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Palmitoylation, the modification of proteins with the lipid
palmitate, is a key regulator of protein targeting and trafficking.
However, knowledge of the roles of specific palmitoyl acyltrans-
ferases (PATs), which catalyze palmitoylation, is incomplete.
For example, little is known about which PATSs are present in
neuronal axons, although long-distance trafficking of palmi-
toyl-proteins is important for axon integrity and for axon-to-
soma retrograde signaling, a process critical for axon develop-
ment and for responses to injury. Identifying axonally targeted
PATs might thus provide insights into multiple aspects of axo-
nal biology. We therefore comprehensively determined the
subcellular distribution of mammalian PATSs in dorsal root gan-
glion (DRG) neurons and, strikingly, found that only two PATs,
ZDHHC5 and ZDHHCS, were enriched in DRG axons. Signals
via the Gp130/JAK/STAT3 and DLK/JNK pathways are impor-
tant for axonal injury responses, and we found that ZDHHC5
and ZDHHCS8 were required for Gp130/JAK/STAT3, but not
DLK/JNK, axon-to-soma signaling. ZDHHC5 and ZDHHCS8
robustly palmitoylated Gp130 in cotransfected nonneuronal
cells, supporting the possibility that Gp130 is a direct ZDHHC5/
8 substrate. In DRG neurons, Zdhhc5/8 shRNA knockdown
reduced Gp130 palmitoylation and even more markedly reduced
Gp130 surface expression, potentially explaining the importance
of these PATs for Gp130-dependent signaling. Together, these
findings provide new insights into the subcellular distribution
and roles of specific PATs and reveal a novel mechanism by
which palmitoylation controls axonal retrograde signaling.

The protein-lipid modification palmitoylation is important for
the regulation of protein targeting and trafficking in all eukaryotic
cells (1, 2). Palmitoylation might be expected to be particularly im-
portant in neurons, whose complex morphology and high degree
of cellular polarity requires precise trafficking of proteins to specific
subcellular locations (2, 3). Consistent with this notion, genetic
mutations or targeted mouse knockouts of several members of the
ZDHHC (zinc finger DHHC domain—containing) family of palmi-
toyl acyltransferases (PATs, which catalyze palmitoylation) result
in predominantly neuropathological phenotypes (2, 4).

Significant recent progress has been made regarding neuro-
nal roles and substrates of specific PATs (2, 4). However,
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research has largely focused on roles of PATs in central neu-
rons and in particular how PATs regulate post-synaptic target-
ing and trafficking of neurotransmitter receptors and their
associated scaffold and structural proteins (e.g. see Refs. 2 and
5-13). In contrast, far less is known regarding two key aspects
of palmitoylation-dependent neuronal regulation. First, PAT
expression and subcellular localization in neurons of the pe-
ripheral nervous system (PNS) remain to be determined. Sec-
ond, although key regulators of axon growth, axon guidance,
axon maintenance, and presynaptic neurotransmitter release
are palmitoylated (e.g. see Refs. 2 and 14-19), far less is known
regarding the roles and substrates of specific PATs in axons.
One process that is particularly important in peripheral
axons is axon-to-soma retrograde signaling, in which proteins
are physically transported from distal sites to activate transcrip-
tion (20, 21). Axonal retrograde signaling plays key roles during
neurodevelopment, when both pro-death and pro-survival sig-
nals are retrogradely conveyed along axons that are competing
for limiting amounts of target-derived neurotrophic factors
(22-25). Retrograde signaling in peripheral axons is also critical
to activate pro-regenerative transcription post-injury in multi-
ple models (20, 21, 26, 27). We recently reported that one im-
portant retrograde signaling protein, dual leucine-zipper kinase
(DLK), is palmitoylated and that this modification is essential
for DLK-dependent responses to axonal injury in dorsal root
ganglion (DRG) sensory neurons (28). Interestingly, other
retrograde signaling proteins have been identified in high
throughput palmitoyl-proteomic studies from several different
cell types (29-33). Prominent among these potentially palmi-
toylated proteins is Gp130 (gene name /L6ST), an obligate com-
ponent of receptor signaling complexes for the neuropoietic
cytokines interleukin-6 (IL-6), ciliary neurotrophic factor
(CNTE), leukemia inhibitory factor (LIF), cardiotrophin-1
(CT-1), and oncostatin-M (OSM) (34). Gp130-containing
receptor complexes respond to these neuropoietic cytokines
by triggering activation of Janus kinases (JAKs), which in
turn phosphorylate and activate signal transducer and acti-
vator of transcription-3 (STAT3) signaling. Gp130/JAK/
STATS3 signals are heavily implicated in axonal retrograde
signaling (20, 35-37), and Gp130 is highly expressed in DRG
neurons in culture and in vivo (38-40). However, whether
Gp130 is endogenously palmitoylated in DRG neurons has
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not been reported, and whether a specific PAT(s) is impor-
tant for Gp130/JAK/STAT3 signaling is unknown.

Here, we determined the distribution of mammalian PATs in
axons of mammalian DRG sensory neurons, a cell type that has
provided key insights into neurodevelopment and mechanisms
of neurodegeneration (23-25, 38). Only two of the 23 PATs,
the closely related ZDHHC5 and ZDHHCS, were enriched
in DRG axons. We assessed the functional importance of
ZDHHC5/8 and found that these PATs are required for
Gp130-dependent, but not DLK-dependent, axonal retrograde
signaling. Consistent with this requirement, we found that
Gp130 is indeed highly palmitoylated and is an excellent
ZDHHCS5/8 substrate in transfected cells. In DRG neurons,
Zdhhc5/8 knockdown reduced Gp130 palmitoylation and even
more markedly reduced surface levels of Gpl130, plausibly
explaining why these two PATs are critical for Gp130-depend-
ent signaling. Together, these findings identify the first axonally
enriched PATs and provide new insights into the control of
axonal retrograde signaling.

Results

The distribution of PAT enzymes in PNS neurons is essen-
tially unknown. We therefore first sought to comprehensively
determine the distribution of mammalian PATSs in primary cul-
tured DRG neurons, a widely used PNS cell type that is highly
relevant for studies of neurodevelopment and nerve injury (38,
41, 42). Previous RNA-Seq data suggest that DRG neurons
express mRNAs for all 23 mammalian PATs (38, 39). In parallel
work, we have found that one of these PATs, ZDHHC17, is re-
stricted to the soma of DRG neurons (43). However, we were
particularly interested in whether specific PATs might localize
to DRG axons. We therefore expressed N-terminally HA-
tagged forms of the remaining ZDHHC-PATSs in primary DRG
neurons, using lentiviral delivery to keep levels of exogenously
expressed PATs low and thus minimize potential artifacts due
to overexpression. All HA-tagged PATs were detected immu-
nocytochemically when virally infected (Fig. 14). Strikingly, we
found that axonal enrichment of two PATs, ZDHHCS5 and its
close homolog ZDHHCS (2), was significantly greater than that
of all other PATs examined (Fig. 1, A and B).

In contrast to ZDHHC5 and ZDHHCS, all other PATs were
detected at higher levels in DRG neuronal cell bodies than
in axons, when compared with a freely soluble marker, GFP
(Fig. 1, A and B). Of these somatically enriched PATs, several
(ZDHHC3, ZDHHC7, ZDHHC9, ZDHHC11, ZDHHCI12,
ZDHHCI13, ZDHHC14, ZDHHCI15, ZDHHC16, ZDHHC21,
and ZDHHC?23) displayed a discrete perinuclear appearance
that overlapped with the Golgi marker GM130 (Fig. S1). Line-
scan analysis confirmed co-localization of each of these PATSs
with GM130, further supporting the hypothesis that this subset
of PATs is Golgi-localized (Fig. S1). Several of the remaining
PATs that were not enriched in axons (ZDHHC2, ZDHHC4,
ZDHHC6, ZDHHC18, ZDHHC19, and ZDHHC25; Fig. 1A)
displayed a more reticular appearance in DRG neuronal cell
bodies. Two of these PATs (ZDHHC4 and ZDHHC6) are
reported to localize to the endoplasmic reticulum (ER) in other
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cell types (44, 45), suggesting that this reticular pattern repre-
sents ER membranes.

In these viral expression experiments, the most heavily
enriched axonal PAT was ZDHHCS5. Using an antibody whose
specificity we had confirmed in other neuron types (7), we
therefore assessed the expression and subcellular distribution
of endogenous ZDHHCS5 in DRG neurons. On Western blots,
the ZDHHCS5 antibody detected a band of the predicted molec-
ular weight of ZDHHCS5 in whole-cell lysates from WT DRG
neurons infected with a control lentivirus (Fig. 2A4). This band
was almost completely eliminated in lysates from neurons
infected with lentivirus expressing an shRNA that knocks down
ZDHHCS5 (7), suggesting that the antibody also specifically
detects ZDHHC5 in DRG neurons (Fig. 24; quantified in Fig.
S2A). Western blotting of lysates from DRG neurons cultured
in microfluidic chambers, which allow specific biochemical
isolation of material from distal axons (28, 46), revealed that en-
dogenous ZDHHC5 was strongly detected in distal axonal frac-
tions. Two proteins known to be present in axons, growth-asso-
ciated protein-43 (GAP-43) and tubulin, were strongly detected
in these distal axonal fractions, but histone H3, a nuclear
marker, was not (Fig. 2B). When used in immunocytochemical
studies, the ZDHHCS antibody detected a robust signal in DRG
axons that was again greatly reduced by Zdhhc5 shRNA knock-
down (Fig. 2C; quantified in Fig. S2B). Together, these data sug-
gest that endogenous and exogenously expressed forms of
ZDHHCS5 localize to axons of DRG neurons.

We next used microfluidic cultures of DRG neurons to
address potential functional roles for ZDHHC5/8 in axonal ret-
rograde signaling. One major retrograde signaling pathway
with an important role in DRG neurons involves the kinase
DLK, which triggers phosphorylation of the transcription fac-
tor c-Jun, via DLK’s “downstream” target c-Jun N-terminal ki-
nase (JNK). DLK is palmitoylated, and we previously reported a
requirement for DLK palmitoylation in retrograde signaling
following axotomy (28). Distal axotomy markedly increased c-
Jun phosphorylation in DRG neuron cell bodies in microfluidic
cultures infected with a control (GFP-expressing) lentivirus
(Fig. 3A), consistent with prior results (28). However, axotomy-
induced c-Jun phosphorylation was not significantly reduced in
Zdhhc5/8 “knockdown” microfluidic cultures (Fig. 3, A and B).
These results suggest that axotomy-induced retrograde signal-
ing by the DLK/JNK pathway is ZDHHC5/8-independent.

A second retrograde signaling pathway in DRG neurons can
be activated by CNTF and related neuropoietic cytokines.
CNTF binds a receptor complex involving Gp130 (gene name
1l6st), leading to activation of JAK family kinases and phospho-
rylation of STAT family transcription factors (47-50). Gp130/
JAK/STAT3-dependent signaling in DRG neurons has been
implicated in neurodevelopment and in responses to nerve
injury (51, 52). The addition of CNTF to distal axons of DRG
microfluidic cultures infected with control (GFP-expressing)
lentivirus markedly increased STAT3 phosphorylation in neu-
ronal cell bodies (Fig. 3C). However, in contrast to its lack of
effect on axotomy-induced c-Jun phosphorylation, Zdhhc5/8
knockdown significantly attenuated CNTF-induced STAT3
phosphorylation (Fig. 3, C and D). These findings suggested
that ZDHHC5/8 are required for CNTF-dependent axonal
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Figure 1. ZDHHC5 and ZDHHCS are preferentially targeted to DRG axons compared with all other PATs. A, images of HA fluorescent signal (left panels)
and merged HA, GFP, and DAPI (blue, to detect nuclei) signals (right panels) from individual cultured DRG neurons co-infected with control lentivirus express-
ing GFP plus a second virus expressing the indicated HA-tagged ZDHHC-PAT. PAT numbering reflects updated gene names (2). Scale bar, 20 um. B, quantified
axon/soma fluorescence intensity ratio for each of the indicated PATs, normalized to GFP. Blue dotted line, mean axon/soma fluorescence intensity ratio for all
PATSs from all determinations. One-way ANOVA was used with the Bonferroni post hoc test (F(23, 220) = 9.332, p < 0.0001); ****, p < 0.0001; **, p < 0.01, com-
pared with average axon/soma ratio for all PATs from all determinations. n = 7-13 neurons/condition. Bars, mean = S.D. (error bars).

retrograde signaling. Western blotting of parallel convention-
ally cultured DRG neurons confirmed that the sShRNAs used in
our microfluidic culture experiments effectively reduced en-
dogenous ZDHHC5 and ZDHHCS protein levels (Fig. 3E and
Fig. S2 (A and C)).

We next sought to identify proteins in the CNTF/Gp130/
JAK/STAT3 pathway whose palmitoylation and/or subcellular
localization might be regulated in a ZDHHC5/8-dependent
manner. Gp130 itself has been identified as a potential palmi-
toyl-protein in several proteomic studies from nonneuronal
cells (29-31, 33) and is highly expressed in DRG neurons (38—
40). In addition, ZDHHC5 and ZDHHCS8 have both been iden-
tified as cell surface-localized PATs (13, 53-55), and Gp130
must also localize to the cell surface to control responses to
extracellular neuropoietic cytokines (34, 36, 56). We therefore
first used acyl biotinyl exchange (ABE) (7, 57), a nonradioactive
palmitoylation assay, to determine whether Gp130 is indeed
palmitoylated. We observed a robust signal for palmitoyl-
Gp130 in ABE fractions from transfected HEK293T cells (Fig.
4A). Gp130 signal was not detected in ABE fractions generated
in the absence of the key reagent hydroxylamine and was not
detected in ABE fractions from cells that had been treated with
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the broad-spectrum palmitoylation inhibitor 2-bromopalmi-
tate (2BP) (58) (Fig. 4A). Together, these findings suggest that
Gp130 is indeed palmitoylated.

To address whether Gp130 is a direct substrate for ZDHHC5
and/or ZDHHCS8 we co-expressed Gp130 in HEK293T cells
with each of these PATs individually. Gp130 palmitoylation
was significantly increased by WT forms of both ZDHHC5 and
ZDHHCS but not by their respective transferase-dead mutants
(ZDHHS5 and ZDHHSS) (Fig. 4, B-E). These findings suggest
that both ZDHHC5 and ZDHHCS can directly palmitoylate
Gp130.

We next examined whether Gp130 is endogenously palmi-
toylated in DRG neurons. We observed a robust Gp130 signal
in ABE fractions from cultured DRG neuronal lysates, suggest-
ing that Gp130 is endogenously palmitoylated in DRG neurons
(Fig. 4F). Gp130 palmitoylation was significantly reduced in
Zdhhc5/8 knockdown neurons (Fig. 4, F and G). However, we
also observed a trend toward reduced Gp130 total expression
levels in Zdhhc5/8 knockdown neurons (Fig. 4H). This latter
effect did not reach statistical significance but likely accounted
for the fact that Gpl30 palmitoylation was not significantly
reduced by Zdhhc5/8 knockdown when normalized to total

J. Biol. Chem. (2020) 295(46) 15427-15437 15429


https://www.jbc.org/cgi/content/full/RA120.013815/DC1

EDITORS' PICK: ZDHHC5/8 control Gp130/JAK/STAT3 signaling

N
S B &
> & My @ e
& kDa) <& v =5 o
o7- 5§ o1.01 —$—
ZDHHC5 573
| (j:)g
T0 5
‘-‘ Tubuln I £0°
45- Q5
N C
d ‘ GAP43 0.
Soma Axon
ZDHHC5 _ & Axon
Histone H3
14-
C ZDHHC5 || ZDHHCS5/GFP |
Comroll__

Figure 2. Endogenous ZDHHC5 localizes to axons in DRG neurons. A, cultured DRG neurons were infected with either control virus or virus expressing
shRNA against ZDHHC5 (ZDHHC5sh). Zdhhc5 knockdown was verified by immunoblotting lysates of infected neurons. Molecular weight markers (Mw (kDA))
are indicated on the left-hand side of this and all subsequent blots. The efficacy of ZDHHC5 knockdown in this and replicate experiments is quantified in Fig.
S2. B, DRG neurons were cultured in microfluidic chambers and proximal chambers (containing cell somas and proximal axons (Soma & axon)) and distal cham-
bers (containing distal axons but no neuronal cell bodies (Axon)) were lysed separately in denaturing buffer. Equivalent volumes of each fraction were sub-
jected to SDS-PAGE and immunoblotted with the indicated antibodies. Endogenous ZDHHCS5 is clearly detected in distal axon fractions. Right panel plot,
quantified ZDHHCS5 in the indicated microfluidic compartments, relative to tubulin (n = 4 determinations). C, images of DRG neurons infected with lentivirus
expressing GFP with or without Zdhhc5 shRNA, following fixation and immunostaining with the indicated antibodies. Zddhc5 knockdown greatly reduces axo-

nal signal recognized by the anti-ZDHHC5 antibody (quantified in Fig. S2). Scale bar, 20 um. Bars, mean = S.D. (error bars).

Gp130 levels (Fig. 4/). Neither palmitoyl nor total levels of
another axonal palmitoyl-protein, GAP-43, were affected by
Zdhhc5/8 knockdown (Fig. 4F), consistent with a report that
GAP-43 is likely palmitoylated by different ZDHHC-PATSs
(59).

We then asked whether ZDHHC5/8 might exert additional
effects on Gp130 in DRG neurons. In particular, we performed
surface biotinylation assays to address whether ZDHHC5/8 are
required for stable targeting of Gp130 to the neuronal cell
surface. Zdhhc5/8 knockdown markedly reduced Gp130 levels
in surface fractions of DRG neurons (Fig. 5, A and B). Surface
levels of another axonal transmembrane palmitoyl-protein,
neurofascin, were not significantly affected by Zdhhc5/8 knock-
down, suggesting that ZDHHC5/8 loss does not indiscrimin-
ately affect surface expression of axonal palmitoyl-proteins
(Fig. 5, A and B). The intracellular protein ERK was not de-
tected in surface fractions, confirming the fidelity of these prep-
arations (Fig. 5A4). These findings suggest that ZDHHC5/8 are
critical for normal cell surface localization of Gp130, a require-
ment consistent with the importance of these PATs for Gp130-
dependent retrograde signaling.

Discussion

Genetic studies suggest that specific PATs play particularly
important roles in the nervous system (60-62), but most
research has focused on identifying synaptodendritic PAT sub-
strates. In contrast, far less has been reported regarding the
roles of specific PATs, and of palmitoylation in general, in
axons. Our comprehensive assessment of PAT subcellular tar-
geting in primary DRG neurons reveals that the related PATSs
ZDHHC5 and ZDHHCS8 are specifically enriched in DRG
axons, compared with other PATs. Moreover, ZDHHC5/8 play
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key roles in the localization and signaling of the axonal retro-
grade signaling protein Gp130.

Our assessment of PAT localization in DRG neurons invites
comparisons with reports of PAT distribution in other cell
types. Interestingly, our finding that ZDHHC5 and ZDHHCS8
are the PATs that most readily escape the confines of the ER/
Golgi in DRG neurons (Fig. 1) is consistent with reports from
two other polarized cell types, hippocampal neurons and
Madin-Darby canine kidney epithelial cells. In both of these
cell types, many PATs are restricted to the ER/Golgi, but
ZDHHCS5 and ZDHHCS are not (7, 13, 55, 63). Interestingly,
however, other PATSs, such as ZDHHC1, ZDHHC2, and
ZDHHC11, remain confined to the somatic ER/Golgi in DRG
neurons, but not in hippocampal neurons (12, 64, 65). This dif-
ferential targeting could potentially be explained if pseudouni-
polar DRG neurons, whose peripheral and central projections
both morphologically resemble axons, lack certain elements of
the targeting machinery used by hippocampal neurons to trans-
port these PATs to dendrites.

Although our findings are broadly consistent with other
work from polarized nonneuronal cells (55), it is nonetheless
perhaps surprising that all PATs except ZDHHC5 and
ZDHHCS were relatively confined to the DRG neuronal soma,
compared with axons. However, it is important to appreciate
that small amounts of these PATs, below the threshold for
detection in our experiments, may still play key functional roles
in axons. Moreover, enrichment of specific PATs in DRG axons
may be greater at different developmental stages and/or under
different conditions. In particular, we recognize that our study
was performed using embryonic DRG neurons and that PAT
distribution may differ in mature and/or aged DRG neurons.
On a similar note, expression of the PAT ZDHHC23 increases
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Figure 3. ZDHHC5/8 are critical for retrograde signaling by the Gp130/JAK/STAT3 pathway, but not the DLK/JNK pathway. A, DRG neurons cultured
in microfluidic chambers were infected with the indicated viruses. Cultures were left untreated, or distal axons were axotomized by aspiration. Cell body cham-
bers were then immunostained to detect phospho-c-Jun (p-c-Jun) and DAPI. B, quantified data from A reveal that axotomy-induced c-Jun phosphorylation,
which is strongly DLK-dependent (28), is not affected by Zdhhc5/8 knockdown. ns, not significantly different from control-infected axotomized condition,
two-way ANOVA: virus p = 0.2754 (F(1, 18) = 1.265), axotomy p < 0.0001 (F(1, 18 = 27.89), interaction p = 0.3892 (F(1, 18) = 0.7785), n = 5-6 determinations/con-
dition. C, distal axonal chambers of DRG neurons cultured as in A were treated with or without 10 ng/ml rat CNTF, and cell body chambers were fixed and im-
munostained to detect STAT3 phosphorylation (pSTAT3) and DAPI. D, quantified data from C reveal that Zdhhc5/8 knockdown significantly reduces axotomy-
induced STAT3 phosphorylation. n = 4 determinations/condition. **, p < 0.01, two-way ANOVA: virus p = 0.0119 (F(1, 12) = 8.766), treatment p = 0.0003 (F (1,
12) = 25.27), interaction p = 0.0166 (F(1, 12) = 7.74). E, Western blots of lysates from conventionally cultured DRG neurons (sister cultures of those used for
microfluidic experiments in A-D) infected with the indicated viruses confirm effective reduction of ZDHHC5 and ZDHHC8 protein levels by their respective
shRNAs (see also quantified data in Fig. S2). Bars, mean = S.D. (error bars).

>6-fold in DRGs after transection of the sciatic nerve, a major reduce Gp130 palmitoylation and therefore focused on effects
nerve via which DRG axons project into peripheral tissues (66).  caused by the combined loss of these PATs.

This finding raises the possibility that ZDHHC23, and poten- The likely localization of ZDHHC5 and ZDHHCS to the axo-
tially other PATSs, plays different roles and/or operates in differ-  nal plasma membrane provides a plausible explanation for why
ent subcellular locations in healthy and injured DRG neurons. loss of these PATSs markedly decreases Gp130 surface expres-
This is an interesting area of investigation for future work. Last,  sjon (Fig. 54). However, we note that loss of ZDHHC5/8 only
whereas both immunocytochemical and biochemical analyses  partially reduces Gp130 palmitoylation (Fig. 4F), raising the
suggest that virally expressed and endogenous ZDHHC5 are  posibility that other PATs may palmitoylate Gp130 in other
both targeted to DRG axons (Figs. 1 and 2), we recognize that  ce]jylar locations prior to its delivery to the plasma membrane.
localization of other virally expressed PATs might not fully A other key factor to consider is that detection of Gp130 by
phenocopy that of their endogenous counterpatts. ABE does not distinguish between different sites of Gp130 pal-

A lrelated qlllestion is whlert}}er IZDHHCSdor Z:)Hll-.[CS‘domi— mitoylation. It is hence possible that ZDHHC5/8 palmitoylate
nantly controls Gp130 palmitoylation and/or localization. In Gp130 at a site(s) that is more important for surface expression

preliminary experiments, we found that Zdhhc8 knockdown ) . . .
kedly reduced Gp130 surface localization than did and/or signaling, whereas other sites on Gp130 are palmitoy-
more markedly recuced b surtace jocaiization Hhan ¢ld .4 by different PATs. Another important point is that

Z knocl 2H i 1, we f h -
.d #he5 knockdown.” However, in general, we ound that €O Zdhhes/8 knockdown reduces Gp130 palmitoylation but also
bined Zdhhc5/8 knockdown was required to more effectively . o
causes an apparent (although not statistically significant) reduc-
tion in Gpl30 total expression (Fig. 4, F-I). We and others
have reported that Zdhhc5/8 knockdown reduces palmitoy-
K. M. Collura and G. M. Thomas, unpublished observations. lation of ZDHHC5/8 substrates in other neuronal types, without
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affecting total expression of those substrates (7, 10). Effects of
ZDHHC5/8 loss on protein palmitoylation and total expression
can thus sometimes be dissociated. However, analysis of hypo-
morphic Zdhhc5 gene trap mice revealed a large number of pro-
teins whose palmitoyl and total levels were similarly reduced in
the absence of ZDHHCS5 (67). It therefore appears that palmi-
toylation is closely coupled to protein stability for several
ZDHHCS substrates, potentially including Gp130.

Our study did not directly address the physical effect of pal-
mitoylation on Gp130 localization and/or trafficking at the mo-
lecular level. However, one intriguing possibility is that palmi-
toylation targets Gpl30 to lipid rafts, detergent-insoluble
regions of the cell membrane to which palmitoyl-proteins often
localize (68). Consistent with this possibility, several studies
have detected Gpl30 in lipid rafts (69-74). Importantly,
whereas Gp130 localization to lipid rafts appears to be constitu-
tive in nonneuronal cells (69-71), a portion of Gp130 rapidly
translocates to lipid rafts in a neuroblastoma cell line after
CNTF treatment (71). Although the importance of Gp130 raft
localization for downstream signaling may differ depending on
the cell type or stimulus (71-74), lipid raft localization is thus
one possible consequence of Gp130 palmitoylation. However,
palmitoylation could equally plausibly control other aspects of
Gp130 trafficking. Perhaps most notably, palmitoylation by
ZDHHCS5 controls local trafficking of the ZDHHCS5 substrate
d-catenin into dendritic spines in hippocampal neurons (10,
13). It is thus possible that palmitoylation promotes trafficking
of Gp130 to the surface of axons from intracellular locations.
Such a role would not be mutually exclusive with the raft local-
ization described above. Further studies, perhaps combining
biochemical fractionation approaches with live imaging experi-
ments, could provide more insights into this issue.

We also recognize that the effect of Zdhhc5/8 knockdown on
Gp130 surface expression may involve additional substrate(s)
regulated by these PATs. However, several findings support the
hypothesis that this effect is due to direct palmitoylation of
Gp130. First, Gp130 is the only member of this membrane re-
ceptor complex that is known to be palmitoylated, a modifica-
tion reported in four proteomic studies and confirmed by our
own targeted experiments. In contrast, the direct receptor for
CNTF (CNTE-R) is unlikely to be palmitoylated as it is a glyco-
sylphosphatidylinositol-linked extracellular protein (75). More-
over, the LIF receptor (LIFR) (which forms part of many Gp130
signaling complexes) has never been identified as a palmitoyl-
protein in nearly 40 studies (3, 76). These findings suggest that
Gp130 itself is likely the only element of the Gp130/CNTE-R/
LIFR complex that is directly palmitoylated by ZDHHC5/8,
increasing the likelihood that effects of Zdhhc5/8 knockdown
on Gp130 surface localization are direct.

The importance of direct palmitoylation for Gp130 plasma
membrane localization and/or signaling could be more directly
assessed using a nonpalmitoylated shRNA-resistant Gp130 cys-
teine mutant after knockdown of endogenous Gp130 (1/6st).
However, Gp130 contains several intracellular cysteines, and
we have yet to map specific sites of Gp130 palmitoylation in
neurons. This issue complicates the assessment of plasma
membrane localization and signaling of nonpalmitoylated
Gp130, although we nonetheless appreciate the importance of
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assessing the extent to which direct Gp130 cysteine mutations
phenocopy effects of Zdhhc5/8 knockdown.

Even if ZDHHC5/8 directly control Gp130 targeting, we can-
not exclude the possibility that effects of Zdhhc5/8 knockdown
on CNTF-induced Gp130/JAK/STAT3 signaling involve addi-
tional palmitoyl-protein(s). Importantly, however, Zdhhc5/8
knockdown did not affect axotomy-induced retrograde signal-
ing via the parallel DLK/JNK/c-Jun pathway (Fig. 3, A and B).
These findings increase the likelihood that the reduced palmi-
toylation and surface expression of Gp130 in Zdhhc5/8 knock-
down neurons directly accounts for attenuated Gp130/JAK/
STAT3 signaling.

Finally, combining the findings from this study with prior
results from our own group and others reveals that palmitoyl-
ation is an important modification that controls both antero-
grade and retrograde signaling in axons (e.g. see Refs. 18, 19, 28,
and 77). It will be of great interest to gain further understanding
of the regulation of palmitoylation in these contexts and to
determine whether palmitoylation is similarly important for
other axonal transport pathways in physiological and/or patho-
logical settings (78—81).

Experimental procedures
Antibodies

The following antibodies, from the indicated sources, were
used: anti-ZDHHCS5 (rabbit) (Sigma Prestige); anti-HA11
(16B12, mouse) (Covance); anti-GFP (clone 3E6, mouse) (Life
Technologies); anti-ZDHHCS (rabbit) (Santa Cruz Biotechnol-
ogy, Inc.); anti-GM130 (rabbit) (Abcam); anti-Gap43 (rabbit)
(Novus Biologicals); anti-pan-neurofascin (mouse) (Neuro-
mADb); and anti-phospho-c-Jun (Ser-63, rabbit), anti-ERK1/2
(mouse), anti-GP130 (rabbit), and anti-phospho-STAT3 (Tyr-
705, rabbit) (all from Cell Signaling Technologies).

Molecular biology

Human GP130 (gene name IL6ST) cDNA (DNASU) was
amplified by PCR and inserted into an untagged modified lenti-
viral vector FEW (28). cDNAs coding for the mouse ZDHHC
proteins 1, 2, 4-7, 9-16, 19, and 21-23 were a generous gift
from Dr. M. Fukata (National Institute of Physiological Scien-
ces, Okazaki, Japan). These Zdhhc-PAT cDNAs were then sub-
cloned into the FEW vector in frame with an N-terminal HA
tag (FEW-HA-Zdhhc). Murine Zdhhc8, 18, and 20 were gene-
synthesized (Genewiz) and subcloned into the N-terminally
HA-tagged FEW vector. The FEW-HA-Zdhhc3 plasmid in-
duced toxicity when expressed for the prolonged times needed
for lentiviral production in HEK293T cells. Therefore, murine
Zdhhc3 cDNA was subcloned into a further modified N-termi-
nally HA-tagged vector, in which the EFla promoter was
replaced with the synapsin I promoter (FSW-HA-Zdhhc3), to
ensure neuron-specific expression and prevent HEK293T cell
death during lentivirus production. Human ZDHHC8 cDNA
was used in a Myc-His—tagged mammalian expression vector
for HEK293T cell experiments (54). Catalytically inactive
(DHHC — DHHS) mutants of Zdhhc5 and ZDHHCS8 were
described previously (7).
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To knock down Zdhhc5 expression in DRG neurons, a previ-
ously described shRNA (5'-CCTCAGATGATTCCAAGA-
GAT-3') (7) was used. To knock down Zdhhc8 expression, the
shRNA (5'-CAGGATGCCACTCTCAGTGAGCCTAAAGC-
3") (Origene) was used.

Transfection and lentiviral production

HEK293T cells were transfected using a calcium phosphate—
based method as described (7). Vesicular stomatitis virus G—
pseudotyped lentivirus was generated as described (7). For
Zdhhc-PAT—expressing viruses, HEK293T cells were trans-
fected with individual FEW-HA-Zdhhc cDNA (or FSW-HA-
Zdhhc3) along with lentiviral helper plasmids. Supernatant
containing virus was harvested at 48 and 72 h post-transfection,
concentrated by centrifugation, and resuspended in neurobasal
medium. For knockdown studies, titers of control virus and
shRNA-expressing viruses were determined by monitoring
GEFP expression in infected HEK293T cells. DRG neurons were
infected on DIV 4—5 with 1 X 10° to 3 X 10° transduction units
of virus for 7-9 days prior to immunocytochemical or bio-
chemical analysis.

Neuronal cultures

Primary neurons were cultured from DRG of embryonic day
15-16 rats as described (28). All procedures involving animals
were approved by the Institutional Animal Care and Use Com-
mittee of Temple University. DRG neuron cultures were plated
on 18-mm round glass coverslips (for immunocytochemical
studies), 12-well polystyrene plates (for biochemical studies), or
22 X 40-mm rectangular coverslips with microfluidic chambers
(for retrograde signaling and immunocytochemical studies).
Coverslips and polystyrene plates were coated with poly-L-ly-
sine and laminin (both from Millipore—Sigma) at 4. °C, washed
with deionized water, and air-dried prior to plating of neurons.

Microfluidic chambers were designed and used as described
previously (28), based on a prior description (82), and cast using
Sylgard 184 (Dow Corning) as per the manufacturer’s instruc-
tions. DRG neurons were plated in one chamber, and their
axons were allowed to grow through the microgrooves into the
adjacent chamber.

Neurons were plated at a density of 15,000 cells/well for cov-
erslip cultures, 50,000 cells/well for biochemical cultures, and
35,000 cells for each microfluidic device. Neurons were main-
tained in neurobasal medium supplemented with B27, Gluta-
Gro (Mediatech) and 25 ng/ml NGF (BD Biosciences or Alo-
mone). Fluorodeoxyuridine (5 um) was added on DIV 0 to
prevent growth of nonneuronal cells.

Biochemical assays

ABE assays were performed as described previously (7),
based on a previous protocol (57). For surface biotinylation
assays, DRG neurons were infected for 7-9 days with either
control or shRNA-expressing lentiviruses and then washed
three times with recording buffer (25 mm HEPES, pH 7.4, 0.12
mM sodium chloride, 5 mM potassium chloride, 2 mm calcium
chloride, 30 mm glucose, 1 mm Mg®") on ice. Neurons were
then incubated with 1 mg/ml amino-reactive (Sulfo-NHS-SS-)
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biotin (Thermo Scientific) in recording buffer for 20 min on
ice. Neurons were then washed three times with recording
buffer on ice and subsequently lysed in IPB buffer containing
protease and phosphatase inhibitors (7). Lysates were centri-
fuged to remove insoluble material, and inputs were made from
the soluble fraction. Biotinylated proteins in lysates were cap-
tured using Neutravidin-conjugated agarose beads (Thermo
Scientific). Beads were then washed three times in IPB buffer
(supplemented with 0.5 M NaCl) followed by three washes in
IPB buffer, to remove unbound proteins. Purified proteins were
eluted from beads using SDS sample buffer and subsequently
evaluated by immunoblotting. Western blot analyses were per-
formed as described previously (7) using horseradish peroxi-
dase—coupled secondary antibodies and an enhanced chemilu-
minescence reagent (PerkinElmer Life Sciences).

Retrograde signaling assays in microfluidic cultures

To evaluate c-Jun phosphorylation postinjury, distal axons of
microfluidic cultures were axotomized as described (28) and
fixed 4 h later. To evaluate STAT3 phosphorylation following
CNTF stimulation, medium in distal axonal chambers of
microfluidic cultures was removed and replaced with medium
supplemented with 10 ng/ml rat CNTF (R & D Systems). 1 h
later, neurons were fixed to assess STAT3 phosphorylation by
immunostaining.

Immunocytochemistry and microscopy

For DRG neurons cultured on glass coverslips, cells were
fixed in 4% paraformaldehyde (w/v), 4% sucrose (w/v) in PBS
for 10 min at room temperature. For microfluidic cultures, 4%
paraformaldehyde/sucrose was added to both the cell body
and axonal chambers for 5 min prior to removal of the polydi-
methylsiloxane device. Coverslips were then incubated for an
additional 5 min in 4% paraformaldehyde/sucrose at room tem-
perature. Following fixation, all coverslips were washed with
PBS, permeabilized with 0.25% (w/v) Triton X-100, and
blocked in 10% (v/v) normal goat serum in PBS for 1 h at room
temperature before staining with the appropriate primary anti-
bodies overnight at 4 °C. Coverslips were then washed with
PBS, incubated with a 1:500 dilution of Alexa Fluor—conjugated
secondary antibodies, washed again, and mounted on micro-
scope slides using Fluoromount-G (Southern Biotech). The nu-
clear dye DAPI (300 nm; Cell Signaling Technologies) was
added to one of the washes after secondary antibody
incubation.

Image acquisition and analysis

Images of phospho-c-Jun and phospho-STAT3 immunofluo-
rescence were acquired using a Nikon 80i microscope (X 10, 0.3
numerical aperture objective). Images of ZDHHC PAT distri-
bution were acquired using a Nikon C2 inverted confocal
microscope (oil immersion objective, 60X, 1.3 numerical aper-
ture). Maximum-intensity projections were generated from
individual Z slices (1.0-wm spacing, 1024 X 1024-pixel resolu-
tion) using NIS Elements software. All images were quantita-
tively analyzed using Image]J software. To assess axonal target-
ing of HA-tagged PATs, an isolated neuron was selected based
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on GFP signal. This GFP signal was used to trace the area of the
cell soma and an area of distal axon (100 wm from the soma)
for an isolated neuron. Intensity of GFP and HA signals (aver-
age gray values) in each of these regions was then logged to a
spreadsheet. The ratio of GFP fluorescence between these two
regions was set as “1” and the intensity of each ZDHHC-PAT’s
distribution was then calculated relative to this value. For plot-
ting of data in Fig. 1, the average axon/soma fluorescence ratio
for distribution of all PATs, from all determinations, was also
calculated and used for statistical comparisons. To analyze
PAT-GM130 colocalization, the Image] line profile plot tool
was used to determine the intensity of the HA and GM130 fluo-
rescence signals along a line of set length, drawn across the neu-
ronal soma.

Statistical analysis

The number of replicates for each experiment is shown in
the respective figure legends. Data were analyzed using a two-
tailed Student’s ¢ test or one- or two-way ANOVA with Tukey
or Bonferroni post hoc test where indicated. Results with a p
value <0.05 were assigned statistical significance. Where quan-
tified data are not shown, the number of individual replicate
experiments is stated.

Data availability

Source data related to this article will be shared upon reason-
able request by the corresponding author: gareth.thomas@
temple.edu.
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