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Quantitative phosphoproteomics reveals that
nestin is a downstream target of dual leucine
zipper kinase during retinoic acid-induced
neuronal differentiation of Neuro-2a cells
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Abstract

Background Dual leucine zipper kinase (DLK) is critical for neurite outgrowth in the developing nervous system
and during nerve regeneration, but the underlying mechanisms remain largely unknown. To address this issue, we
generated stable shRNA-mediated DLK-depleted Neuro-2a cell lines and analyzed their phosphoproteome after
induction of neuronal differentiation by retinoic acid (RA).

Results Here, we report the identification of 32 phosphopeptides that exhibited significant differences in relative
abundance between control and DLK-depleted cells. Two of the most downregulated phosphopeptides identified
after DLK depletion were derived from nestin, a type VI intermediate filament (IF) protein typically expressed in neural
progenitor cells. The reduced abundance of these phosphopeptides in response to DLK knockdown was validated
using parallel reaction monitoring (PRM)-based quantitative proteomics and paired with a concomitant reduction in
nestin mRNA and protein expression, indicating that the decrease in nestin phosphorylation was due to a decrease
in total nestin in DLK-depleted cells compared to control cells. This DLK-mediated regulation of nestin expression had
no apparent effect on neurite formation because nestin knockdown alone was not sufficient to impair RA-induced
neurite extension in parental Neuro-2a cells, and nestin overexpression failed to rescue the neurite outgrowth defect
observed in DLK-depleted Neuro-2a cells.

Conclusions Together, these results demonstrate that nestin is a novel downstream target of DLK signaling but not a
mediator of its ability to promote neurite outgrowth during neuronal differentiation.
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Background

Neuronal differentiation is fundamental to the develop-
ment and regeneration of the nervous system. During
this process, newborn neurons cease proliferating and
undergo profound morphological changes, which result
first in the formation of neurites at the cell surface. Sub-
sequently, these neurites elongate and branch to form
axons and dendrites in mature neurons, promoting the
assembly of functional neuronal circuits. In keeping
with its complexity, neurite outgrowth is controlled by a
large number of cell-extrinsic and cell-intrinsic factors.
Prominent among these are neurotrophic factors, reti-
noids, extracellular matrix (ECM)-associated proteins,
cell adhesion molecules (CAMs), intracellular protein
kinases, small GTPases, cytoskeletal components and
transcription factors [1-3].

Dual leucine zipper kinase (DLK) is an attractive can-
didate regulator of neuronal process outgrowth and
maintenance due to its divergent functional properties.
This protein acts as a component of the c-Jun N-terminal
kinase (JNK) pathway [4], which, in addition to its role
in the transduction of signals from cytokines, growth
factors and environmental stress, contributes to brain
development and synaptic plasticity [5]. Depending on
the origin of the neurons, developmental stage and physi-
ological context [6], it has been reported that DLK can
stimulate axon growth and regeneration as well as axon
degeneration and neuronal cell death. Clues regarding
the involvement of DLK in the positive regulation of neu-
rite and axon formation are derived from studies show-
ing that inactivation of the murine DLK gene results in
abnormal brain development characterized by defects in
axon growth and neuronal migration [7]. Consistent with
this finding, the loss of DLK was shown to impair axo-
nal growth in optic and sciatic nerve crush injury mouse
models [8, 9], suggesting that DLK is required for axon
regeneration in the peripheral nervous system (PNS).
Furthermore, DLK was identified as an essential mediator
of the pro-regenerative effects of cAMP on axon growth
in mouse dorsal root ganglion (DRG) neurons [10]. In
addition to the abovementioned reports, genetic dele-
tion of DLK in non-regenerating central nervous system
(CNS) neurons significantly attenuated axonal degen-
eration and neuronal cell death caused by mechanical
injury and glutamate-induced excitotoxicity [9, 11-13]
or observed in mouse models of amyotrophic lateral scle-
rosis and Alzheimer’s disease [14]. Taken together, these
data suggest that, in addition to its role in neural devel-
opment, DLK acts as a sensor of axonal injury in neurons
of the PNS and CNS to mediate axonal regeneration and
degeneration, respectively.

From a mechanistic point of view, little is currently
known about how DLK regulates neurite and axon out-
growth. One of the mechanisms potentially contributing
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to this response is the perturbation of microtubule
dynamics since the loss of DLK in mice results in reduced
phosphorylation of the microtubule-stabilizing pro-
teins doublecortin, MAP2c and MAP1B [7, 15], which
are known to be involved in neurite outgrowth [16-18].
Knockout studies in mice have also shown that the
absence of DLK impairs the injury-induced axonal retro-
grade transport of phosphorylated c-Jun and STAT3 [8],
two transcription factors that promote axonal regenera-
tion in the PNS [19, 20]. Another clue about the mecha-
nisms involved in the regulatory effect of DLK on axonal
growth comes from the observation that DLK signaling
in differentiated mouse neuroblastoma Neuro-2a cells
regulates the expression of many genes known for their
roles in neurite formation and axon guidance, including
neuropilin 1 and plexin A4 [21].

To further explore how DLK regulates neurite and
axon outgrowth, we investigated the effect of DLK loss
on the phosphoproteome of retinoic acid (RA)-differen-
tiated Neuro-2a cells using an isobaric tags for relative
and absolute quantitation (iTRAQ) proteomics strategy.
This approach allowed us to identify 32 phosphopeptides,
representing 27 phosphoproteins whose abundance was
significantly altered in DLK-depleted cells exposed to RA
compared to that in control cells. Among these phospho-
proteins, we focused our attention on the intermediate
filament (IF) protein nestin [22, 23], a neural stem/pro-
genitor cell marker not known to be involved in DLK sig-
naling, and its connection to neuritogenesis.

Methods

Cell culture and treatment

Mouse Neuro-2a neuroblastoma cells (ATCC® CCL-
131™) were purchased from the American Type Culture
Collection (Rockville, MD, USA) and grown in Dulbec-
co’s modified Eagle’s medium (DMEM) (Wisent Inc.,
Saint-Jean-Baptiste, Quebec, Canada) supplemented with
10% (v/v) Gibco fetal bovine serum (FBS) (Thermo Fisher
Scientific Inc., Waltham, MA, USA), 100 U/ml penicil-
lin (Wisent Inc., Saint-Jean-Baptiste, Quebec, Canada)
and 100 pg/ml streptomycin (Wisent Inc., Saint-Jean-
Baptiste, Quebec, Canada). When indicated, the cells
were differentiated by incubating them in DMEM sup-
plemented with 2% bovine serum albumin (BSA) and 20
UM retinoic acid (Sigma-Aldrich Canada Ltd., Oakville,
Ontario) solubilized in dimethyl sulfoxide (DMSO,
Sigma-Aldrich Canada Ltd., Oakville, Ontario) for 24 h
or more.

Lentivirus production and generation of stable Neuro-2a
cell lines

HEK293T cells (ATCC® CRL-11268™) were purchased
from the American Type Culture Collection (Rockville,
MD, USA) and grown in DMEM supplemented with
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10% (v/v) FBS and antibiotics. For lentivirus produc-
tion, cells were cotransfected with the envelope protein-
expressing vector pMD2. G and the packaging protein
expression vector psPAX2 (kindly provided by Dr. Didier
Trono University of Geneva Medical School, Geneva,
Switzerland) and with either the empty lentiviral vec-
tor pLKO.1 [24] (plasmid 8453, Addgene, Cambridge,
MA, USA) or the pLKO.1-based lentiviral mouse DLK
shRNA vector (clone TRCN0000022569 [shDLK#1] or
clone TRCN0000022573 [shDLK#2], Open Biosystems,
Huntsville, AL, USA) using polyethylenimine hydrochlo-
ride (#24765, PEI MAX, Polysciences, Inc., Warrington,
PA, USA) at a ratio of 1 pg:3 pl. At 72 h posttransfec-
tion, the culture medium containing the lentiviruses was
harvested, filtered through a 0.45-pum filter, and used
for infection. Neuro-2a cells were seeded at a density of
2.0x10° cells in 100-mm dishes 24 h before infection
with viral supernatants supplemented with 8 ug/ml poly-
brene (Sigma-Aldrich Canada Ltd., Oakville, Ontario).
Two days later, the infected cells were treated with puro-
mycin (2 pg/ml, Sigma-Aldrich Canada Ltd., Oakville,
Ontario) and selected for several days until a stable pool
of resistant cells was obtained.

Cell lysate preparation and immunoblotting

Preparation of cell lysates, SDS-PAGE and immunoblot-
ting were carried out as described previously [25]. When
indicated, cytoskeletal proteins were prepared from cul-
tured cells according to the procedure of Choi et al. [26]
and subsequently processed for immunoblotting analy-
sis using either an anti-nestin or anti-vimentin antibody.
Immunoreactive bands were detected by enhanced che-
miluminescence (Western Lightning Plus-ECL, Perki-
nElmer, Inc., Waltham, MA, USA) and quantified using a
Bio-Rad ChemiDoc imaging system. B-actin or vimentin
levels were used for normalization. A list of all primary
and secondary antibodies used in this study is available in
Supplementary File 5.

Neurite outgrowth analysis

Neurite outgrowth was quantified using the NeuroTrack
software module of the IncuCyte® S3 Live-Cell Analysis
System (Essen BioScience, Inc., Ann Arbor, MI, USA) on
images taken every 4 h with a 10x objective. The segmen-
tation mode was set at [Texture], the min cell width (um)
was set at [18,000], and the neurite sensitivity was set at
[0,4]. Measurements were conducted on twelve images (4
images, 3 wells) for each replicate of a given condition.
Each experiment was performed at least in triplicate, and
the resulting data were subjected to multiple unpaired ¢
tests for statistical analysis.
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Quantitative phosphoproteomics

Control (pLKO.1) and shDLK#2-depleted Neuro-2a
cells were incubated under differentiating conditions for
24 h as described above, pelleted and then flash-frozen
at —80 °C. Samples were submitted to the Proteomics
Platform at the CHU de Québec Research Centre for
protein extraction, trypsin digestion, peptide label-
ing with iTRAQ multiplex reagents (SCIEX, Concord,
Ontario, Canada) and mass spectrometry (MS) analy-
ses, as previously described [27]. In brief, proteins were
extracted in lysis buffer (50 mM ammonium bicarbon-
ate, 0.5% sodium deoxycholate, 50 mM dithiothreitol)
containing protease inhibitors (Sigma-Aldrich Canada
Ltd., Oakville, Ontario), a PhosSTOP phosphatase inhibi-
tor mixture (Roche Diagnostics, Laval, Quebec) and
1 mM pepstatin. After quantification, 100 mg of pro-
tein per condition from two biological replicates was
digested overnight with trypsin, followed by labeling
with the iTRAQ reagent tags 114, 115, 116 and 117 for
2 h at room temperature in the dark, as suggested by the
manufacturer. The labeled peptides were subsequently
combined in one tube, cleaned using an HLB cartridge
(Waters, Mississauga, Ontario, Canada), subjected to
phosphopeptide enrichment on TiO, beads and puri-
fied on a graphite column (#A32993, High-Select™ TiO,
Phosphopeptide Enrichment Kit, Thermo Fisher Scien-
tific, Waltham, MA, USA). The phosphopeptide sample
was analyzed by nanoLC-MS/MS using a Dionex Ulti-
Mate 3000 (RSLCnano) chromatography system (Thermo
Fisher Scientific, Waltham, MA, USA) coupled to an
Orbitrap Fusion mass spectrometer (Thermo Fisher Sci-
entific, Waltham, MA, USA) as described previously
[28]. The mass spectrometry raw files were processed
and quantified using Proteome Discoverer 2.1 software
(Thermo Fisher Scientific, Waltham, MA, USA) and
searched against the UniProt Mus musculus protein data-
base (58,654 entries) using both the Mascot and Sequest
algorithms. The identified peptides and proteins were
filtered at a false discovery rate of 1% using the target-
decoy strategy. Only proteins identified with at least two
unique peptides were considered for quantification. Nor-
malization of the MS data and peptide ratio calculations
were performed with Proteome Discoverer software. The
statistical significance of differences between samples
was evaluated using one-way ANOVA and z score cal-
culations. Phosphopeptides with a p value<0.05 and a z
score > 2 were considered differentially expressed.

Parallel reaction monitoring (PRM) analysis

The levels of phosphorylated nestin at Ser-894 and Ser-
137 and phosphorylated c-Jun at Ser-63 and Ser-73
were monitored in control and DLK-depleted cells from
three independent experiments using PRM, an MS/
MS-based method for targeted quantitation [29]. The
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phosphopeptide abundance was normalized to that of
cytochrome c peptides previously spiked into the sam-
ples, and subsequent quantification was performed using
the Skyline software package [30]. For comparisons of
data between experiments and between samples, statisti-
cal analysis was performed using an unpaired two-tailed
t test.

RT-qPCR experiments

Total RNA was extracted with a Direct-zol RNA Mini-
Prep Kit (#R2050, Zymo Research, Irvine, CA, USA) in
combination with TRIzol (#15596026, Life Technologies,
Burlington, Ontario, Canada) following the manufac-
turer’s protocol. A 30 min on-column DNase treatment
was performed before elution according to the manufac-
turer’s instructions. RNA was quantified on a NanoDrop
spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). Total RNA quality was assessed with an Agi-
lent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA).
Reverse transcription was performed on 2.2 pg of total
RNA with Transcriptor reverse transcriptase, random
hexamers, dNTPs (Roche Diagnostics, Laval, Que-
bec, Canada), and 10 units of RNAseOUT (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA) follow-
ing the manufacturer’s protocol in a total volume of 20 pl.
All forward and reverse primers were individually resus-
pended in 20-100 puM stock solution in Tris-EDTA buf-
fer (Integrated DNA Technologies, Coralville, IA, USA)
and diluted to 1 pM in RNase DNase-free water (Inte-
grated DNA Technologies, Coralville, IA, USA). qPCR
was performed in 10 pl in 96-well plates on a CFX96
thermocycler (Bio-Rad Laboratories, Mississauga,
Ontario, Canada) with 5 pl of 2X iTaq Universal SYBR
Green Supermix (Bio-Rad Laboratories, Mississauga,
Ontario, Canada), 10 ng (3 ul) cDNA, and 200 nM final
(2 pl) primer pair solution. The following cycling proce-
dure was used: 3 min at 95 °C; 50 cycles of 15 s at 95 °C,
30 s at 60 °C, and 30 s at 72 °C. Relative expression levels
were calculated using the gBASE framework [31] and the
housekeeping genes Psmc4, Puml and Txnl4b for mouse
c¢DNA. Primer design and validation were evaluated as
described elsewhere [32]. In every qPCR run, a no-tem-
plate control was performed for each primer pair, and the
results were consistently negative. All primer sequences
are available in Supplementary File 6.

Plasmids and transfection

The expression plasmid for wild-type mouse nestin
(#MC202576) was obtained from OriGene (Rockville,
MD, USA). Transient transfection of Neuro-2a cells was
carried out by using 1 ug of the nestin expression vector
per ml of growth medium and PEI MAX (Polysciences
Inc. Warrington, PA, USAOQ. Cells were harvested and
processed for Western blotting 48 h after transfection.
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RNA interference

RNA interference was achieved transiently using small
interfering RNA (siRNA) targeting murine nestin (siGE-
NOME set of four, #MQ-057300-01-0002 [D-057300-01,
D-057300-03, D-057300-04, D-057300-17]; Dharmacon,
Lafayette, CO, USA); nontargeting control siRNAs (ON-
TARGETplus Nontargeting Control Pool, #D0018101005,
Dharmacon, Lafayette, CO, USA); and Lipofectamine®
RNAiIMAX transfection reagent (#13778100, Thermo
Fisher Scientific, Waltham, MA, USA). The assays were
performed as suggested by Lipofectamine® RNAIMAX
Reagent Protocol 2013. Neuro-2a cells were seeded at a
concentration of 5.0 x 103 cells per well in a 96-well plate.

Statistical analysis

Statistical significance of immunoblot and RT-qPCR
data was determined by unpaired two-tailed Student’s ¢
test and expressed as the means+SEMs. Comparisons
of neurite outgrowth rates between two cell groups were
made using multiple unpaired t tests. All the statistical
analyses and calculations were performed with GraphPad
Prism 10 (GraphPad Software, San Diego, CA, USA). A p
value of <0.05 was considered statistically significant.

Results

Generation and characterization of a Neuro-2a cell model
to investigate the molecular mechanisms of DLK-mediated
neurite outgrowth

DLK has been recognized as a key regulator of nervous
system development and regeneration due to its ability to
modulate axon growth [7, 11, 33]. Consistent with this,
we previously used the established mouse neural crest-
derived cell line Neuro-2a to show that transient deple-
tion of DLK results in the inhibition of neurite outgrowth
[21]. To further investigate how DLK contributes to neu-
ritogenesis, we first generated stable Neuro-2a cell lines
in which DLK expression was downregulated by RNA
interference. Neuro-2a cells were infected with lentivi-
ral vectors expressing two different short hairpin RNAs
(shRNAs) that target mouse DLK mRNA (shDLK#1 and
shDLK#2), followed by selection with puromycin for sev-
eral days and expansion. As a negative control, cells were
also infected with an empty lentiviral vector (pLKO.1).
Knockdown of DLK expression in cells grown in prolifer-
ating (DMEM with 10% FBS) or differentiating (DMEM
with 2% FBS +20 puM retinoic acid (RA)) media for 24 h
was confirmed by immunoblot analysis. As shown in
Fig. 1A and B, compared with that in control cells, DLK
protein expression in cells infected with the shDLK#1
and shDLK#2 constructs was reduced by approximately
50% and 75%, respectively. Parallel immunoblot analy-
ses using antibodies specific for the phosphorylated,
activated forms of JNK and c-Jun, two downstream tar-
gets of DLK, revealed that DLK depletion significantly
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Fig. 1 Knockdown of DLK in Neuro-2a cells. Neuro-2a cells were infected with an empty lentiviral vector (pLKO.1) or with lentivirus expressing mouse
DLK shRNAs (shDLK#1 and shDLK#2), followed by selection with puromycin to establish stable cell lines. (A) Representative Western blots showing the
levels of DLK, phospho-JNK, total JNK, phospho-c-Jun (Ser-63 or Ser-73), c-Jun and actin in control and DLK-depleted Neuro-2a cells incubated without
(-) or with (+) 20 uM retinoic acid (RA) for 24 h. Bands of interest were excised from different blots and grouped together. Full-length blots are presented
in Supplementary File 1. (B) Quantification of DLK, phospho-JNK, total JNK, phospho-c-jun (Ser-63 or Ser-73) and c-Jun protein levels in control and DLK-
depleted cells. All chemiluminescent signals were quantified using a Bio-Rad ChemiDoc imaging system and normalized to the actin level in control cells
exposed to RA. The data are presented as the means+ SEMs (error bars) from two or three independent experiments. Each replicate has its own actin
control. Statistical significance was determined using a two-tailed unpaired Student's t test. For simplicity, only the statistical analysis of the shDLK#2-
depleted Neuro-2a cells treated with RA is shown. *, p < 0,05; **, p < 0,01, relative to control cells exposed to RA. ns, not significant. (C) Neurite length (mm)
per cell-body cluster was measured every 4 h in control and DLK-depleted cells that were exposed to RA for 76 h. Data on graph represent the individual
values obtained from five independent experiments at each time point with means connected. Multiple unpaired t tests were used for statistical analysis.
** p<0,01;*** p<0,001; *** p<0,0001, relative to control cells. (D) Representative phase contrast images of control (pLKO.1) and shDLK#1- or shDLK#2-
depleted Neuro-2a cells cultured with RA for 48 h. Scale bar, 400 um
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impaired the activation of JNK and c-Jun induced by
RA (Fig. 1A and B), suggesting a role for DLK in this
response. Interestingly, given the demonstrated contri-
bution of c-Jun to the regulation of its own transcription
[34], we correspondingly observed a significant decrease
in its abundance in DLK-depleted cells exposed to RA.
Taken together, these data demonstrated that DLK is
required for the activation of JNK and c-Jun during the
RA-induced differentiation of Neuro-2a cells.

To determine whether DLK depletion impairs neurite
outgrowth in our shDLK#1 and shDLK#2 Neuro-2a cell
lines, we examined their morphological response to dif-
ferentiation conditions over a 72-hour period using the
IncuCyte® S3 Live-Cell Analysis System for Neuroscience
and the IncuCyte® NeuroTrack software module (Fig. 1C).
In contrast to those of control cells, which exhibited
extensive neurite outgrowth after RA treatment, we con-
sistently observed fewer and shorter neurites in both the
shDLK#1- and shDLK#2-depleted Neuro-2a cell lines,
with the latter showing a greater defect in neurite out-
growth (Fig. 1C and D). In addition to being consistent
with the demonstrated role of DLK in axon formation
[35] and elongation [7], these data confirm that its pres-
ence in Neuro-2a cells is critical for neuritogenesis to
proceed. Because the neurite outgrowth of the shDLK#2-
depleted Neuro-2a cells was significantly reduced by
RA treatment, we performed the following experiments
using these cells.

Quantitative phosphoproteomic analysis of DLK-depleted
Neuro-2a cells undergoing RA-induced differentiation
Depletion of DLK in Neuro-2a cells alters RA-induced
differentiation, as evidenced by deficient neurite out-
growth. This difference is likely due, at least in part, to the
decreased phosphorylation and activity of JNK and c-Jun
(Fig. 1), both of which are involved in neurite outgrowth
and axonal regeneration [36-38]. Since the role of DLK
in neurite formation has not been fully characterized at
the molecular level, we speculated that other effector
proteins are involved in this response. To identify such
unknown effectors of DLK-dependent neurite outgrowth,
we examined the phosphoproteomes of control (pLKO.1)
and shDLK#2-depleted Neuro-2a cells treated with RA
for 24 h using the workflow shown in Fig. 2A. Briefly,
after protein extraction and digestion, the resulting
peptides were labeled with iTRAQ reagents to quantify
protein abundance, pooled in equimolar amounts, and
subjected to a phosphopeptide purification step using
TiO, particles. Enriched phosphopeptides were subse-
quently identified and quantified via mass spectrometry.
In total, this protocol allowed us to detect and quantify
4942 phosphopeptides on 2123 unique proteins from two
independent biological replicates, each with two tech-
nical replicates. A volcano plot of all phosphopeptides
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quantified in our phosphoproteomic analysis is shown
in Fig. 2B. Since our goal was to identify potential effec-
tors of DLK, we focused on phosphopeptides that exhib-
ited at least a 1.5-fold change and a p value less than 0.05
between control and DLK-depleted cells. This statistical
analysis revealed that, compared with those in the con-
trol group, only 32 phosphopeptides, derived from 27
distinct phosphoproteins, were significantly affected by
DLK depletion, with 23 downregulated and 9 upregu-
lated phosphoproteins (Table 1). Gene Ontology (GO)
and functional interaction analyses of the 27 phospho-
proteins were performed using the Database for Anno-
tation, Visualization and Integrated Discovery (DAVID)
and Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING) databases, respectively. The results
revealed that many of the proteins were associated with
nervous system development (Table 2) and potentially
connected into a network of proteins, including among
others, c-Jun, neural cell adhesion molecule 1 (Ncaml)
and nestin (Fig. 2C). Our phosphoproteomic screen
revealed that the phosphorylation of c-Jun, a key regula-
tor of axonal regeneration [38], at Ser63 and Ser73 was
significantly decreased upon DLK depletion, further vali-
dating the immunoblot results presented above. These
two serine residues are selectively phosphorylated by
JNK in response to various stimuli and are involved in
c-Jun transcriptional activity [39]. Ser774 of Ncaml is
another site whose phosphorylation level significantly
decreased in DLK-depleted cells undergoing RA-induced
differentiation compared with that in control cells. Inter-
estingly, phosphorylation at this site has been shown to
be required for activation of the cAMP response element-
binding protein (CREB) transcription factor and for neu-
rite outgrowth [40]. Finally, an important feature of our
phosphoproteomic data was the substantial decrease in
the abundance of two phosphopeptides, Ser-894 and Ser-
1837, of nestin, an IF protein highly expressed in neural
progenitor cells [22, 23]. Although these two serine resi-
dues are known to be phosphorylated in various cellular
contexts [41-43], their role in nestin dynamics and/or
function has not been reported.

Given the involvement of nestin in stem cell func-
tions, including differentiation and migration [44], we
decided to focus our study on evaluating the relationship
between DLK and nestin in more detail. To this end, we
first confirmed the validity of our phosphopeptide data
in control and DLK-depleted cells by parallel reaction
monitoring (PRM) mass spectrometry, a sensitive tar-
geted proteomics method for the selective and accurate
quantification of multiple proteins or peptides simultane-
ously [29]. As illustrated in Fig. 2D, DLK depletion led to
an expected and dramatic decrease in the abundance of
phosphopeptides containing Ser63 and Ser73 of c-Jun,
demonstrating the efficacy of the PRM procedure. In
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Fig. 2 Quantitative phosphoproteomic analysis of Neuro-2a cells after DLK depletion. (A) Scheme of the experimental procedure used to identify phos-
phopeptides that were either downregulated or upregulated in DLK-depleted cells after treatment with RA compared to control cells. (B) Volcano plot
showing the log, (-fold change) versus p value of all phosphopeptides (DLK-depleted/control) identified by mass spectrometry. Phosphopeptides that
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0.400. (D) The amount of nestin peptide with phosphorylated serine residues at positions 894 and 1837 or c-Jun with phosphorylated serine 63 and serine
73 in control and DLK-depleted cells was quantified using a PRM strategy. Integrated areas of the three major fragment ions obtained from the MS-MS
spectrum of each phosphopeptide were determined, summed, and normalized to exogenous spike-in cytochrome c peptides. The data represent the
mean + SEM of three separate experiments. Statistical significance was determined using a two-tailed unpaired Student's t test. *, p < 0,05; **, p <0,01; ***,

p<0,001, relative to control cells

addition, we found that the phosphorylation levels of Ser-
894 and Ser-1837 of nestin were significantly lower after
DLK knockdown than after control treatment (Fig. 2D),
highlighting a novel role for DLK in nestin regulation
and/or function.

Changes in nestin phosphopeptide abundance after DLK
depletion are associated with altered nestin mRNA and
protein expression

Because the observed changes in nestin phosphopep-
tide abundance in DLK-depleted cells may reflect either
decreased phosphorylation levels, decreased protein
abundance, or both, we measured nestin mRNA and pro-
tein expression in control and DLK-depleted Neuro-2a
cells that were exposed to RA for 24 h by RT-qPCR and
Western blot analysis, respectively. As shown in Fig. 3A,
the levels of nestin transcripts markedly increased in
control cells undergoing RA-induced neuronal differen-
tiation. In contrast, in shDLK#1- and shDLK#2-depleted
cells, this increase was weaker and not significant
when compared to control cells, suggesting a positive

regulatory role for DLK in the RA-induced expression
of nestin. This assumption was supported by the immu-
noblot data obtained with cytoskeletal extracts, which
showed a lack of responsiveness to RA and even a
decrease in nestin abundance in DLK-depleted cells
compared to control cells (Fig. 3B and C). The fact that
shDLK#1 does not reduce nestin protein abundance with
the same efficacy as shDLK#2 could be due to a differ-
ence in specificity between the two shRNAs and/or a dif-
ference in residual DLK levels between the two cell lines.
Taken together, these results indicate that the decreased
abundance of nestin phosphopeptides observed after
DLK depletion was due to changes in the overall expres-
sion of nestin rather than to reduced phosphorylation.

Neither knockdown nor overexpression of nestin affects
neurite outgrowth in Neuro-2a cells

In light of the results presented above, we next won-
dered whether the reduction of nestin levels seen in
DLK-depleted cells could account for their failure to form
neurites when treated with RA. To test this, we silenced
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Table 1 Proteins with decreased (bold) or increased (italic) phosphorylation by 1.5-fold or more in DLK-depleted cells

Protein name Gene symbol  Log2-fold-change Pvalue Phosphopeptide sequence
Nestin Nes -1,32 2,20E-05 APLVGSPVHLGPSQPLK
Transcription factor Jun Jun -1,14 3,22E-03 LASPELER

Histone H1.1 HistTh1a -1,03 2,06E-02 GTGAAGSFK

Transcription factor Jun Jun -1,02 4,94E-03 NSDLLTSPDVGLLK

Anion exchange protein Slc4a7 -1,00 3,14E-02 GNGSGGSRENSTVDFSK
Histone H1.4 HistTh1e -0,95 9,89E-03 GTGASGSFK

ATP-citrate synthase Acly -0,89 545E-03 TASFSESR

Nestin Nes -0,87 1,50E-05 VSQVSLESLEKENVQSPR

Protein prune homolog 2 Prune2 -0,85 3,10E-02 DSGPESPGRTPEPFLSLSLDK
Eukaryotic translation initiation Eif4b -0,83 4.14E-02 SSNPPARSQSSDTEQPSPTSGGGK
factor 4B

Anion exchange protein Slc4a7 -0,81 9,94E-03 GSLLQIPVK

MARCKS-related protein Marcksl1 -0,77 5,44E-04 AAATPESQEPQAK
Transcriptional regulator ATRX Atrx -0,66 1,07E-02 QTESNPAMSNSDEESNGTMK
Neural cell adhesion molecule 1 Ncam1 -0,65 2,80E-03 DESKEPIVEVR

Pogo transposable element with Pogz -0,64 2,38E-03 SLDAEPSVPSAAKPSSPEK

ZNF domain

RNA-binding protein 28 Rbm28 -0,63 4,79E-02 VEEQVEDSDDEEDDDSHDDEEER
Band 4.1-like protein 3 isoform 8 Epb41i3 -0,63 3,16E-02 TDTAADGETSATESDQEEDAEIK
Serine/arginine repetitive matrix Srrm2 -0,62 6,79E-03 RSSSSSSSSSSSSSSSSSSSSSSSSSGSSSSD-
protein 2 SEGSSLPAQPEVALK
Bromodomain-containing protein 7 Brd7 -0,60 4.97E-02 SLODLDMSSPEDEGQTR

Anion exchange protein Slc4a7 -0,60 1,70E-02 SFADIGK

Rho guanine nucleotide exchange  Arhgef2 -0,60 2,67E-03 EAQELGSPEDR

factor 2

Nuclear ubiquitous casein and Nucks1 -0,59 1,34E-02 NSQEDSEDSEEKDVK
cyclin-dependent kinase substrate 1

A-kinase anchor protein 12 Akap12 -0,59 5,48E-03 AEADASGNLTKESPDTNGPK
Myristoylated alanine-rich C-kinase Marcks 0,59 7,57E-03 GEATAERPGEAAVASSPSKANGQENGHVK
substrate

Myb-binding protein 1 A Mybbp1a 0,59 1,60E-02 DIPSDTQSPVSTKR

Interferon gamma receptor 1 Ifngri 0,59 1,09E-02 ALEAGGSTSAMTPDSPPTPTQR
T-box transcription factor TBX2 Tox2 0,61 1,92E-02 SAAPLGRSPSRDASPAR

Protein SET Set 063 3,90E-02 SASPGLPK

Ubiquitin carboxyl-terminal hydrolase 34 Usp34 0,64 6,20E-03 EVLTPTSTSDNETR
MARCKS-related protein Marcksl1 0,71 3,03E-02 EGGGDSSASSPTEEEQEQGEMSACSDEGTAQEGK
La-related protein 1 Larp1 0,73 1,07E-02 AVTPVPTKTEEVSNLK
5-3"exoribonuclease 2 Xrn2 0,88 3,68E-02 RNSLGGDVLFVGK

nestin expression with siRNAs in parental Neuro-2a cells
and measured neurite outgrowth over a 72 h period after
RA addition using the Incucyte live cell analysis system.
Nestin knockdown efficiency was confirmed by western
blotting and normalized to a negative control scrambled
siRNA (Fig. 4A and B). Despite the efficacy of the four
different siRNAs used to reduce nestin expression levels
in Neuro-2a cells, none significantly suppressed neurite
extension in response to RA compared to the control
siRNA (Fig. 4C). Thus, these results suggest that nestin
has no regulatory function in the RA-induced neurite
growth of Neuro-2a cells.

To complement the knockdown approach, we also
performed a rescue experiment in which control and
shDLK#2-depleted cells were transfected with wild-type

nestin or an EGFP control vector in growth medium
(DMEM supplemented with 10% FBS). At 48 h after
transfection, cells were either processed for western
blot analysis to confirm nestin overexpression (Fig. 5A)
or further cultivated for 72 h in differentiation medium
(DMEM supplemented with 2% FBS+20 uM RA) to
measure neurite outgrowth (Fig. 5B). The results indicate
that overexpression of nestin alone was not sufficient to
restore neurite outgrowth in DLK-depleted cells under-
going RA-induced neuronal differentiation, suggesting
that the function of DLK in neuritogenesis is not medi-
ated by nestin.
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Table 2 The top 10 most enriched GO biological process terms associated with proteins exhibiting decreased or increased

phosphorylation in DLK-depleted cells

Term Count  Genes PValue Benjamini
Nervous system development 12 SLC4A7, JUN, MARCKSLT, MARCKS, IFNGRT, XRN2, ATRX, EPB41L3, NCAM1, 1,2E-04 8,7E-02
ARHGEF2, NES, TBX2
Programmed cell death 11 AKAP12, SLC4A7, JUN, MARCKS, SET, MYBBP 1A, PRUNE2, EPB41L3, NCAMT, 1,3E-04 8,7E-02
NES, TBX2
Cell death 11 AKAP12, SLC4A7, JUN, MARCKS, SET, MYBBP1A, PRUNE2, EPB41L3, NCAMT, 2,3E-04 8,7E-02
NES, TBX2
Positive regulation of macromol- 10 AKAP12, JUN, LARP1, MYBBP1A, POGZ, ATRX, NUCKS1, ARHGEF2, BRD7,TBX2  2,8E-04 8,7E-02
ecule biosynthetic process
Central nervous system 8 SLC4A7, MARCKSLT, MARCKS, IFNGR1, XRN2, ATRX, NCAM1, NES 3,0E-04 8,7E-02
development
Positive regulation of biosynthetic 10 AKAP12, JUN, LARP1, MYBBP1A, POGZ, ATRX, NUCKS1, ARHGEF2, BRD7, TBX2  5,7E-04 1,4E-01
process
Positive regulation of nitrogen 10 JUN, LARP1, MYBBP1A, IFNGRT, POGZ, ATRX, NUCKS1, ARHGEF2, BRD7, TBX2  7,3E-04 1,4E-01
compound metabolic process
Positive regulation of gene 10 JUN, LARP1, MYBBP1A, IFNGR1, POGZ, ATRX, NUCKS1, ARHGEF2, BRD7,TBX2  7,7E-04 1,4E-01
expression
Camera-type eye development 5 SLC4A7, JUN, XRN2, NES, TBX2 1,2E-03 1,9E-01
Positive regulation of macromol- 12 AKAP12, JUN, MARCKS, LARP1, MYBBP1A, IFNGR1, POGZ, ATRX, NUCKST1, 1,6E-03 1,9E-01
ecule metabolic process ARHGEF2, BRD7, TBX2
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Fig.3 Nestin expression in DLK-depleted Neuro-2a cells. (A) Relative level of nestin mRNA in control and DLK-depleted Neuro-2a cells incubated without
or with 20 uM RA for 24 h. The mRNA level of nestin was analyzed by quantitative RT-PCR, normalized to three housekeeping genes (Psmc4, Pum1, and
Txnl4b) and calculated with the AAC; method. The data represent the mean + SEM of three separate experiments. Statistical significance was determined
using a two-tailed unpaired Student’s t test. *, p < 0,05, relative to control cells not exposed to RA. (B) Representative Western blots showing the levels of
nestin, DLK and vimentin in control and DLK-depleted Neuro-2a cells incubated without (-) or with (+) 20 uM RA for 24 h. Bands of interest were excised
from different blots and grouped together. Full-length blots are presented in Supplementary File 2. (C) Quantification of nestin protein levels in control
and DLK-depleted cells. Chemiluminescent signals were quantified using a Bio-Rad ChemiDoc imaging system and normalized to the vimentin level in
control cells not exposed to RA. The data are presented as the means + SEMs (error bars) of two or three separate experiments. Each replicate has its own
vimentin control. Statistical significance was determined using a two-tailed unpaired Student’s t test. *, p <0,05; ****, p <0,0001, relative to control cells

not exposed to RA

Discussion

DLK regulates nervous system development and regen-
eration in many model organisms, such as Drosophila, C.
elegans and mice, through positive modulation of neu-
rite outgrowth [7, 8, 33, 45]. However, exactly how DLK
contributes to this process of fundamental importance
in neurobiology remains a major unanswered question
that we began to address in this study. Since DLK pre-
sumably exerts its function in neurite outgrowth by cata-
lyzing the phosphorylation of specific effector proteins,

either directly or indirectly, we performed a quantitative
phosphoproteomic analysis of control and DLK-depleted
Neuro-2a cells undergoing RA-induced neuronal dif-
ferentiation to identify such target proteins. From this
experiment, we observed that, compared with the control
treatment, the loss of DLK significantly up- and down-
regulated the abundance of 9 and 23 phosphopeptides,
respectively. Interestingly, almost half of the proteins
from which the identified phosphopeptides were derived
were enriched in GO biological process terms linked to
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Fig. 4 Knockdown of nestin in Neuro-2a cells has no impact on RA-induced neurite outgrowth. (A) Neuro-2a cells grown in proliferation medium were
transfected with either a nontargeting control (siCTL) or four different nestin-specific siRNAs (siNES#1, #3, #4, and #17). At 48 h after transfection, the
cytoskeleton was prepared and processed for western blot analysis using antibodies against nestin and vimentin. Bands of interest were excised from
different blots and grouped together. Full-length blots are presented in Supplementary File 3. (B) Quantification of nestin protein levels in control and
nestin-depleted cells. Chemiluminescent signals were quantified using a Bio-Rad ChemiDoc imaging system and normalized to the vimentin level in
control cells. The data are presented as the means+SEMs (error bars) of three separate experiments. Each replicate has its own vimentin control. Statis-
tical significance was determined using a two-tailed unpaired Student’s t test. **, p<0,01; ***, p<0,001. (C) Neurite length (mm) per cell-body cluster
was measured every 4 h in control and nestin siRNA-transfected cells that were exposed to RA for 72 h. Data on graph represent the individual values
obtained from five independent experiments at each time point with means connected. Multiple unpaired t tests were used for statistical analysis. ns,

not significant compared with the control cells

nervous system development and included proteins with
a predicted functional relationship, such as Jun, Nes,
Ncaml, Marcks and Marcksll. Among this list of can-
didate proteins, we decided to focus on nestin for two
particular reasons: first, it exhibited the most dramatic
reduction in phosphopeptide abundance in DLK-knock-
down cells; second, previous studies have provided some
evidence supporting its relevance to the differentiation
and migration of stem cells, particularly those of the neu-
ral lineage [46]. However, using RT-qPCR and Western
blotting, we were able to show that the observed decrease
in nestin phosphorylation following DLK depletion
correlated with reduced nestin expression at both the
mRNA and protein levels, suggesting a possible role for
DLK in the regulation of overall nestin abundance rather
than phosphorylation.

Although nestin was identified more than 30 years ago
[47], very little is known about its regulation and func-
tion. The mammalian nestin gene consists of four exons
and three introns [48—50]. An enhancer element residing
within the second intron regulates nestin expression in
the developing central nervous system (CNS) and during
RA-induced neural differentiation of P19 embryonic car-
cinoma cells [51]. This enhancer contains various types of
cis-acting elements, such as hormone-response elements
(HREs) and binding sites for the Sox and POU transcrip-
tion factors, which orchestrate nestin gene expression
in neural stem/progenitor cells (NSPCs) both in vitro
and in vivo. Interestingly, Sox transcription factors are
highly relevant for the development of the nervous sys-
tem, and three of them, namely Soxl, Sox2 and Sox3,
are differentially expressed in NT2/D1 cells undergoing
neural differentiation with RA [52]. Histone acetylation,
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Fig. 5 Overexpression of nestin does not rescue the neurite outgrowth defect in DLK-depleted cells. (A) Control (pLKO.1) and shDLK#2/DLK-depleted
Neuro-2a cells were transfected with plasmids expressing either EGFP (control) or wild-type nestin and grown in proliferation medium. At 48 h after
transfection, the cytoskeleton was prepared and processed for western blot analysis using antibodies against nestin and vimentin. Bands of interest were
excised from different blots and grouped together. Full-length blots are presented in Supplementary File 4. (B) Neurite length (mm) per cell-body cluster
was measured every 4 h in control and shDLK#2/DLK-depleted cells that were differentiated from RA for 76 h two days after transfection with EGFP or
nestin. Data on graph represent the individual values obtained from three independent experiments at each time point with means connected. Multiple

unpaired t tests were used for statistical analysis. ns, not significant

an epigenetic mechanism, is also known to mediate the
activation of nestin transcription during the differentia-
tion of P19 cells along the neural cell lineage [53]. Consis-
tent with what has been previously described in murine
embryonic stem cells [54] and P19 cells [55], treatment
with RA, a vitamin A derivative essential for brain devel-
opment, neuronal differentiation and neurite outgrowth
[56], significantly increased nestin expression in Neuro-
2a cells (Fig. 3). Like other lipophilic hormones, the
action of RA in this cell line likely by probably involves
genomic and nongenomic pathways [57]. The genomic
effect of RA on the expression of target genes is medi-
ated by interactions with the nuclear receptors retinoic
acid receptor (RAR) and retinoid X receptor (RXR),
which function as transcription factors, while its nonge-
nomic action involves the activation of kinase cascades,
which, in turn, modulate cytoplasmic and nuclear events
through the phosphorylation of specific target proteins
[57, 58]. To the best of our knowledge, no studies have
been performed to elucidate in detail how RA upregu-
lates nestin expression in stem cells committed to a neu-
ronal fate. In the present study, we found that DLK is
likely an important component of the mechanism under-
lying RA-induced nestin expression, as its knockdown
in Neuro-2a cells significantly impaired this response at
both the mRNA and protein levels (Fig. 3). Since varia-
tions in mRNA levels are typically attributed to changes
in synthesis (transcription) rather than degradation, it is
likely that DLK depletion affects nestin gene expression
in RA-treated cells by disrupting chromatin remodel-
ing and/or the binding of transcriptional regulators.
Although DLK itself is not known to directly recruit the
general transcriptional machinery or initiate transcrip-
tion, its effector, JNK, has this capability. Indeed, JNK

interacts with, phosphorylates, and regulates various
transcription factors (e.g. c-Jun, ATF2, Sox2, STATS3,
RARa, PPARy, POU2F1, POU5F1) as well as chroma-
tin-associated proteins (e.g. histone H3, bromodomain
protein 4) [39, 59-64]. An effect of DLK depletion on
nestin protein synthesis and/or stability is also plausible,
given the results of previous work showing that: (i) DLK
regulates the synthesis of Down syndrome cell adhesion
molecule (Dscam) in Drosophila via the poly(A)-binding
protein PABP-C, an activator of protein translation [65],
and (ii) its effector, JNK, enhances the stability of cer-
tain proteins, such as c-Jun, via phosphorylation [66, 67].
Thus, our study identifies DLK as a downstream media-
tor of RA signaling that governs nestin expression during
neuronal differentiation (Fig. 6). While the physiological
relevance of this regulation remains unclear, it suggests a
role for DLK in modulating of nestin function.

As mentioned above, nestin is an IF protein predomi-
nantly expressed in NSPCs of the nervous system [44].
Upon their differentiation and concomitant loss of mul-
tipotency, nestin expression decreases, and nestin is
replaced by other IF proteins, namely, neurofilaments
and glial fibrillary acidic protein, in the neuronal and glial
cell lineages, respectively [49, 68]. Whether this down-
regulation of nestin plays an active role in the switch from
growth to differentiation of neural cells has not been well
studied. Mice deficient in nestin are viable and develop
normally like wild-type mice but exhibit increased neu-
rogenesis in the adult hippocampal dentate gyrus [69],
suggesting a negative role for nestin in the control of
this process. In support of this notion, Wilhelmsson et
al. [70] also reported that dissociated neurospheres from
Nes™'~ mice generate more neurons than do those from
wild-type animals when grown under differentiation
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conditions. Interestingly, this response is not a direct
consequence of the loss of nestin function in NSPCs but
is caused by reduced Notch signaling between astrocytes
and neural stem cells [70]. Notch signaling is known to
promote proliferation during neurogenesis, whereas its
inhibition induces neuronal differentiation both in vitro
and in vivo [71]. Thus, nestin appears to antagonize the
neuronal differentiation of neural stem cells through its
ability to upregulate Notch signaling in astrocytes. In
the present study, which used monocultures of Neuro-
2a cells, a mouse neural crest-derived cell line capable
of differentiating into neurons [72], we observed that
RA simultaneously induces the upregulation of nestin
levels and neurite outgrowth in a DLK-dependent man-
ner. These effects of RA appeared to be independent of
each other since neither knockdown nor overexpression
of nestin in Neuro-2a cells caused detectable changes in
RA-induced neurite formation and outgrowth (Figs. 4
and 5), which are the hallmarks of differentiated cells.
Therefore, we concluded that nestin does not have an
obvious direct role in regulating neurite extension in
Neuro-2a cells. However, because neurite formation is a
complex process involving cytoskeletal rearrangements,
plasma membrane extension, second messenger produc-
tion and postranslational modification [73, 74], we can-
not exclude the possibility that nestin plays a role in the
neuronal differentiation of Neuro-2a cells, which is too

subtle to be detected in our assays. Further studies will be
needed to fully evaluate whether there is a link between
DLK signaling, nestin expression and neurite outgrowth.

In addition to being expressed in NSPCs, nestin is
also transiently expressed in the axons of newborn neu-
rons, where it plays a role in growth cone morphology
and the response to the axonal guidance cue semapho-
rin 3 A (Sema3A). Indeed, in the absence of nestin, neu-
rons exhibit larger growth cones and reduced sensitivity
to Sema3A [75], which induces growth cone collapse
and axon repulsion in culture [76]. Mechanistically, the
effect of nestin on growth cones and Sema3A sensitivity
can be attributed, at least in part, to cdk5/p35-mediated
phosphorylation of doublecortin (DCX) [77], a critical
regulator of microtubule (MT) structure, stability and
function in immature neurons [78, 79]. These findings are
of particular importance because the DLK-JNK pathway
has been reported to regulate (i) the expression of axon
guidance proteins [21], such as neuropilin 1, which func-
tions as a transmembrane cellular receptor for Sema3A,
and (ii) axonogenesis via the phosphorylation of sev-
eral MT regulators, including DCX [7, 16]. Therefore,
through their ability to both modulate DCX phosphory-
lation, nestin and DLK are likely capable of regulating
the microtubule cytoskeleton, whose organization and
remodeling are essential for axonal growth and guidance
as well as migration in developing neurons [80]. Thus, the
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impact of DLK-mediated regulation of nestin expression
on microtubule structure and dynamics during neuronal
differentiation is an important question that needs to be
addressed by further research.

Conclusion

Our study identifies for the first time a link between the
regulation of nestin expression and DLK signaling in RA-
exposed neuroblastoma Neuro-2a cells. The importance
of nestin regulation by DLK for neuronal differentiation
remains puzzling, especially because nestin knockdown
or overexpression did not disrupt neurite outgrowth in
these cells. Further work is needed to define the role of
nestin in the organization and integrity of the neuronal
cytoskeleton and to determine its contribution, if any, to
DLK-mediated neurite outgrowth.
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