion intensity across all channels. Multiple fractions per dataset were
also combined before analysis in MSstats. PSMs across fractions
were selected using the same criteria as described above. Next,
MSstats performed protein/site quantitation and differential abun-
dance analysis between experimental conditions based on a linear
mixed-effects model per protein (global proteome data) or site
(phosphoproteome data) using standard parameters from the pack-
age (Choi et al, 2014).

Materials availability
Reagents and resources used in this study are listed in the Reagent

and Tool Table and may be requested through Genentech’s MTA
program.

Data availability
The mass spectrometry data from this publication have been deposited
in the MassIVE repository (https://massive.ucsd.edu/ProteoSAFe/

static/massive.jsp) and assigned the identifier MSV000088168.

Expanded View for this article is available online.
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