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SUMMARY
Compartmentalized signaling is critical for cellular organization and specificity of functional outcomes in neu-
rons. Here, we report that post-translational lipidation of newly synthesized proteins in axonal compartments
allows for short-term and autonomous responses to extrinsic cues. Using conditional mutant mice, we found
that protein prenylation is essential for sympathetic axon innervation of target organs. We identify a localized
requirement for prenylation in sympathetic axons to promote axonal growth in response to the neurotrophin,
nerve growth factor (NGF). NGF triggers prenylation of proteins including the Rac1 GTPase in axons, counter
to the canonical view of prenylation as constitutive, and strikingly, in a manner dependent on axonal protein
synthesis. Newly prenylated proteins localize to TrkA-harboring endosomes in axons and promote receptor
trafficking necessary for axonal growth. Thus, coupling of prenylation to local protein synthesis presents a
mechanism for spatially segregated cellular functions during neuronal development.
INTRODUCTION

Spatial partitioning of biochemical processes is a fundamental prin-

ciple that underlies cellular structure and specificity of functional re-

sponses in all cells but is particularly relevant in polarized nerve

cells. Neurons rely on asymmetric distribution of RNA, proteins,

and lipids to specialized sub-cellular domains to accomplish

compartment-specific functions (Horton and Ehlers, 2003). Pro-

teins involved ingrowthconemigration, axonextension, andneuro-

transmitter release are enriched in axons, whereas proteins

involved in post-synaptic functions, including neurotransmitter re-

ceptors accumulate in dendrites and spines (Horton and Ehlers,

2003). How such segregation of cellular material is established

andmaintained in neuronal compartments toallowautonomous re-

sponses to extrinsic cues or neural activity remains poorly defined.

Lipidation is a post-translational modification that makes pro-

teins hydrophobic and facilitates their insertion into the plasma

membrane or intracellular membranes (Jiang et al., 2018). Pro-

tein prenylation is an irreversible modification that involves the

transfer of farnesyl or geranylgeranyl isoprenoid lipids to

conserved carboxyl terminal CaaX motifs in proteins and is pre-

dicted to affect at least 200 mammalian proteins (Wang and

Casey, 2016). Despite critical functions of proteins predicted to

be prenylated in cellular signaling, cytoskeleton remodeling,

and vesicular trafficking (Wang and Casey, 2016), the functional

relevance of prenyl groups for individual proteins is poorly under-

stood. Further, protein prenylation is considered to be a consti-

tutive process that occurs ubiquitously throughout the cyto-

plasm in eukaryotic cells (Sinensky, 2000; Wang and Casey,

2016). The highest expression of isoprenoid lipids and prenyl
Devel
transferases, enzymes responsible for adding isoprenoid lipids

to newly synthesized proteins, is found in the nervous system

(Joly et al., 1991; Tong et al., 2008). Given their complex mor-

phologies and cellular polarity, prenylation could be particularly

critical for spatially segregating protein functions in neurons.

Here, we describe a mechanism where a neurotrophic factor

couples local synthesisof protein effectorswith their lipidmodifica-

tion in axonal compartments to allow acute and spatial responses

necessary for axon development. Using compartmentalized cul-

tures of sympathetic neurons, we identified a unique need for local

protein prenylation in axons to promote growth in response to

nerve growth factor (NGF), a target-derived axon growth and sur-

vival factor. NGF acutely triggers prenylation of proteins in distal

axons andgrowthconesof sympathetic neurons.Notably, the lipid

modifications occur on proteins that are locally synthesized in

axons. The newly modified proteins localize to endosomes

harboring TrkA receptors for NGF in axons and promote receptor

trafficking, which is a critical determinant of trophic signaling. In

mice, protein prenylation is essential for NGF-dependent axon

innervationof targets andneuronal survival. Together, these results

suggest that coupling of local protein synthesis with post-transla-

tional lipidation in axons is amechanism for compartmentalized re-

sponses to spatial cues during neuronal development.

RESULTS

Protein Geranylgeranylation Is Required Locally in
Axons for NGF-Dependent Axon Growth
To determine where protein prenylation occurs in polarized neu-

rons,we investigated the expression of farnesyl and geranylgeranyl
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Figure 1. Protein Geranylgeranylation Is Required Locally in Axons for NGF-Dependent Axon Growth

(A–C) Visualization of newly prenylated proteins in cell bodies (A), proximal axons (B), and distal axons (C) of sympathetic neurons by live feeding with a

membrane-permeant isoprenoid analog and click labeling. Sympathetic neurons were grown in compartmentalized chambers with NGF (50 ng/mL) added to

axons. Neurons were visualized by anti-b-III-tubulin immunostaining.

(D) Cell bodies and distal axons are fluidically isolated in compartmentalized cultures allowing localized inhibition of protein prenylation.

(E–H) Farnesylation is required in cell bodies (CBs) and axons (AXs) to mediate NGF-dependent growth. NGF applied to axons promotes robust axon growth (F)

compared to axons deprived of NGF (E). Axon growth is blocked by treating axons (G) or CBs (H) with the FTase inhibitor (FTI-2177, 100 nM)

(legend continued on next page)
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transferase I (FTase and GGTase I, respectively) in sympathetic

neurons. FTase and GGTase I catalyze the addition of either a far-

nesyl or geranylgeranyl isoprenoid lipid to proteins. They are ex-

pressed as heterodimers that share a common a-subunit and

have distinct b-subunits. Immunostaining with an antibody against

the shared prenyl transferase a-subunit (Luo et al., 2003) showed

expression in sympathetic neuroncell bodiesandaxonfibers inner-

vating a target, the salivary glands, in mice at post-natal day 5 (P5)

(Figures S1A and S1B). This is a developmental period when sym-

pathetic neurons rely on the neurotrophin, NGF, released from pe-

ripheral targets, for their survival andaxon innervation (Glebovaand

Ginty, 2005). Immunostaining of cultured sympathetic neurons re-

vealed prenyl transferase expression in cell bodies, axons, and

growth cones (Figure S1C). Immunoblotting of lysates from com-

partmentalized neuron cultures, where a Teflon-grease diffusion

barrier separates cell bodies from axons, showed a protein of the

predicted size (44 kDa) in both compartments (Figure S1D). Anti-

body specificity was verified in PC12 cells by shRNA transfection

and immunoblotting (Figure S1E). In neuron cell bodies and PC12

cells, two higher molecular weight bands at approximately 60–

65 kDa were also observed that were reduced by short hairpin

RNA (shRNA)-mediated knockdown, suggesting a likely post-

translational modification. Together, these results indicate that the

molecular machinery required for protein prenylation is present in

cell bodies, axons, andevengrowthconesof sympathetic neurons.

To visualize protein prenylation in sympathetic neurons, we

developeda live-cell feedingassay incompartmentalizedcultures.

NGF (50 ng/mL) was added only to distal axon compartments,

recapitulating the release of neurotrophins from target tissues.

Prenylation was visualized by incubating cell bodies or axons

with a membrane-permeable prenyl lipid analog, propargyl-farne-

sol (isoprenoid analog), which is metabolically incorporated into

cellular proteins at native CaaX sites using endogenous prenyl

transferase activity (DeGraw et al., 2010). Newlymodified proteins

werevisualizedbyconjugation toafluorophore (biotin azide-strep-

tavidin-Alexa-488) using click chemistry-based labeling in fixed

cells.Weobserved prominent isoprenoid reporter labeling, indica-

tiveof newlyprenylatedproteins, appearing inapunctateor some-

times tubular pattern, in cell bodies, axon shafts, and distal axons

(Figures 1A–1C). The non-diffuse labeling pattern, specifically in

axons, suggests that protein prenylation does not occur

throughout the cytoplasm, but rather in discrete sub-cellular sites.

No background fluorescence was observed when isoprenoid

analog was omitted in the click reaction (Figures S2A–S2C), con-

firming the specificity of the prenylation signal in Figures 1A–1C.

Moreover, inducible deletion of GGTase I-b subunit (encoded by

Pggt1b) by adding Cre recombinase to sympathetic neurons

fromPggt1bfl/flmice (Sjogren et al., 2007) substantially reduced la-

beling in cell bodies and distal axons (Figures S2D–S2I). GGTase I

lossdid not completely abolish theprenylation signal since the iso-

prenoid analog reports both geranylgeranylation and farnesyla-

tion, and FTase is still able to mediate farnesylation.
(I) Average growth rate of axons measured at 24-h intervals for 72 h following FTI-

the GGTase I inhibitor (GGTI-2133, 75 nM) to axon (L) but not cell body (M) com

presence of NGF on axons (K)

(N) Quantification of axon growth with GGTI-2133 treatment. NGF (50 ng/mL) wa

72 h after adding inhibitors. Data presented as mean ± SEM from n = 3 experimen

Tukey’s multiple comparisons. Scale bars, 10 mm (A–C), 100 mm (E–H and J–M).
NGFmediates growth of sympathetic axons by binding to TrkA

receptors in axons and promoting the formation of NGF-TrkA

signaling endosomes that signal locally or are retrogradely traf-

ficked to cell bodies (Scott-Solomon and Kuruvilla, 2018). Several

protein effectors involved in NGF-mediated signaling, trafficking,

and cytoskeletal remodeling are predicted to be prenylated (Del-

croix et al., 2003; Wang and Casey, 2016; Wu et al., 2007; Zweifel

et al., 2005), although the functional requirement for the lipidmod-

ifications isunknown.Toaddresswhether local proteinprenylation

is necessary for mediating axon growth, cell bodies or axons in

compartmentalized cultures were treated with the membrane-

permeable competitive inhibitors against FTase (FTI-277) or

GGTase I (GGTI-2133) in conjunction with NGF treatment to distal

axons (Figure 1D). FTI-277 and GGTI-2133 are peptidomimetics

that mimic CaaX motifs specific for FTase or GGTase I, respec-

tively (Clapp et al., 2013; Lerner et al., 1995). NGF stimulation re-

sulted in robust growth of sympathetic axons (Figures 1E, 1F, 1I–

1K, and 1N). The FTase inhibitor added to either cell bodies or

axons attenuated NGF-dependent axon growth (Figures 1G–1I).

Treatment of axons with the GGTase I inhibitor also diminished

axon growth in response toNGF (Figures 1L and 1N). Surprisingly,

inhibition of GGTase I activity in cell bodies had no effect (Figures

1M and 1N). Prenyl transferase inhibition had no effect on neuron

viability or morphology in the absence of NGF when neurons

were maintained in the presence of BAF, a caspase inhibitor (Fig-

uresS2J–S2N). Together, these results indicatea specific need for

proteins to undergo geranylgeranylation locally in axons to

mediate NGF-dependent axon growth.

NGF Acutely Triggers Protein Prenylation in Axons
The axon-specific requirement for GGTase I in NGF-directed axon

growth raised thepossibility itmaybe regulatedbyNGFsignaling.A

fluorescent assay tomeasureGGTase I enzymatic activitywasper-

formed after exposing distal axons of compartmentalized cultures

to NGF for 30 min (Figure 2A). NGF treatment triggered a 4-fold in-

crease in GGTase I activity in sympathetic axons but had no effect

on enzyme activity in cell bodies within this time period (Figure 2B).

Addition of GGTI-2133 (75 nM) significantly diminished NGF-

inducedGGTase I activity to levelscomparable to theun-stimulated

condition (Figure S3), indicating the specificity of the enzymatic

assay. TovisualizeNGF-inducedprenylation,we fed the isoprenoid

analog to sympathetic neurons in the presence or absence of NGF

for 4 h. Excess analog was washed from neurons and newly modi-

fied proteins visualized by biotin conjugation and streptavidin-

Alexa-488 labeling. NGF increased prenylation of proteins locally

in axons,particularly in axonal growthcones (Figures2C–2G). Strik-

ingly, treatmentof neuronswithGGTI-2133abolished incorporation

of isoprenoid analog in NGF-treated neurons (Figures 2F and 2G),

suggesting that proteins modified by NGF treatment are GGTase

I substrates. Together, these results indicate that NGF acutely reg-

ulates GGTase I activity and protein geranylgeranylation in both

axons and growth cones of sympathetic neurons.
2177 treatment. (J–M) NGF-dependent axon growth is abolished by addition of

partments. Representative images of axon growth in absence of NGF (J) and

s added only to distal axons. Axons were immunostained with anti-b-III-tubulin

ts with at least 20 axons traced per condition. ****p < 0.0001 one-way ANOVA
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Figure 2. NGF Acutely Promotes Geranylgeranylation of Proteins in Axons

(A and B) NGF (50 ng/mL, 30 min) acutely stimulates GGTase I activity in distal axons of compartmentalized sympathetic neurons. (A) Schematic of compart-

mentalized sympathetic neuron cultures. (B) Quantification of NGF-induced GGTase I activity in cell bodies and axons compared to ‘‘no NGF’’ condition. GGTase

I activity was normalized to total protein amount, n = 5 independent experiments, *p < 0.05, n.s., not significant, t test.

(C–F) NGF induces prenylation of proteins in sympathetic growth cones, which is abolished by GGTase I inhibition (GGTI-2133, 75 nM, 4 h). No detectable

prenylation signal in the absence of the isoprenoid analog (D) or NGF (C). NGF treatment increases prenylation (E), which is abolished by GGTI-2133 (F). Growth

cones were visualized by phalloidin labeling and anti-b-III-tubulin immunostaining. Scale bar: 10 mm.

(G) Quantification of isoprenoid fluorescence intensity normalized to F-actin signal in growth cones. Data represent asmean ± SEM from n = 5 experiments with at

least 20 growth cones analyzed per condition, ***p < 0.001, ****p < 0.0001, one-way ANOVA Tukey’s multiple comparisons.
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Protein Prenylation Is Required for TrkA Trafficking
in Axons
NGF signaling is initiated by binding TrkA receptors in sympa-

thetic axons, receptor dimerization and autophosphorylation,
4 Developmental Cell 53, 1–15, June 22, 2020
and internalization of ligand-receptor complexes in endosomes

where internalized TrkA receptors continue to signal (Scott-Sol-

omon and Kuruvilla, 2018). TrkA endosomes acutely regulate

signaling pathways in axons and are also retrogradely
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Figure 3. Prenylated Proteins Associate with Trk Endosomes and Promote Receptor Trafficking

(A–D) Co-localization of newly prenylated proteins with internalized Trk receptors in neurotrophin-stimulated sympathetic axons. Receptor internalization in the

absence of neurotrophin (A), in the presence of neurotrophin without isoprenyl analog (B), neurotrophin with isoprenyl analog (C), neurotrophin with isoprenyl

analog and GGTI-2133 (D). FLAG-TrkB:A-expressing neurons were live labeled with FLAG antibody and isoprenyl analog under non-permeabilizing conditions

and stimulated with BDNF (50 ng/mL) in the presence or absence of GGTI-2133 (75 nM, 4 h). Arrows indicate co-localization between internalized FLAG-Trk and

prenylated proteins. Axons were visualized by b-III-tubulin immunostaining. Scale bar: 5 mm.

(E) Percentage of internalized FLAG-Trk receptors that co-localize with prenylated proteins in axons. Data presented asmean ± SEM from n = 3 experiments with

15–20 axons analyzed per condition per experiment. *p < 0.05, ***p < 0.001, ****p < 0.0001, n.s. not significant, one-way ANOVA Tukey’s multiple comparisons.

(F) GGTase I activity is required for intracellular accumulation of Trk receptors in axons. Internalized receptors were calculated as number of FLAG:trk punctae per

mm. Measurements were taken from axonal segments 75–100 mm from the distal tip. Results are mean ± SEM from n = 3 experiments and expressed relative to

the ‘‘no neurotrophin’’ condition. **p < 0.01, ***p < 0.001, ****p < 0.0001, one-way ANOVA Tukey’s multiple comparisons, performed on raw values.
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transported to cell bodies to activate transcriptional programs

needed for long-term axonal growth and neuron survival

(Scott-Solomon and Kuruvilla, 2018). TrkA trafficking is known

to rely on several effector proteins, especially small GTPases,

that are predicted to be prenylated (Harrington et al., 2011; Ka-

wata et al., 1990; Wu et al., 2001). Based on the appearance of

newly prenylated proteins in discrete punctae or tubules (Fig-

ures 1B and 1C), we asked whether modified proteins localize

to endosomal compartments in axons, and in particular, to

TrkA-harboring endosomes. To monitor trafficking of surface

TrkA receptors in sympathetic neurons, we utilized a chimeric

Trk receptor-based live-cell antibody feeding assay (Ascaño

et al., 2009). Neurons were infected with an adenoviral vector

for FLAG-tagged chimeric Trk receptors that have the extracel-

lular domain of TrkB and the transmembrane and intracellular

domain of TrkA (Ascaño et al., 2009). Sympathetic neurons

do not normally express TrkB, and chimeric receptors respond

to the TrkB ligand, brain-derived neurotrophic factor (BDNF)

but retain the signaling properties of TrkA. Surface chimeric
FLAG-TrkB:A receptors were live labeled with anti-FLAG anti-

body. Neurons were stimulated with BDNF (50 ng/mL, 4 h) in

the presence of the isoprenoid analog, and remaining sur-

face-bound anti-FLAG antibody stripped with mild acid

washes. Ligand stimulation increased intracellular accumula-

tion of chimeric Trk receptors (Figures 3A–3C, top panel, and

3F) and protein prenylation in axons (Figures 3A–3C, second

panel from top). Notably, 55% of Trk receptors that underwent

ligand-induced endocytosis co-localized with newly prenylated

proteins in axons (Figures 3C, third panel from top, and 3E).

These results suggest that the proteins prenylated in response

to neurotrophin stimulation accumulate, in part, on TrkA-con-

taining endosomes in axons. GGTI-2133 treatment attenuated

ligand-induced uptake of isoprenoid analog (Figure 3D), as ex-

pected. Surprisingly, GGTI-2133 treatment diminished neuro-

trophin-induced intracellular accumulation of Trk receptors in

axons (Figures 3D, top panel, and 3F). Together, these results

suggest that newly prenylated proteins are associated with

TrkA-harboring endosomes in axons and that protein
Developmental Cell 53, 1–15, June 22, 2020 5
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Figure 4. NGF-Induced Prenylation Requires Local Protein Synthesis in Axons
(A) Sympathetic ganglia explant cultures where removal of CBs bymechanical excision allows axonal proteins to be labeled by the isoprenoid analog. b-III-tubulin

immunostaining was used to visualize axons and DAPI indicates nuclei. Scale bar: 500 mm.

(B–E) NGF (50 ng/mL) induces protein prenylation in isolated axons that is blocked by cycloheximide (CHX 25 mM, 6 h). Axons were immunostained with b-III-

tubulin. Prenylation signal in the absence of NGF (B), NGFwithout isoprenyl analog (C), NGFwith isoprenyl analog (D), NGFwith isoprenyl analog and translational

inhibitor CHX (E). Scale bar: 10 mm.

(F) Quantification of protein prenylation in isolated axons normalized to b-III-tubulin immunofluorescence. Results are mean ± SEM from n = 10 experiments with

at least 13 explants analyzed per condition, ****p < 0.0001, one-way ANOVA Tukey’s multiple comparisons.

(legend continued on next page)
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prenylation likely promotes NGF-dependent axonal growth by

influencing receptor trafficking.

NGF-Induced Prenylation Relies on Local Translation
in Axons
The ability of NGF to promote protein geranylgeranylation in

axons raises a question as to the source of these nascent pro-

teins. Proteins are often prenylated immediately after synthesis

(Wang and Casey, 2016). Further, our results that local protein

geranylgeranylation is essential for axon growth (Figures 1J–

1N) suggests that anterograde transport of already-modified

proteins from cell bodies is not sufficient. Previously, screens

of axonal mRNAs have identified many transcripts that are

known to encode for prenylated proteins (Gumy et al., 2011).

Together, these findings raised the intriguing possibility that

the proteins being geranylgeranylated in axons in response to

NGF are locally translated. To determine the contribution of

intra-axonal protein synthesis to local geranylgeranylation in

response to NGF, we used a sympathetic ganglia explant cul-

ture system that permits the mechanical removal of cell bodies

leaving the axons in isolation (Figure 4A) (Andreassi et al.,

2010). Isolated axons remain morphologically intact and

respond to NGF for at least 8 h following removal of cell bodies

(Andreassi et al., 2010). Isolated axons were incubated with the

isoprenoid analog for 6 h in the presence or absence of NGF. To

determine the contribution of axonal protein synthesis to NGF-

induced prenylation, incorporation of isoprenoid analog in

NGF-treated axons was assessed in the presence or absence

of the translation inhibitor, cycloheximide (CHX). NGF pro-

moted robust prenylation of proteins in isolated axons, as

seen previously, which was abolished by CHX treatment (Fig-

ures 4B–4F). These results suggest that NGF-induced lipid

modifications occur on proteins that are locally synthesized

in axons.

One explanation for dependence of axonal prenylation on local

protein synthesis could be that the prenylation enzymes them-

selves are translated in axons. To test this prediction, we per-

formed RT-PCR analysis of mRNA isolated from distal axons

of compartmentalized cultures and observed that transcript en-

coding for GGTase I-a (Fnta), but not GGTase I-b (Pggt1b), was

localized in axons (Figure 4G). However, GGTase I-a protein

levels were unaffected by NGF treatment or NGF + CHX treat-

ments for 6 h in isolated axons (Figures 4H and 4I). To directly

determine if NGF-induced GGTase I enzymatic activity relied

on protein synthesis, we assessed the effect of CHX on GGTase

I activity in NGF-treated neurons. NGF stimulation enhanced

GGTase I enzymatic activity as observed previously (Figure 2B),

and this activationwas not affected byCHX treatment (Figure 4J).

Together, these results suggest that the reliance of axonal preny-
(G) RT-PCR analysis shows Fnta mRNA for GGTase I-a, but not Pggt1b mRNA fo

axons (Briese et al., 2016), and Phox2b is a cell body-specific transcript.

(H) Immunoblotting shows that GGTase I-a protein levels in axons are unaffected b

p85 subunit of PI-3K was used for protein normalization.

(I) Quantification of GGTase I-a levels normalized to p85. Results are mean ±

experiment, n.s. not significant, one-way ANOVA with Dunnett’s post hoc test an

(J) NGF-induced increase in GGTase I enzymatic activity is independent of prote

CHX (25 mM) for 6 h GGTase I activity was normalized to total protein amounts. Re

NGF’’ condition. *p < 0.05, **p < 0.01, n.s. not significant, one-way ANOVA with D
lation on local translation is due to the synthesis of GGTase I sub-

strates and not GGTase I itself.

NGF Induces Prenylation of Rac1 in Axons
Which proteins are locally lipid modified in sympathetic axons in

response to NGF? The Rac1 GTPase is a known GGTase I sub-

strate (Roberts et al., 2008). Rac1 is also a key effector of NGF tro-

phic signaling, TrkA trafficking, and axonal morphology (Harring-

ton et al., 2011) making it an attractive candidate for NGF-

regulated prenylation in axons. To assess local Rac1 geranylgera-

nylation, isolated sympathetic axons were incubated with isopre-

noid analog in the presence or absence of NGF for 6 h. Rac1

was immunoprecipitated from axon lysates, conjugated to a

TAMRA azide tag using click chemistry, and prenylated Rac1

was detected by immunoblotting with an anti-TAMRA antibody.

We observed a robust 2-fold increase in prenylated Rac1 in axons

in response to NGF (Figures 5A and 5B). Treatment of axons with

the GGTase I inhibitor abolished NGF-induced Rac1 prenylation

(Figures 5A and 5B) without affecting total Rac1 levels (Figure 5C).

Thus, NGF induces axonal geranylgeranylation of Rac1.

We next asked if prenylation of Rac1 in axons was dependent

on local synthesis. RT-PCR analysis ofmRNA isolated fromdistal

axons of compartmentalized neurons demonstrated that Rac1

mRNA is detected in axons (Figure S4). To address the contribu-

tion of local protein synthesis to axonal Rac1 levels, distal axons

of compartmentalized cultures maintained in the presence of

NGF were locally treated with CHX. We found that localized inhi-

bition of translation in distal axons significantly reduced axonal

Rac1 protein levels, while Rac1 protein in cell bodies was unaf-

fected (Figures 5D–5F). These results suggest that maintenance

of axonal Rac1 protein levels relies on local protein synthesis.

To determine if Rac1 geranylgeranylation was dependent on

local synthesis, isolated axonswere incubatedwith the isoprenoid

analog and stimulated with NGF in the presence or absence of

CHX. Treatment of isolated axons with CHX suppressed NGF-

induced increase in Rac1 prenylation (Figures 5G and 5H) and

also reduced axonal levels of Rac1 protein (Figure 5I). CHX-medi-

ated reduction in Rac1 protein levels in isolated axons was com-

parable to that seen in distal axons of compartmentalized cultures

(31% and 39%, respectively) (Figures 5F and 5I). Together, these

results indicate that NGF-induced prenylation of Rac1 in axons is

dependent on local translation. Of note, NGF treatment enhanced

Rac1 prenylation by 2–2.5-fold even after accounting for

increased axonal Rac1 levels elicited by NGF (Figures 5B and

5H). These data support that NGF-induced increase in Rac1 pre-

nylation is not merely due to enhanced Rac1 protein synthesis but

also regulation of GGTase I enzymatic activity (see Figures 2B and

4J). Thus, NGF regulates the local synthesis of Rac1 in axons and

also ensures its post-translational modification.
r GGTase I-b, in axons of compartmentalized neurons. 18S rRNA is present in

y NGF (50 ng/mL) or NGF +CHX (25 mM) treatment over 6 h. Immunoblotting for

SEM from n = 3 experiments, 50–70 explants pooled per condition for each

d multiple t tests with Bonferroni-Dunn’s correction.

in synthesis. Neurons were stimulated with NGF (50 ng/mL) in the presence of

sults are mean ± SEM from n = 4 experiments and expressed relative to the ‘‘no

unnett’s post hoc test and multiple t tests with Bonferroni-Dunn’s correction.
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Figure 5. NGF Induces Prenylation of Axonally Translated Rac1

(A) Rac1 is geranylgeranylated in axons in response to NGF. Isolated sympathetic axons were labeled with isoprenoid analog in the presence of NGF, NGF +

GGTI-2133, or anti-NGF (no NGF) for 6 h. Prenylated Rac1 was detected by Rac1 immunoprecipitation, conjugation to a TAMRA azide tag, and immunoblotting

with an anti-TAMRA antibody. Supernatants were immunoblotted for Rac1, followed by stripping and re-probing for p85 to normalize for protein amounts.

(B) Quantification of prenylated Rac1 normalized to total Rac1 protein in axons. Results are mean ± SEM from n = 3 experiments, *p < 0.05, one-way ANOVAwith

Dunnett’s multiple comparisons and multiple t tests with Bonferroni-Dunn’s correction.

(C) NGF-induced increase in axonal Rac1 protein is not affected by GGTase I inhibition. Quantification of Rac1 in axons normalized to p85. Results are mean ±

SEM from n = 3 experiments, *p < 0.05, **p < 0.01, n.s. not significant, one-way ANOVAwith Dunnett’s multiple comparisons and multiple t tests with Bonferroni-

Dunn’s correction.

(D–F) Maintenance of axonal Rac1 protein depends on local protein synthesis. Treatment of only distal axons of compartmentalized cultures with CHX (25 mM, 6 h)

in constant presence of NGF (50 ng/mL) reduced Rac1 protein levels in axons, but not CBs, assessed by immunoblotting. (D) Immunoblot of Rac1 in cell bodies

and axons. Quantification of Rac1 protein levels in cell bodies (E) or axons (F) normalized to control (no CHX treatment). Results are mean ± SEM from n = 3

independent experiments normalized to NGF without CHX condition (control), *p < 0.01, t test.

(G) NGF-inducedRac1 prenylation depends on axonal protein synthesis. Isolated axons were labeled with isoprenoid analog in the presence of anti-NGF, NGF, or

NGF + CHX for 6 h. Prenylated Rac1 was detected by Rac1 immunoprecipitation, TAMRA azide conjugation, and TAMRA immunoblotting. Supernatants were

immunoblotted for Rac1 and then re-probed for p85 to control for loading.

(H) NGF-induced increase in prenylation is attenuated by CHX treatment. Quantification of prenylated Rac1 normalized to total Rac1 protein in axons. Results are

mean ± SEM from n = 3 experiments, 50–70 explants pooled per condition for each experiment, *p < 0.05, **p < 0.01, one-way ANOVA Dunnett’s multiple

comparisons and multiple t tests with Bonferroni-Dunn’s correction.

(I) NGF (50 ng/mL) enhances Rac1 protein in isolated sympathetic axons that is reduced by CHX (25 mM) treatment. Quantification of total Rac1 protein in axons

normalized to p85. Results are mean ± SEM from n = 3 experiments, 50–70 explants pooled per condition for each experiment, **p < 0.01, ***p < 0.001, ****p <

0.0001, one-way ANOVA with Dunnett’s multiple comparisons and multiple t tests with Bonferroni-Dunn’s correction.
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Prenylation of Axonally Translated Rac1 Promotes NGF-
Dependent Axon Growth
Asymmetric localization of mRNA transcripts depends on cis-el-

ements commonly located within their 30UTRs (Andreassi et al.,
8 Developmental Cell 53, 1–15, June 22, 2020
2018). To study the intra-axonal synthesis of Rac1 and to identify

element(s) responsible for Rac1 mRNA trafficking to axons, we

performed rapid amplification of 30cDNA ends (30RACE) on

mRNA isolated from either cell bodies or distal axons in
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Figure 6. Prenylation of Axonally Translated Rac1 Directs NGF-Dependent Axon Growth

(A) 30RACE analysis onmRNA isolated from compartmentalized sympathetic neuron cultures reveals twoRac1 isoforms; an isoformwith a short 30UTR specific to

CBs and a long 30UTR found in both CBs and axons.

(legend continued on next page)
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compartmentalized cultures. Interestingly, 30RACE analysis re-

vealed two isoforms of Rac1mRNAwith different 30UTR lengths;

a long 30UTR (�1,500 bp) and a short 30UTR (�250 bp) (Figures

6A, 6B, and S5A). Both isoforms have the same coding

sequence. The sequence of the short isoform aligned to the first

250 bp of the long isoform upstream of a poly-adenylation site

(Figure 6B), suggesting that the two isoforms likely arise from

alternative polyadenylation. Although both Rac1 isoforms were

found in cell bodies, only the Rac1 long 30UTR isoform was de-

tected in axons (Figures 6A and S5A). This finding for Rac1 is

consistent with previous reports for other mRNA isoforms where

a long 30UTR biases for localization to neuronal processes (An-

dreassi et al., 2018). To further support the localization of the

two Rac1 isoforms, we generated adenoviral vectors containing

mCherry-tagged coding sequence of Rac1 fused to either long

(mCherry-Rac1-L) or short (mCherry-Rac1-S) Rac1 30UTR.
Rac1 constructs were expressed in neurons for 36 h followed

by fluorescent in situ hybridization using a RNAscope� probe

against the mCherry sequence. Consistent with the results

from the 30RACE, both mCherry-Rac1-L and mCherry-Rac1-S

mRNA were present in cell bodies (Figure S5B), whereas only

mCherry-Rac1-L was detected in axons (Figure S5C). To visu-

alize the sub-cellular distribution of protein products of the two

Rac1 isoforms with distinct 30UTRs, sympathetic neurons were

electroporated with plasmids for mCherry-Rac1-L or mCherry-

Rac1-S, and after 36 h, mCherry fluorescence visualized and

quantified in cell bodies, proximal, and distal axons. Although

both constructs were expressed at similar levels in cell bodies

and proximal axons (Figures 6C–6E), mCherry-Rac1-L protein

was selectively enriched (3-fold increase) in distal axons (Figures

6C and 6F). These results suggest that axonal localization of

Rac1 mRNA is accomplished via the long 30UTR and imply that

Rac1-L is the major contributor to the prenylated protein in sym-

pathetic axons.

We next asked if Rac1-S or Rac1-L was sufficient to support

NGF-mediated axon growth in Rac1-knockout neurons. Sympa-

thetic neurons isolated from Rac1fl/fl mice (Glogauer et al., 2003)

at P0.5 were grown in compartmentalized cultures in the pres-

ence of NGF added to distal axons for 7 days and then infected

with an adenoviral vector expressing Cre recombinase to acutely

delete Rac1 or LacZ as control. Quantitative RT-qPCR showed

that Cre delivery elicited significant depletion (�82%) of Rac1

transcript within 36 h (Figure S5D). As expected, inducible dele-

tion of Rac1 elicited axonal retraction despite the presence of

NGF (Figures 6G, 6H, and 6L). Remarkably, expression of a

Rac1-L, but not Rac1-S, adenoviral construct completely

restored axon growth in response to NGF in Rac1-deleted neu-
(B) Rac1 30UTR has two unique polyadenylation sites (PAS). Schematic represen

30UTR (Rac1-S), or Rac1-long 30UTR with the CaaX motif mutated (Rac1-L-C189

(C and D) Axonal localization of Rac1mRNA is mediated by the long 30UTR. mCh

whereas mCherry-Rac1-S protein is restricted to CBs and proximal axons (D). A

(E) Proximal axons of neurons expressing Rac1-L and Rac1-S have similar levels

(F) mCherry-Rac1-L protein was selectively enriched in distal axons. Results are

**p < 0.01, n.s., not significant, t test.

(G–L) NGF-mediated axon growth requires both local Rac1 synthesis and its pren

chambers were infected with adenoviral vectors for GFP (G), Cre (H), Cre + Rac1-

NGF (50 ng/mL) added only to distal axons was assessed in 24-h intervals for 48

after infection. Scale bar: 100 mm. (L) Average rate of axon extension (mm/day). Da

ANOVA Tukey’s multiple comparisons.
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rons (Figures 6I, 6J, and 6L). This result suggests that axonal

localization of Rac1 mRNA, accomplished via the long 30UTR,
is sufficient to promote axon growth in response to NGF. Next,

we asked if local prenylation of Rac1 protein is necessary for

axon growth. To prevent modification of the Rac1 isoform pre-

sent in axons, the cysteine residue in the CaaX prenylation motif

in Rac1-L isoform was mutated to a serine (Rac1-L-C189S) (Fig-

ure 6B). Mutation of the Rac1 prenylation motif did not affect its

ability to be expressed in sympathetic neurons (Figure S5E).

Notably, analysis of NGF-dependent axon growth in compart-

mentalized neurons revealed that expression of Rac1-L-C189S

was unable to rescue axon growth deficits in Rac1-knockout

neurons (Figures 6K and 6L), in contrast to Rac1-L that had an

intact prenylation motif (Figures 6I and 6L). Together, these re-

sults indicate that intra-axonal synthesis and geranylgeranyla-

tion of Rac1 is required for its function in promoting NGF-depen-

dent axon growth.

Protein Geranylgeranylation Is Essential for Target
Innervation in Mice
We next addressed the relevance of protein geranylgeranyla-

tion for NGF-dependent development of the sympathetic ner-

vous system in vivo. We asked whether conditional deletion

of Pggt1b, the gene coding for GGTase I, would compromise

NGF-dependent axon innervation of peripheral target tissues.

To generate mice lacking GGTase I in sympathetic neurons,

Pggt1bfl/fl mice (Sjogren et al., 2007) were crossed with trans-

genic mice expressing Cre recombinase under the control of

dopamine beta-hydroxylase promoter (Parlato et al., 2007),

which resulted in efficient deletion of Pggt1b (Figure S6). Sym-

pathetic axon innervation of peripheral organs was analyzed in

newborn mice (P0.5) using whole-mount tyrosine hydroxylase

(TH) immunostaining in iDISCO-cleared tissues followed by

light sheet microscopy. We observed decreased sympathetic

axon innervation of the kidney and heart in homozygous

DBH-Cre;Pggt1bfl/fl mice, and in heterozygous DBH-

Cre;Pggt1bfl/+ mice with one functional copy of Pggtt1b,

compared with control littermates (Figures 7A–7F). Of note,

Pggt1b mRNA levels were significantly decreased (by 30%) in

sympathetic ganglia from heterozygous mice compared with

control littermates (Figure S6). Quantification of sympathetic

innervation revealed that both total axonal length and branch-

ing were affected (Figures 7G–7J). Given that NGF also sup-

ports sympathetic neuron survival, we assessed neuronal

numbers in the superior cervical ganglia (SCG), the largest

and most rostral ganglia in the sympathetic chain, in control

and GGTase I mutant mice at P0.5. We observed significant
ting adenoviral constructs expressing Rac1-long 30UTR (Rac1-L), Rac1-short

S).

erry-Rac1-L protein product is found in CBs and proximal and distal axons (C),

xons are outlined in images with white dashed lines. Scale bar: 10 mm.

of mCherry-Rac1 fluorescence.

mean ± SEM from n = 3 independent experiments (19–21 neurons analyzed),

ylation in axons. Rac1fl/fl sympathetic neurons cultured in compartmentalized

L (I), Cre + Rac1-S (J), or Cre + Rac1-L-C189S (K). Axon growth in response to

h. Representative images of axons immunostained with anti-b-III-tubulin 48 h

ta presented as mean ± SEM from n = 3 experiments, ****p < 0.0001, one-way
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Figure 7. GGTase I Is Essential for Sympathetic Axon Innervation of Target Organs In Vivo

(A–J) GGTase I is essential for sympathetic axon innervation of target organs in vivo. iDISCO-based tissue clearing and whole-mount tyrosine hydroxylase (TH)

immunostaining of organs show reduced sympathetic innervation of the heart (A–C) and kidney (D–F) in heterozygousDBH-Cre:Pggt1bfl/+ and homozygousDBH-

Cre:Pggt1bfl/fl P0.5 mice, compared with litter-mate Pggt1bfl/fl controls. (G–J) Quantification of axon length and branches in the heart (G and H) and kidney (I and

J). Scale bar: 50 mm. Data presented as mean ± SEM from n = 5 control, 3 heterozygous, and 4 homozygous mice. **p < 0.01, ***p < 0.001, one-way ANOVA

Tukey’s multiple comparisons.

(K–N) Sympathetic neuron numbers in the SCG are reduced in homozygous, but not heterozygous, GGTase I conditional knockout mice. Counts of cell number were

performed on Nissl stained tissue sections from P0.5 Pggt1bfl/fl (K), DBH-Cre;Pggt1bfl/+ mice (L), and DBH-Cre;Pggt1bfl/fl (M) littermates. (N) Quantification of cell

numbers per superior cervical ganglia. Scale bar: 50 mm. Data are presented as mean ± SEM from n = 4 heterozygous, n = 4 homozygous, and n = 3 control mice.

***p < 0.001, ****p < 0.0001, one-way ANOVA Tukey’s multiple comparisons
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cell loss in homozygous mutants (Figures 7K, 7M, and 7N),

whereas heterozygous mice had normal numbers of sympa-

thetic neurons (Figures 7K, 7L, and 7N). Together, these results

indicate that GGTase I is essential for the development of sym-

pathetic neurons at the time when they are most dependent on

NGF for axon growth and survival. NGF is secreted by the target

tissues and acts locally in axons to support growth (Scott-Sol-

omon and Kuruvilla, 2018). The NGF-TrkA signal is also retro-

gradely transported to the cell bodies, where it promotes the

transcription of genes required for cell survival and axon growth

(Scott-Solomon and Kuruvilla, 2018). Our findings that GGTase

I is haplo-insufficient for axon innervation, but not for neuronal

survival, suggest that lowered GGTase I levels primarily affect

axon growth in vivo.

DISCUSSION

Asymmetrical mRNA localization and local protein synthesis is

a conserved mechanism for spatiotemporal regulation of gene

expression in all eukaryotic cells but particularly relevant in

neurons given their complex morphologies and extreme polar-

ity. In neurons, specific mRNAs encoding for cytoskeleton-reg-

ulatory proteins, cellular signaling, metabolic enzymes, ion

channels, synaptic proteins, and membrane biogenesis are

transported to axons or dendrites where they can be rapidly

translated in response to extrinsic signals, such as neurotro-

phic factors, guidance cues, synaptic activity, and following

injury (Jung et al., 2014). However, how these newly synthe-

sized proteins are then post-translationally modified, regulated,

and anchored to allow compartmentalized functions has been

poorly defined. Here, we describe a mechanismwhere a neuro-

trophic factor couples local translation of protein effectors with

their lipid modification in axonal compartments to allow acute

and spatial responses necessary for axon development (Fig-

ure 8). We found that protein prenylation (geranylgeranylation)

is essential for axons of sympathetic neurons to innervate their

peripheral organs during development in mice. Surprisingly,

geranylgeranylation is required in a compartment-specific

manner in axons to promote growth in response to the neuro-

trophin, NGF.We show that NGF acutely triggers protein preny-

lation in axons and even growth cones, counter to the canonical

view of prenylation as being constitutive. Remarkably, we

discovered that NGF-induced lipid modifications occur on pro-

teins that are newly synthesized in axons. We identify the Rac1

GTPase as a protein that is locally synthesized and prenylated

in axons to promote NGF-dependent axonal growth. Together,

these results suggest that axonal translation and geranylgera-

nylation might be a mechanism to enrich and regulate the local

actions of the newly synthesized proteins by directing mem-

brane association, trafficking, protein-protein interactions,

and stability.

Using both compartmentalized cultures and in vivo analyses

in conditional knockout mice, we identified a localized require-

ment for protein geranylgeranylation to promote developmental

axon growth in response to target-derived NGF. Previously,

limited studies in cultured neurons or neuronal cell lines had

implicated protein prenylation to be largely a negative regulator

of neurite outgrowth or branching (Li et al., 2016; Samuel et al.,

2014). However, these studies were performed by inhibition of
12 Developmental Cell 53, 1–15, June 22, 2020
isoprenoid biosynthesis using statins (Li et al., 2016), which are

pharmacological inhibitors of 3-hydroxy-3-methyl-glutaryl-

CoA reductase (HMG-CoA reductase), which mediates both

isoprenoid and cholesterol production, or by using prenyl trans-

ferase inhibitors at micromolecular concentrations (Li et al.,

2016; Samuel et al., 2014). In this study, we used small-mole-

cule inhibitors specific for prenyl transferases, so as not to

interfere with cholesterol biosynthesis, and at nanomolar con-

centrations. Howmight NGF-induced prenylation in axons sup-

port axonal growth? One mechanism might involve regulation

of endosomal trafficking of TrkA receptors, a critical determi-

nant of trophic support of sympathetic neurons by target-

derived NGF. NGF-dependent development requires internali-

zation of NGF-TrkA complexes into signaling endosomes in

axon terminals to locally promote neurite elongation and

branching events (Bodmer et al., 2011; Harrington et al.,

2011). We found that newly prenylated proteins accumulate

on TrkA endosomes upon neurotrophin stimulation. Impor-

tantly, inhibition of geranylgeranylation attenuated intracellular

accumulation of Trk receptors in sympathetic axons. This could

reflect a failure of endocytosis of surface Trk receptors or

enhanced recycling or degradation of internalized receptors.

Recent studies highlight a role for the Rac1 GTPase in promot-

ing trafficking of TrkA receptors and initiating NGF trophic

signaling in distal axons of sympathetic neurons (Harrington

et al., 2011); Rac1 is recruited to TrkA endosomes where it

helps to sever a dense cytoskeletal meshwork in axon terminals

to promote TrkA trafficking. NGF-induced Rac1 prenylation

might be a means for its localization to TrkA endosomes. In

addition to Rac1, other prenylated proteins might impinge on

TrkA trafficking and signaling in axons. Two candidate proteins

are the small GTPases, Rap1 and RhoB. Rap1 undergoes ger-

anylgeranylation in non-neuronal cells (Kawata et al., 1990),

and in NGF-responsive sensory neurons, localizes to TrkA en-

dosomes and promotes sustained signaling from internalized

receptors (Wu et al., 2001). Further, geranylgeranylation of

RhoB diverts internalized epidermal growth factor receptors

(EGFRs) to a recycling pathway instead of undergoing lyso-

somal degradation (Wherlock et al., 2004). Assessing the broad

role of prenyl-modifications of Rap1, RhoB, or other small

GTPases, and their local synthesis in the internalization, post-

endocytic trafficking, and axonal transport of TrkA receptors

and other cargo will be of interest in future studies.

We found that protein geranylgeranylation in cell bodies of

sympathetic neurons is not sufficient to promote NGF-mediated

axon growth. It is possible that anterograde transport of already-

modified proteins from cell bodies cannot keep pace with the

rapid and continuous need for cellular material in developing

axons. Alternatively, geranylgeranylation may result in retention

of proteins in the cellular compartments where they are made.

In support of the latter, we found that the Rac1 protein product

from a soma-specific transcript with a short 30UTR is restricted

to cell bodies and proximal axons of sympathetic neurons

compared with the axonal Rac1 synthesized from mRNA with

a long 30UTR that is selectively enriched at distal tips (Figures

6C–6F). In addition to our findings for Rac1, several mRNAs in

neurons including BDNF (An et al., 2008), Importin b1 (Ben-Tov

Perry et al., 2012), mTOR (Terenzio et al., 2018), Impa1 (An-

dreassi et al., 2010), and Shank (Böckers et al., 2004) have



Figure 8. NGF Couples Local Protein Synthesis to Geranylgeranylation in Axons to Promote Axonal Growth

mRNAs for growth-promoting proteins, such as Rac1 are transported to sympathetic axons where they are capable of being rapidly translated in response to

extrinsic neurotrophic cues. Two isoforms ofRac1mRNAwith distinct 30UTR lengths are found in sympathetic neurons, with the transcript bearing the long 30UTR
preferentially targeted to axons. NGF-TrkA signaling stimulates Rac1 synthesis and geranylgeranylation in sympathetic axons to promote axonal growth. Pre-

nylated proteins, including Rac1, likely mediate NGF-dependent growth by associating with TrkA signaling endosomes and influencing receptor trafficking in

axons. The coupling of local translation to post-translational lipidation in axons is a mechanism to localize and enrich protein effectors to ensure axon-auton-

omous responses to extrinsic cues.
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isoforms with the same coding sequence but varied 30UTR
lengths because of alternative polyadenylation signals within

the 30UTR. Notably, mRNA isoforms with the longer 30UTRs are

selectively localized in axons or dendritic processes by localiza-

tion elements within their long 30UTRs (Andreassi et al., 2018).

Our results in this study suggest that alternative use of 30UTRs
of transcripts and prenylation of the locally synthesized proteins

in neuronal sub-compartments could be a mechanism for

spatially segregated protein functions.

The relevance of prenylation to human health has been evident

in diseases, such as cancer and progeria, and prenylation inhib-

itors are being developed for clinical use (Wang and Casey,

2016). In the nervous system, limited studies implicate aberrant

protein prenylation in neurological disorders. GGTase I levels

are elevated in motor neurons derived post-mortem from human
patients with early onset amyotrophic lateral sclerosis (ALS) (Li

et al., 2016). Further, levels of isoprenoid lipids are increased in

brains of individuals with Alzheimer’s disease (AD) (Eckert

et al., 2009), and prenyl transferase inhibitors are being consid-

ered for therapeutic use in neurodegenerative disorders (Hott-

man and Li, 2014). These studies, although limited, highlight

the potential significance of protein prenylation in establishing

and maintaining connections in the nervous system and imply

that aberrant localization, activity, or stability of prenylated pro-

teins could contribute to neuropathology. Identification of pro-

teins that are translated and prenylated in neuronal sub-domains

will define the local prenylated proteomes that allow responsive-

ness to extrinsic cues or neuronal activity and their contribution

to neuronal development, maintenance, and repair following

injury or disease.
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Böckers, T.M., Segger-Junius, M., Iglauer, P., Bockmann, J., Gundelfinger,

E.D., Kreutz, M.R., Richter, D., Kindler, S., and Kreienkamp, H.J. (2004).

Differential expression and dendritic transcript localization of Shank family

members: identification of a dendritic targeting element in the 30 untranslated
region of Shank1 mRNA. Mol. Cell. Neurosci. 26, 182–190.

Bodmer, D., Ascaño, M., and Kuruvilla, R. (2011). Isoform-specific dephos-

phorylation of dynamin1 by calcineurin couples neurotrophin receptor endocy-

tosis to axonal growth. Neuron 70, 1085–1099.

Briese, M., Saal, L., Appenzeller, S., Moradi, M., Baluapuri, A., and Sendtner,

M. (2016). Whole transcriptome profiling reveals the RNA content of motor

axons. Nucleic Acids Res. 44, e33.

Clapp, K.M., Ellsworth, M.L., Sprague, R.S., and Stephenson, A.H. (2013).

Simvastatin and GGTI-2133, a geranylgeranyl transferase inhibitor, increase

erythrocyte deformability but reduce low O(2) tension-induced ATP release.

Am. J. Physiol. Heart Circ. Physiol. 304, H660–H666.

DeGraw, A.J., Palsuledesai, C., Ochocki, J.D., Dozier, J.K., Lenevich, S.,

Rashidian, M., and Distefano, M.D. (2010). Evaluation of alkyne-modified iso-

prenoids as chemical reporters of protein prenylation. Chem. Biol. Drug Des.

76, 460–471.

Delcroix, J.D., Valletta, J.S., Wu, C., Hunt, S.J., Kowal, A.S., and Mobley, W.C.

(2003). NGF signaling in sensory neurons: evidence that early endosomes

carry NGF retrograde signals. Neuron 39, 69–84.

Eckert, G.P., Hooff, G.P., Strandjord, D.M., Igbavboa, U., Volmer, D.A., M€uller,

W.E., and Wood, W.G. (2009). Regulation of the brain isoprenoids farnesyl-

and geranylgeranylpyrophosphate is altered in male Alzheimer patients.

Neurobiol. Dis. 35, 251–257.

Gao, X., and Hannoush, R.N. (2014). Single-cell imaging of Wnt palmitoylation

by the acyltransferase porcupine. Nat. Chem. Biol. 10, 61–68.

Glebova, N.O., and Ginty, D.D. (2005). Growth and survival signals controlling

sympathetic nervous system development. Annu. Rev. Neurosci. 28, 191–222.

Glogauer, M., Marchal, C.C., Zhu, F., Worku, A., Clausen, B.E., Foerster, I.,

Marks, P., Downey, G.P., Dinauer, M., and Kwiatkowski, D.J. (2003). Rac1

deletion in mouse neutrophils has selective effects on neutrophil functions.

J. Immunol. 170, 5652–5657.

Gong, S., Doughty, M., Harbaugh, C.R., Cummins, A., Hatten, M.E., Heintz, N.,

and Gerfen, C.R. (2007). Targeting Cre recombinase to specific neuron popu-

lations with bacterial artificial chromosome constructs. J. Neurosci. 27,

9817–9823.

Gumy, L.F., Yeo, G.S., Tung, Y.C., Zivraj, K.H., Willis, D., Coppola, G., Lam,

B.Y., Twiss, J.L., Holt, C.E., and Fawcett, J.W. (2011). Transcriptome analysis

of embryonic and adult sensory axons reveals changes in mRNA repertoire

localization. Rna 17, 85–98.

Harrington, A.W., St Hillaire, C., Zweifel, L.S., Glebova, N.O., Philippidou, P.,

Halegoua, S., and Ginty, D.D. (2011). Recruitment of actin modifiers to TrkA

endosomes governs retrograde NGF signaling and survival. Cell 146, 421–434.

Horton, A.C., and Ehlers, M.D. (2003). Neuronal polarity and trafficking. Neuron

40, 277–295.

https://doi.org/10.1016/j.devcel.2020.05.020
https://doi.org/10.1016/j.devcel.2020.05.020
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref1
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref1
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref1
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref1
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref2
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref2
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref2
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref3
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref3
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref3
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref3
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref4
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref4
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref4
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref5
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref5
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref5
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref5
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref6
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref6
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref6
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref6
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref6
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref6
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref7
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref7
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref7
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref8
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref8
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref8
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref9
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref9
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref9
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref9
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref10
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref10
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref10
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref10
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref11
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref11
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref11
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref12
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref12
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref12
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref12
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref12
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref13
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref13
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref14
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref14
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref15
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref15
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref15
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref15
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref16
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref16
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref16
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref16
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref17
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref17
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref17
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref17
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref18
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref18
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref18
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref19
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref19


ll
Article

Please cite this article in press as: Scott-Solomon and Kuruvilla, Prenylation of Axonally Translated Rac1 Controls NGF-Dependent Axon Growth,
Developmental Cell (2020), https://doi.org/10.1016/j.devcel.2020.05.020
Hottman, D.A., and Li, L. (2014). Protein prenylation and synaptic plasticity: im-

plications for Alzheimer’s disease. Mol. Neurobiol. 50, 177–185.

Jiang, H., Zhang, X., Chen, X., Aramsangtienchai, P., Tong, Z., and Lin, H.

(2018). Protein lipidation: occurrence, mechanisms, biological functions, and

enabling technologies. Chem. Rev. 118, 919–988.

Joly, A., Popják, G., and Edwards, P.A. (1991). In vitro identification of a soluble

protein:geranylgeranyl transferase from rat tissues. J. Biol. Chem. 266,

13495–13498.

Jung, H., Gkogkas, C.G., Sonenberg, N., and Holt, C.E. (2014). Remote control

of gene function by local translation. Cell 157, 26–40.

Kawata, M., Farnsworth, C.C., Yoshida, Y., Gelb, M.H., Glomset, J.A., and

Takai, Y. (1990). Posttranslationally processed structure of the human platelet

protein smg p21B: evidence for geranylgeranylation and carboxyl methylation

of the C-terminal cysteine. Proc. Natl. Acad. Sci. USA 87, 8960–8964.

Lerner, E.C., Qian, Y., Blaskovich, M.A., Fossum, R.D., Vogt, A., Sun, J., Cox,

A.D., Der, C.J., Hamilton, A.D., and Sebti, S.M. (1995). Ras CAAX peptidomi-

metic FTI-277 selectively blocks oncogenic Ras signaling by inducing cyto-

plasmic accumulation of inactive Ras-Raf complexes. J. Biol. Chem. 270,

26802–26806.

Lew, M. (2007). Good statistical practice in pharmacology. Problem 2. Br. J.

Pharmacol. 152, 299–303.

Li, H., Kuwajima, T., Oakley, D., Nikulina, E., Hou, J., Yang, W.S., Lowry, E.R.,

Lamas, N.J., Amoroso, M.W., Croft, G.F., et al. (2016). Protein prenylation con-

stitutes an endogenous brake on axonal growth. Cell Rep. 16, 545–558.

Luo, Z.G., Je, H.S., Wang, Q., Yang, F., Dobbins, G.C., Yang, Z.H., Xiong,

W.C., Lu, B., and Mei, L. (2003). Implication of geranylgeranyltransferase I in

synapse formation. Neuron 40, 703–717.

Mobley, W.C., Schenker, A., and Shooter, E.M. (1976). Characterization and

isolation of proteolytically modified nerve growth factor. Biochemistry 15,

5543–5552.

Nishimura, A., and Linder, M.E. (2013). Identification of a novel prenyl and pal-

mitoyl modification at the CaaX motif of Cdc42 that regulates RhoGDI binding.

Mol. Cell. Biol. 33, 1417–1429.

Parlato, R., Otto, C., Begus, Y., Stotz, S., and Sch€utz, G. (2007). Specific abla-

tion of the transcription factor CREB in sympathetic neurons surprisingly pro-

tects against developmentally regulated apoptosis. Development 134,

1663–1670.

Patel, A., Yamashita, N., Ascaño, M., Bodmer, D., Boehm, E., Bodkin-Clarke,

C., Ryu, Y.K., and Kuruvilla, R. (2015). RCAN1 links impaired neurotrophin traf-

ficking to aberrant development of the sympathetic nervous system in Down

syndrome. Nat. Commun. 6, 10119.

Pickett, W.C., Zhang, F.L., Silverstrim, C., Schow, S.R., Wick, M.M., and

Kerwar, S.S. (1995). A fluorescence assay for geranylgeranyl transferase

type I. Anal. Biochem. 225, 60–63.
Renier, N., Wu, Z., Simon, D.J., Yang, J., Ariel, P., and Tessier-Lavigne, M.

(2014). iDISCO: a simple, rapid method to immunolabel large tissue samples

for volume imaging. Cell 159, 896–910.

Roberts, P.J., Mitin, N., Keller, P.J., Chenette, E.J., Madigan, J.P., Currin, R.O.,

Cox, A.D., Wilson, O., Kirschmeier, P., and Der, C.J. (2008). Rho Family

GTPase modification and dependence on CAAX motif-signaled posttransla-

tional modification. J. Biol. Chem. 283, 25150–25163.

Samuel, F., Reddy, J., Kaimal, R., Segovia, V., Mo, H., and Hynds, D.L. (2014).

Inhibiting geranylgeranylation increases neurite branching and differentially

activates cofilin in cell bodies and growth cones. Mol. Neurobiol. 50, 49–59.

Scotto-Lavino, E., Du, G., and Frohman, M.A. (2006). 30 End cDNA amplifica-

tion using classic RACE. Nat. Protoc. 1, 2742–2745.

Scott-Solomon, E., and Kuruvilla, R. (2018). Mechanisms of neurotrophin traf-

ficking via Trk receptors. Mol. Cell. Neurosci. 91, 25–33.

Sinensky, M. (2000). Recent advances in the study of prenylated proteins.

Biochim. Biophys. Acta 1484, 93–106.

Sjogren, A.K., Andersson, K.M., Liu, M., Cutts, B.A., Karlsson, C., Wahlstrom,

A.M., Dalin, M., Weinbaum, C., Casey, P.J., Tarkowski, A., et al. (2007).

GGTase-I deficiency reduces tumor formation and improves survival in mice

with K-RAS-induced lung cancer. J. Clin. Invest. 117, 1294–1304.

Terenzio, M., Koley, S., Samra, N., Rishal, I., Zhao, Q., Sahoo, P.K., Urisman,

A., Marvaldi, L., Oses-Prieto, J.A., Forester, C., et al. (2018). Locally translated

mTOR controls axonal local translation in nerve injury. Science 359,

1416–1421.

Tong, H., Wiemer, A.J., Neighbors, J.D., and Hohl, R.J. (2008). Quantitative

determination of farnesyl and geranylgeranyl diphosphate levels inmammalian

tissue. Anal. Biochem. 378, 138–143.

Wang, M., and Casey, P.J. (2016). Protein prenylation: unique fats make their

mark on biology. Nat. Rev. Mol. Cell Biol. 17, 110–122.

Wherlock, M., Gampel, A., Futter, C., and Mellor, H. (2004).

Farnesyltransferase inhibitors disrupt EGF receptor traffic through modulation

of the RhoB GTPase. J. Cell Sci. 117, 3221–3231.

Wu, C., Lai, C.F., and Mobley, W.C. (2001). Nerve growth factor activates

persistent Rap1 signaling in endosomes. J. Neurosci. 21, 5406–5416.

Wu, C., Ramirez, A., Cui, B., Ding, J., Delcroix, J.D., Valletta, J.S., Liu, J.J.,

Yang, Y., Chu, S., and Mobley, W.C. (2007). A functional dynein-microtubule

network is required for NGF signaling through the Rap1/MAPK pathway.

Traffic 8, 1503–1520.

Yamashita, N., Joshi, R., Zhang, S., Zhang, Z.Y., and Kuruvilla, R. (2017).

Phospho-regulation of soma-to-axon transcytosis of neurotrophin receptors.

Dev. Cell 42, 626–639.e5.

Zareen, N., and Greene, L.A. (2009). Protocol for culturing sympathetic neu-

rons from rat superior cervical ganglia (SCG). J. Vis. Exp.

Zweifel, L.S., Kuruvilla, R., and Ginty, D.D. (2005). Functions and mechanisms

of retrograde neurotrophin signalling. Nat. Rev. Neurosci. 6, 615–625.
Developmental Cell 53, 1–15, June 22, 2020 15

http://refhub.elsevier.com/S1534-5807(20)30409-3/sref20
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref20
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref21
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref21
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref21
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref22
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref22
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref22
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref23
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref23
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref24
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref24
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref24
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref24
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref25
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref25
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref25
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref25
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref25
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref26
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref26
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref27
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref27
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref27
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref28
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref28
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref28
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref29
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref29
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref29
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref30
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref30
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref30
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref31
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref31
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref31
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref31
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref31
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref32
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref32
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref32
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref32
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref33
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref33
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref33
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref34
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref34
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref34
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref35
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref35
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref35
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref35
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref36
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref36
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref36
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref37
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref37
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref37
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref38
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref38
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref39
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref39
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref40
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref40
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref40
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref40
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref41
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref41
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref41
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref41
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref42
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref42
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref42
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref43
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref43
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref44
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref44
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref44
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref45
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref45
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref46
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref46
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref46
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref46
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref47
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref47
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref47
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref48
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref48
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref49
http://refhub.elsevier.com/S1534-5807(20)30409-3/sref49


ll
Article

Please cite this article in press as: Scott-Solomon and Kuruvilla, Prenylation of Axonally Translated Rac1 Controls NGF-Dependent Axon Growth,
Developmental Cell (2020), https://doi.org/10.1016/j.devcel.2020.05.020
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-FLAG Sigma Cat# F7425; RRID: AB_439687

Sheep anti-NGF Cedarlane Cat# CLMCNET-031; RRID: AB_10060173

Mouse anti-TAMRA Abcam Cat# ab171120

Rabbit anti-GGTase I a Santa Cruz Cat# sc-136 (discontinued); RRID: AB_2231956

Mouse anti-Rac1 Millipore Cat# 05-389; RRID: AB_309712

Mouse anti-Myc Santa Cruz Cat# sc-40; RRID: AB_627268

Rabbit anti- p85 subunit of phosphatidylinositol-3-kinase Millipore Cat# ABS234; RRID: AB_2714180

Mouse anti-b-III Tubulin Sigma Cat# T8660; RRID: AB_477590

Rabbit anti-TH Millipore Cat# AB152; RRID: AB_390204

Mouse anti-myc Cell Signaling Cat# 2276; RRID: AB_331783

Rabbit anti-Cleaved Caspase 3 Cell Signaling Cat# 9661S; RRID: AB_2341188

Bacterial and Virus Strains

Adenovirus Rac1-L-wt This paper N/A

Adenovirus Rac1-S-wt This paper N/A

Adenovirus Rac1-L-C189S This paper N/A

Adenovirus mCherry-Rac1-L-wt This paper N/A

Adenovirus mCherry-Rac1-S-wt This paper N/A

Adenovirus FLAG-TrkB:AF592A-P2A-GFP Yamashita et al. 2017 N/A

Adenovirus Cre Gift from Lois Greene N/A

Adenovirus GFP Ascaño et al., 2009 N/A

Biological Samples

NGF Mobley et al., 1976 N/A

Chemicals, Peptides, and Recombinant Proteins

BDNF PeproTech Cat# 450-02

boc-aspartyl(O-methyl)-fluoromethylketone (BAF) BioVision Cat# 1160-5

DAPI Roche Cat# 10236276001

Streptavidin-488 conjugate Thermo Cat# S11223

Protein G-agarose beads Santa Cruz Cat# sc-2002

Phalloidin 546 ThermoFisher Cat# A2228

GGTI-2133 Sigma Cat# G5294

FTI-277 Sigma Cat# F9803

Cycloheximide Cell Signaling Cat# 2112S

5-(4,6-dichlorotriazinyl) aminofluorescein (DTAF) ThermoFisher Cat# D16

Signal Enhancer HIKARI 250 Nacalai Cat# NU00102

ProSignal Dura ECL Reagent Genesee Scientific Cat# 20-301

Pierce ECL Plus ThermoFisher Cat# 32132

GGPP Echelon Cat# I-0200

Dansyl-GCVLL JHMI Synthesis and

Sequencing Core

N/A

DTT Sigma Cat# D9779

Zinc Chloride Sigma Cat# 793523

Propargyl-farnesol Echelon Cat#S-0160

Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) Sigma Cat# C4706

Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) Sigma

(Continued on next page)
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Copper(II) sulflate (CuSO4) Sigma Cat# 61230

Azide-fluor 545 (TAMRA PEG azide) Sigma Cat# 760757

Biotin-TEG azide Berry & Associates Cat# BT 1085

Trizol ThermoFisher Cat# 15596018

Lipofectamine 3000 ThermoFisher Cat# L3000

Critical Commercial Assays

P3 Primary Cell 4D-Nucleofector� X Kit S Lonza Cat# V4XP-3032

RNAscope� Fluorescent Multiplex Assay ACD Cat# 320850

RNAscope� Probe-mCherry-C3 ACD Cat#431201-C3

Ambion RETROscript kit ThermoFisher Cat# AM1710

RNAqueous Micro Total RNA Isolation Kit ThermoFisher Cat# AM1931

Superscript IV First Strand Synthesis System ThermoFisher Cat# 18091050

NucleoSpin� Gel Clean-Up Macherey-Nagel Cat# 740609

TOPO TA Cloning System ThermoFisher Cat# 450640

10 kDa Amicon Ultra-0.5 Centrifugal Filter Unit with

Ultracel-10 membrane

ThermoFisher Cat# UFC501096

PierceTM BCA Protein Assay Kit ThermoFisher Cat#23225

AdEasy Adenoviral System Agilent Cat# 240009

Vivapure� AdenoPACKTM Sartorius Cat# VS-AVPQ020

Experimental Models: Cell Lines

HEK 293 ATCC CRL-1573

PC12 ATCC CRL-1721

Experimental Models: Organisms/Strains

Pggt1bfl Sjogren et al. 2007 N/A

Rosa-26tm9(CAG-tdTomato) Jackson Laboratory 007909

Rac1tm1Djk/J Jackson Laboratory 005550

DBH-CRE Mice Parlato et al. 2007 N/A

TH-CRE Mice Gong et al., 2007 N/A

Sprague Dawley rats Taconic Biosciences SD-F

Oligonucleotides

TaqMan Rac1 probes ThermoFisher Cat# Mm01201653

TaqMan Pggt1b probes ThermoFisher Cat# Mm01266356

TaqMan 18S probes ThermoFisher Cat# Mm04277571_s1

Rac1-F: 5’- CTACCCGCAAACAGACGTG-3’ This paper N/A

Rac1-R: 5’- CCATTTTCTGAGCAAAGCGT- 3’ This paper N/A

Acbt (b-actin)-F: 5’- ATGGATGACGATATCGCTGCG– 3’ This paper N/A

Acbt (b-actin)-R: 5’- GGTGACAATGCCGTGTTCAAT- 3’ This paper N/A

Fnta (GGTase I-a)-F: 5’-AGTTTGGCACCATAGGAGAG-3’ This paper N/A

Fnta (GGTase I-a)-R: 5’-ACTCCTGAATGACCCACTGT-3’ This paper N/A

Pggt1b (GGTase I-b)-F: 5’-CGAGGTTCTTCATATTT

GGG-3’

This paper N/A

Pggt1b (GGTase I-b)-R: 5’-CGCTATGTGTCCACTGT

CAT-3

This paper N/A

Rac1 LoxP1-F: 5’- TCCAATCTGTGCTGCCCATC -3’ Jackson Laboratory N/A

Rac1 LoxP1-R: 5’- GATGCTTCTAGGGGTGAG CC- 3’ Jackson Laboratory N/A

tdTomato-F: 5’- TCCAATCTGTGCTGCCCATC- 3’ Jackson Laboratory N/A

tdTomato-R: 5’- TGTAATCGGGGATGTCGG- 3’ Jackson Laboratory N/A

Pggt1b LoxP7-F: 5’-CCTGAATGCAGATCTGTGGA- 3’ Sjogren et al. 2007 N/A

Pggt1b LoxP7-R: 5’-CCTATGAAAGCAGCACGACA- 3’ Sjogren et al. 2007 N/A

(Continued on next page)
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DBH-Cre-F: 5’-CTGCCAGGGACATGGCCAGG- 3’ Parlato et al. 2007 N/A

DBH-Cre-R: 5’-GCACAGTCGAGGCTGATCAGC-3’ Parlato et al. 2007 N/A

GSP1 Rac1-F: 5’-CAGCACTCACACAGCGAGGA-3’ This paper N/A

GSP2 Rac1F-1: 5’-ATCCGAGCCGTTCTCTGTCC-3’ This paper N/A

GSP2 Rac1-F-2: 5’-CGTTCTCTGTCCCCCTCCTG-3’ This paper N/A

shRNA 507 GGTase I-a: 5’-GTCGACCCGCAC

CATAGGAGAGTATTAGTTTCAAGAGAACTAATA

CTCTCCTATGGTGCTTTTTGAATTC-3’

This paper N/A

Primers for cloning, see Table S1 This paper N/A

Recombinant DNA

Plasmid pmCherry-C1 vector Takara Cat# 632524

pAdTrack-CMV Addgene Cat# 16405

Plasmid Myc-Rac1WT Gift from Dr. D. Prosser N/A

Plasmid mCherry-Rac1-L This paper N/A

Plasmid mCherry- Rac1-S This paper N/A

Plasmid shRNA GGTase I-a This paper N/A

Plasmid N1-Venus-pA-H1 Gift from Dr. C. Chen N/A

Software and Algorithms

ImageJ N/A https://imagej.nih.gov/ij/

ZEN 2012 SP1 (black edition) N/A https://www.zeiss.com/microscopy/int/home.html

ZEN 2012 (blue edition) N/A https://www.zeiss.com/microscopy/int/home.html

Imaris Bitplane http://www.bitplane.com/imaris/imaris

Openlab 4.0.4 Perkin Elmer N/A
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Rejji Kur-

uvilla (rkuruvilla@jhu.edu).

Materials Availability
Plasmids and adenoviral constructs generated for this study (see Key Resources Table) will be deposited to Addgene.

Data and Code Availability
This study did not generate/analyze datasets/code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All procedures relating to animal care and treatment conformed to The Johns Hopkins University Animal Care and Use Committee

(ACUC) and NIH guidelines. Animals were group housed in a standard 12:12 light-dark cycle. Postnatal day P0.5-P6 pups of both

sexes were used for analyses. The following mouse lines were used in this study; Rac1fl/fl (Rac1tm1Djk/J) mice (Jackson Laboratory,

stock no. 005550), Rosa-26tm9(CAG-tdTomato) (Jackson Laboratory, stock no. 007909), Pggt1bfl/fl mice (Sjogren et al., 2007) were

generously provided by Dr. Martin Bergö (Karolinska Institutet), DBH-Cre mice (Parlato et al., 2007) by Dr. Warren Tourtellotte (Ce-

dars Sinai Medical Center), and TH-Cre mice (Gong et al., 2007) by Dr. Charles Gerfen (NIH).

Pregnant Sprague Dawley rats were purchased fromCharles River or Taconic Biosciences. Dissociated or explant cultures of sym-

pathetic neuronswere established from superior cervical ganglia (SCG) dissected fromP0.5 rat pups as previously described (Zareen

and Greene, 2009).

Neuronal Cultures
Sympathetic neurons were harvested from P0.5 Sprague-Dawley rats or Rac1fl/fl mice and were grown as explant cultures, or disso-

ciated for mass or compartmentalized cultures. Neurons were maintained with high-glucose DMEMmedia supplemented with 10%

fetal bovine serum (FBS), penicillin/streptomycin (1U/ml), and NGF (100 ng/ml). For immunocytochemistry, cells were grown on cov-
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erslips coated with poly-d-lysine (1 mg/ml; Sigma-Aldrich) and laminin (10 mg/m; Sigma-Aldrich). NGF deprivation was performed in

high-glucose DMEM supplemented with 1% FBS with anti-NGF (1:1000) and the caspase inhibitor, boc-aspartyl(O-methyl)-fluoro-

methylketone (BAF, 50 mM) for 36 hr. For adenovirus infections, neurons were infected with high-titer viruses for 36-48 hr. For elec-

troporation with mCherry-Rac1-L or mCherry-Rac1-S constructs, sympathetic neurons isolated from P0.5 rats were electroporated

using P3 Primary Cell 4D-Nucleofector� X Kit (program number: CA-137) according to the manufacturer’s instructions.

METHOD DETAILS

Adenoviral and Plasmid Constructs
Human Myc-Rac1 coding sequence was fused using PCR to the Rac1 short or long 3’UTR from RACE clones acquired from com-

partmentalized cultures of rat sympathetic neurons. The CaaX motif mutation (C189S) was introduced by PCR-based site-directed

mutagenesis. Plasmids were verified by DNA sequencing. Rac1 constructs were sub-cloned into pAdTrack-CMV using SalI and NotI

restriction sites. Recombinant adenoviral constructs for Myc-tagged Rac1-long 3’UTR (Rac1-L) or Rac1-short 3’UTR (Rac1-S) were

generated using AdEasy adenoviral system and recombinants were transfected into HEK 293 cells using Lipofectamine 3000.

Adenovirus for Myc-Rac1-L-C189S was generated by ViGene Biosciences, Inc. based on recombinant plasmid generated by E.S.

High titer virus stocks were obtained using Vivapure� AdenoPACKTM.

mCherry-Rac1-L and mCherry-Rac1-S plasmids were generated by subcloning myc-Rac1-L and myc-Rac1-S from pAdTrack-

CMV using Kpn1 and EcoRV restriction sites into pmCherry-C1, which had been linearized by KpnI and SmaI. Recombinant adeno-

viruses expressing mCherry-Rac1-L and mCherry Rac1-S were generated by sub-cloning into pAdenoX-Tet3G using the Adeno-

XTM Adenoviral System 3 kit. High titer virus stocks were obtained using Vivapure� AdenoPackTM.

To generate shRNA for GGTase I-a, a custom oligonucleotide with the sequence 5’-GTC GAC CCG CAC CAT AGG AGA GTA TTA

GTT TCA AGAGAACTA ATACTC TCC TATGGTGCT TTT TGA ATT C-3’, directed against the GGTase I CDS, was digested with SalI

and EcoRI, and then ligated into N1 Venus pA H1 backbone which had been linearized with XhoI and EcoRI. The shuttle vector was

derived from pEGFP-N1 (Clontech 6085-1).

RT-PCR and qRT-PCR Analyses
Cell body and axonal RNA was isolated from rat sympathetic neurons grown in compartmentalized cultures using Trizol. cDNA was

generated using Ambion RETROscript kit and transcripts analyzed by PCR using gene specific primers (see Table S1 for primer

sequences).

For Rac1 deletion, sympathetic neuron cultures established from P0.5 Rac1fl/fl mice were infected with adenoviruses for Cre or

LacZ. mRNA was extracted 48 hr post-infection using RNAqueous Micro Total RNA Isolation Kit. To confirm deletion of Pggt1b, su-

perior cervical ganglia (SCG) were isolated fromP0.5Pggt1bfl/fl, DBH-Cre;Pggt1bfl/+, orDBH-Cre;Pggt1bfl/flmice andmRNA isolated

as described above. cDNA was prepared using Superscript IV First Strand Synthesis System. Real-time qPCR analysis was per-

formed using TaqMan probes for Rac1 or Pggt1b in a StepOnePlusTM Real-Time PCR Systems (ThermoFisher). Each sample was

analyzed in triplicate reactions. Fold change in transcript levels were calculated using the 2(-DDCt) method, normalizing to 18s

rRNA transcript.

3’ RACE analysis
Total RNA was isolated from cell bodies or axons of compartmentalized sympathetic neuron cultures and cDNA generated as

described above. cDNA generation was done using a hybrid primer containing an oligo-(dT) to enrich for the 3’-end of mRNA and

a unique 35-nucleotide sequence, as previously described (Scotto-Lavino et al., 2006). Rac1 3’UTRwas then amplified using a primer

against the 35-nucleotide sequence, and aRac1CDS specific primer. Non-specific products were removed through a second ampli-

fication step using two different Rac1 CDS specific primers (See Table S1: Primer Sequences). PCR products were separated on an

agarose gel, and bands purified using NucleoSpin�Gel Clean-Up. Purified bandswere cloned into the TOPOTACloning System and

sequenced in both orientations.

Prenylation Assays
Visualization of Protein Prenylation

Visualization of protein prenylation in sympathetic neurons was performed as previously described (Gao and Hannoush, 2014), with a

few modifications. Briefly, sympathetic neurons grown in mass cultures or compartmentalized cultures were deprived of NGF for

36 hr, and then treated with propargyl-farnesol (isoprenoid analog, 25 mM) in the presence of NGF (50 ng/ml), NGF + GGTI-2133

(75 nM) or anti-NGF (1:1000) for 4 hr. After treatments, cells were washed with ice cold PBS and fixed at room temperature for 10 mi-

nutes in 4% PFA/ in Cytoskeleton Buffer supplemented with Sucrose (CBS; 10mM MES pH 6.1, 138 mM KCl, 3mM MgCl, 2mM

EGTA, 0.32 M sucrose). After PBS washes, neurons were permeabilized with 0.1% Triton in PBS for 2 min followed by extensive

PBS washes to remove detergent. A click reaction cocktail containing 1 mM CuSO4, 250 mM Biotin-Azide, and 1 mM TCEP

(Tris(2-carboxyethyl) phosphine hydrochloride)) in 100mMphosphate buffer pH 7.4 (PB) was added to each coverslip and incubated

for 1 hr in the dark. Coverslips were thoroughly washed and blocked in 1%BSA/5%goat serum/0.1%Trition X-100 in PBS for 1 hr and

then incubated overnight with anti-b-III-tubulin at 4�C. Cells were washed with PBS and incubated for 1.5 hr with Streptavidin-Alexa-

488 and secondary antibody in blocking solution at room temperature. To visualize axonal growth cones, Phalloidin-Alexa-546 label-
Developmental Cell 53, 1–15.e1–e7, June 22, 2020 e4
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ing (1:50) was done during secondary antibody incubation. Neurons were then mounted in Aqueous Mounting Medium containing

100 mg/ml DAPI. Imageswere acquired using a Zeiss LSM700 confocal scanningmicroscope. As control for specificity of prenylation

signal, the prenylation assay was also performed in sympathetic neurons isolated from P0.5 Pggt1bfl/fl mice. Briefly, floxed neurons

grown in mass cultures were infected with LacZ or Cre adenovirus for 36 hr, incubated with the isoprenoid analog in the presence of

NGF (50 ng/ml) for 4 hr, and processed for click chemistry-based labeling as described above.

Explant cultures were grown for 4-5 days in culture, and cell bodies surgically removed using a scalpel. Isolated axonswere treated

with propargyl-farnesol (isoprenoid analog, 25 mM) in the presence of NGF (50 ng/ml), NGF + cycloheximide (CHX, 25 mM) or anti-NGF

(1:1000) for 6 hr. The 6 hr paradigm is based on the time needed to detect prenylation in axons, given that the proteins have to first be

locally translated, accumulate, and then be lipidated. We see little to no prenylation signal at shorter time periods using the current

paradigm. Axons were then fixed, permeabilized, and newly prenylated proteins visualized as described above. b-III-tubulin immu-

nostaining was performed to visualize axons. An area corresponding to 1 mm2 of explants was imaged using an LSM 700 confocal

microscope. Images represent z-projections that to ensure full coverage of explants; all images were taken at the same intensity.

Biochemical Assay for Prenylated Rac1

SCG explant cultures were grown for 4-5 days, after which cell bodies were excised, and isolated axons incubated with isoprenoid

analog (25 mM) in the presence of NGF (50 ng/ml), NGF + GGTI-2133 (75 nM) or NGF + CHX (25 mM) or anti-NGF (1:1000) for 6 hr.

Axons were lysed in 0.1% CHAPS/150 mM KCl/50 mM HEPES buffer with cOmplete Mini protease inhibitor cocktail (Roche) and

sonicated on ice. Lysates were concentrated using a 10 kDa Amicon Ultra Filter. Rac1 was immunoprecipitated using mouse

anti-Rac1 (1mg) for 4 hr at 4�C. Protein G-agarose beads (40 ml) were added and sample incubated for 4 hr at 4�C. After washes

with lysis buffer, beads were resuspended in PB and click reaction performed at 4�C for 1 hr to conjugate TAMRA-PEG azide to

the isoprenoid group, as previously described (Nishimura and Linder, 2013). Immunoprecipitates and supernatants were immuno-

blotted using TAMRA and Rac1 antibodies, respectively. Rac1 immunoblots were stripped and re-probed for p85 for protein normal-

ization. All immunoblots were visualized with ProSignal Dura ECL Reagent and scanned with a Typhoon 9410 Variable Mode Imager

(GE Healthcare).

GGTase I-a Immunoblotting

Sympathetic neurons grown in compartmentalized cultures with NGF on distal axons for 7 days in vitro were lysed in RIPA buffer

(50mMTris-HCl, 150mMNaCl, 1mMEDTA, 1%NP-40, 0.25%deoxycholate with cOmpleteMini protease inhibitor cocktail (Roche).

Soma and axon lysates were immunoblotted with anti-GGTase I-a antibody (1:1000). For isolated sympathetic axons, the cell bodies

of 4-5 day old explants were mechanically removed and axons incubated without NGF, NGF (50 ng/mL) or NGF with CHX (25 mM) for

6 hr. Axon lysates were collected in 200 ml of RIPA buffer and immunoblotted for GGTase I-a. Blots were stripped and re-probed for

p85 for normalization. To confirm antibody specificity, PC12 cells were electroporated with shRNA plasmid using Cell Line Optimi-

zation 4D-NucleofectorTM X-kit per manufacturer protocol with empty vector as control. Protein lysates were collected 48 hr later,

and GGTase I-a expression assessed by immunoblotting with anti-GGTase I-a. Immunoblots were stripped and re-probed for

a-tubulin as loading control.

GGTase I Enzymatic Assay
Compartmentalized sympathetic neurons were stimulated with NGF (50 ng/ml) applied to distal axons for 30 min, after 48 hr of NGF

deprivation. Cell body and axon lysates prepared in 0.2% octyl-b-D-glucopyranoside, 50 mM Tris-HCl (pH 7.5) were incubated with

50 mM ZnCl2, 5 mM MgCl2, 20 mM KCl, 10 mM dansyl-GCVLL peptide and 10 mM geranylgeranyl pyrophosphate. GGTase I activity

wasmeasured by an increase in fluorescence at 460 nm using a Tecan Infinite 200 plate reader (Pickett et al., 1995). GGTase I activity

was normalized to total protein using a PierceTM BCA Protein Assay Kit. To determine the specificity of the assay, mass cultures of

sympathetic neuronswere stimulatedwith NGF (50 ng/ml) for 30minutes, protein lysate was collected in freshly prepared 0.2%octyl-

b-D-glucopyranoside, 50 mM Tris-HCl (pH 7.5), and 75 nM GGTI-2133 added (final DMSO concentration <0.1%) before performing

enzymatic activity. To assess the effect of CHX on GGTase I activity, mass cultures of sympathetic neuron were either deprived of

NGF or stimulated with NGF (50 ng/ml) in the presence or absence of CHX (25 mM) for 6 hr. Neuronal lysates were prepared in 0.2%

octyl-b-D-glucopyranoside, 50 mM Tris-HCl (pH 7.5) and GGTase I activity determined as described above.

Rac1 Local Synthesis
Sympathetic neuron cultures grown in compartmentalized chambers were maintained with NGF (50 ng/ml) only applied to distal

axons. CHX (25 mM) was applied only to axons for 6 hr. Protein lysates were collected from cell bodies and axon al compartments,

followed by Rac1 immunoblotting. Immunoblots were stripped and re-probed for p85 as loading control.

Live-Cell Antibody Feeding for Trk Trafficking
Live-cell antibody feeding to monitor trafficking of surface Trk receptors was performed as previously described (Yamashita et al.,

2017). Briefly, cultured rat sympathetic neurons were infected overnight with a doxycycline-inducible FLAG-TrkB:A adenovirus. Neu-

ronswere treatedwith doxycycline (200 ng/mL, 18 hr) to induce FLAG-TrkB:A expression. Surface FLAG-TrkB:Awas labeled by incu-

bating neurons with anti-FLAG antibody (1:500) at 4�C in PBS for 30 minutes, in the absence of BDNF. Some cultures were also co-

incubated with GGTI-2133 (75 nM) during surface labeling. Excess antibody was washed off with ice-cold PBS and neurons treated

with BDNF (50 ng/mL), propargyl-farnesol (isoprenoid analog, 25 mM), and GGTI-2133 (75 nM) as indicated for 4 hr. Neurons were

returned to 4�C and quickly washed multiple times in ice-cold acidic buffer (0.2 M acetic acid, 0.5 M NaCl, pH 3.0) to strip sur-
e5 Developmental Cell 53, 1–15.e1–e7, June 22, 2020
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face-bound FLAG antibody. Neurons were fixed in 4%PFA/PBS, permeabilized with blocking solution (0.1%Triton X-100/5%Normal

Goat Serum/PBS) and incubated overnight with mouse anti-b-III-tubulin (1:1000). Internalized FLAG-TrkB:A receptors were visual-

ized by incubation with anti-rabbit-Alexa 546 secondary antibody for anti-FLAG and anti-mouse IgG2b-Alexa-647 secondary anti-

body for b-III-tubulin in blocking buffer. Following immunostaining, newly prenylated proteins were visualized by conjugation of

TAMRA-PEG azide as described above using click chemistry. Axons were visualized using b-III-tubulin immunoreactivity. Images

representing 0.8 mm slices were acquired using a Zeiss LSM 700 confocal scanning microscope. The same confocal settings

were used to acquire all images taken from a single experiment. Intracellular accumulation of FLAG-TrkB:A receptors in axons

was quantified as the number of FLAG-immunopositive punctae per mm. Co-localization between FLAG-Trk and isoprenoid

analog-labeled proteins was quantified as the number of FLAG punctae that co-localized with TAMRA signal in axons (from a stretch

of axons 75-100 mm from the axon tip) and expressed as a percent of the total FLAG punctae in axonal segments. Results are ex-

pressed as means ± SEM and expressed relative to the ‘‘no ligand’’ condition. For all imaging, 15-20 axons were analyzed per con-

dition per experiment.

Visualization of mCherry-Rac1-L or mCherry-Rac1-S in Sympathetic Neurons
To visualize the location of the twoRac1mRNA isoforms in sympathetic neurons, neurons grown on collagen coated coverslips were

infected with pAdenoX-Tet3G adenoviruses for 36 hr. Expression of mCherry-Rac1-L or mCherry-Rac1-S was induced by adding

doxycycline (Sigma, 100 ng/ml) to culture. Neurons were fixed for 20 minutes in 4%PFA/PBS at room temperature and mCherry-

Rac1mRNA detected using RNAscope� Fluorescent Multiplex Assays following the manufacturer protocol. Briefly, following dehy-

dration, neurons were permeabilized with undiluted Protease III solution, washed, and counter-stained with dichlorotriazinylamino

fluorescein (DTAF), a reactive dye that labels amines in proteins, was added at 1:10,000 (stock 10mg/ml) for 1 hr. Neurons were

extensively washed with PBS and incubated with RNAscope� Probe mCherry-C3 to detect location of mRNA. Neurons were coun-

terstained with kit supplied DAPI and mounted in ProLongTM Gold Antidfade Mountant and imaged within 36 hrs. Images represent-

ing 0.8 mm optical slices were acquired with a Zeiss LSM 700 confocal scanning microscope over several z-stacks to cover whole

thickness and length of neuronal cell body and axon. Maximal intensity projections were processed using ImageJ software.

To visualize the location of protein products of the two Rac1 isoforms, neurons electroporated with mCherry-Rac1-L or mCherry-

Rac1-S were grown on poly-D-lysine and laminin coated coverslips for 36 hr and subsequently fixed in 4%PFA/PBS and permea-

bilized in 0.1%triton/PBS. Neurons were counter-stained with dichlorotriazinylamino fluorescein (DTAF) and mounted in Aqueous

MountingMedia containing 100 mg/ml DAPI. Images representing 0.8 mmoptical slices were acquired with a Zeiss LSM 700 confocal

scanning microscope using automated tiling over several z-stacks to cover whole thickness and length of neuronal cell body and

axon. Maximal intensity projections were processed using ImageJ software. Fluorescence intensities for proximal axons were deter-

mined bymanually tracing 75-100 mmof the axon immediately adjacent to the cell body (0 umposition is at soma), and for distal axons

by manually tracing 75-100 mm from the axon tip (0 um position is at the axon terminal). Average fluorescence intensities were then

calculated and normalized to the fluorescent intensities in cell bodies. Total of 19-21 neurons were analyzed per condition per

experiment.

Neuronal Counts
Neuronal counts were performed as previously described (Patel et al., 2015). In brief, torsos of P0.5 mice were fixed in 4%PFA/PBS

overnight and cryoprotected in 30% sucrose/PBS for 48 hr. Torsos were then mounted in OCT and serially sectioned (12 mm). Next,

every fifth section was stained with solution containing 0.5% cresyl violet (Nissl). Cells in both SCGs with characteristic neuronal

morphology and visible nucleoli were counted using ImageJ.

Neuron Survival
Sympathetic neurons were cultured in the absence of NGF for 3 days under the following conditions-without boc-aspartyl(O-methyl)-

fluoromethylketone (BAF), a broad-spectrum caspase inhibitor, BAF (50 mM) alone, BAF (50 mM) + FTI-277 (100 nM), or BAF (50 mM) +

GGTI-2133 (75 nM). Neurons were fixed in 4%PFA/PBS for 30 minutes at room temperature, washed extensively with PBS, then

blocked in 5%Goat Serum/1%BSA/0.1%Trition X-100/PBS for 1 hr. Neurons were incubated overnight with rabbit anti-cleaved Cas-

pase3 (1:200) and mouse anti-b-III-tubulin (1:500) overnight in block. After PBS washes, anti-mouse 488 and anti-rabbit 546 second-

aries. Neurons were imaged using Zeiss LSM 700 with 0.8 mm sections, 60-100 neurons were imaged per condition in each

experiment.

Axon Growth
For assessing axon growth, neurons isolated from P0.5 rats were grown in Campenot chambers for 7-9 days. Neurons were either

completely deprived of NGF or NGF (50 ng/ml) was added only to distal axons. BAF (50 mM)was also included to allow assessment of

axon growthwithout the complications of cell death. For compartmentalized inhibition of prenyltransferases, rat sympathetic neurons

in compartmentalized cultures were treatedwithGGTI-2133 (75 nM) or FTI-277 (100 nM) added either exclusively to cell body or distal

axon compartments. Phase contrast images of axonswere captured using a Retiga EXi camera in 24-hr intervals for 3 days on a Zeiss

Axiovert 200 microscope. Axon growth rate was measured using Openlab 4.0.4 for an average of 30-60 axons per condition. Axons

were fixed in 4% PFA and stained with b-III-tubulin for representative images following experiments.
Developmental Cell 53, 1–15.e1–e7, June 22, 2020 e6



ll
Article

Please cite this article in press as: Scott-Solomon and Kuruvilla, Prenylation of Axonally Translated Rac1 Controls NGF-Dependent Axon Growth,
Developmental Cell (2020), https://doi.org/10.1016/j.devcel.2020.05.020
Compartmentalized cultures from P0.5-P6 Rac1fl/fl mice were infected with adenoviruses expressing GFP, Cre, Cre + Rac1-L,

Cre + Rac1-S, or Cre + Rac1-L-C189S after axons had extended into the side compartments (7-10 days in vitro). Axon growth

was then assessed in response to axon-applied NGF (50 ng/ml) in 24 hr intervals for 48 hr, as described above.

Immunostaining
P0.5 mouse sections (12 mm) from TH-Cre;TdTomato reporter mice were permeabilized with 0.5% Triton X-100 in Phosphate Buff-

ered Saline (PBS) and blocked using 3%BSA/PBS/0.5%Triton X-100. Sections were then incubatedwith rabbit anti-GGTase I-a anti-

body (1:200) overnight. Following PBSwashes, sections were incubated with anti-rabbit Alexa-488 secondary antibody (1:200). Sec-

tions were then washed in PBS and mounted in Fluoromount Aqueous Mounting Medium containing 100 mg/ml DAPI. Images

representing 0.8 mm optical slices were acquired using a Zeiss LSM 700 confocal scanning microscope.

P0.5 rat SCGs were grown as explants or dissociated sympathetic neuron cultures on poly-d-lysine and laminin-coated glass cov-

erslips. Neurons were fixed for 30min. at room temperature in 4%Paraformaldehyde (PFA) in Phosphate Buffered Saline (PBS). Cov-

erslips were washed with PBS and blocked in 3%BSA/0.1%Triton X-100/PBS or 5%Goat Serum/1%BSA/0.1% Trition X-100/PBS

for 1 hr. Explants or dissociated neurons were incubated overnight with b-III-tubulin (1:500) or GGTase I-a (1:200). After washes with

PBS, neurons were incubated with anti-rabbit-488 or anti-mouse-546 secondary antibodies. In immunostaining for GGTase I-a, 5-

(4,6-dichlorotriazinyl) aminofluorescein (DTAF), a reactive dye that labels amines in proteins, was added at 1:10,000 (stock 10mg/ml)

for 1 hr as a counterstain, prior to adding the primary antibody. Neurons were thenmounted in AqueousMountingMedium containing

100 mg/ml DAPI. Images representing 0.8 mm optical slices were acquired using a Zeiss LSM 700 confocal scanning microscope.

iDISCO and Whole Mount Immunostaining
iDISCO-based tissue clearing for whole mount immunostaining of organs from P0.5 mice was performed as previously described

(Renier et al., 2014). Briefly, kidneys and hearts were fixed in 4%PFA/PBS, then dehydrated by methanol series (20-80%) and incu-

bated overnight in 66%dichloromethane (DCM)/33%methanol. Samples were then bleachedwith 5%H2O2 inmethanol at 4�Cover-

night, then re-hydrated and permeabilized first with 0.2%TritonX-100 followed by overnight permeabilization with 0.16% TritonX-

100/20%DMSO/0.3M glycine in PBS. Samples were incubated in blocking solution (0.17% TritonX-100/10% DMSO/6% Normal

Goat Serum in PBS) for 8 hr, and then incubated with rabbit-anti-TH (1:200) in 0.2% Tween-20/0.001% heparin/5% DMSO/3%

Normal Goat Serum in PBS at 37�C for 48 hr. Samples were thenwashedwith 0.2%Tween-20/0.001%heparin in PBS and incubated

with anti-rabbit Alexa-546 secondary antibody (1:400) in 0.2% Tween-20/0.001% heparin/3% Normal Goat Serum in PBS. After

48 hr, organs were extensively washed with 0.2% Tween-20/0.001% heparin in PBS and dehydrated in methanol. Samples were

cleared by successive washes in 66% DCM/ 33%methanol, 100% DCM and 100% Dibenzyl Ether. Organs were imaged on a light-

sheet microscope (LaVision BioTec Ultra Microscope II). Imaris was used for 3D manipulations. Total axon lengths and number of

branch points were quantified using Imaris Filament Tracer and normalized to total organ volume.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sample sizes were similar to those reported in previous publications (Bodmer et al., 2011; Yamashita et al., 2017). Data were

collected randomly. For practical reasons, analyses of neuronal cell counts and axon innervation in mouse tissues were done in a

semi-blinded manner such that the investigator was aware of the genotypes prior to the experiment, but conducted the staining

and data analyses without knowing the genotypes of each sample. All Student’s t tests were performed assuming Gaussian distri-

bution, two-tailed, unpaired, and a confidence interval of 95%. One-way or two-way ANOVA analyses with post hoc Tukey test were

performed when more than two groups were compared. For data in which more than two groups were normalized and compared,

one-way ANOVAwith Dunnett’smultiple comparisons andmultiple t-tests with Bonferroni-Dunn’s correction were used for statistical

tests (Lew, 2007). Statistical analyses were based on at least 3 independent experiments, and described in the figure legends. All

error bars represent the standard error of the mean (s.e.m.).
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