Check for
updates

Integrins protect sensory neurons in models of
paclitaxel-induced peripheral sensory neuropathy

Grace Ji-eun Shin®"

, Maria Elena Pero®*, Luke A. Hammond?
Samantha E. Galindo®®, Tanguy Lucas®®, Francesca Bartolini®®, and Wesley B. Grueber

, Atul Kumar®,
a,d,e

, Anita Burgos®

@Zuckerman Mind Brain Behavior Institute, Jerome L. Greene Science Center, Columbia University, New York, NY 10027; PPathology & Cell Biology,
Columbia University, New York, NY 10032; “Department of Veterinary Medicine and Animal Production, University of Naples Federico II, 80137, Naples, Italy;
dPhysiology and Cellular Biophysics, Columbia University, New York, NY 10032; and Neuroscience, Columbia University, New York, NY 10027

Edited by David D. Ginty, Harvard Medical School, Boston, MA, and approved February 24, 2021 (received for review April 19, 2020)

Chemotherapy-induced peripheral neuropathy (CIPN) is a major side
effect from cancer treatment with no known method for prevention
or cure in clinics. CIPN often affects unmyelinated nociceptive sensory
terminals. Despite the high prevalence, molecular and cellular mech-
anisms that lead to CIPN are still poorly understood. Here, we used a
genetically tractable Drosophila model and primary sensory neurons
isolated from adult mouse to examine the mechanisms underlying
CIPN and identify protective pathways. We found that chronic treat-
ment of Drosophila larvae with paclitaxel caused degeneration and
altered the branching pattern of nociceptive neurons, and reduced
thermal nociceptive responses. We further found that nociceptive
neuron-specific overexpression of integrins, which are known to sup-
port neuronal maintenance in several systems, conferred protection
from paclitaxel-induced cellular and behavioral phenotypes. Live im-
aging and superresolution approaches provide evidence that pacli-
taxel treatment causes cellular changes that are consistent with
alterations in endosome-mediated trafficking of integrins. Paclitaxel-
induced changes in recycling endosomes precede morphological de-
generation of nociceptive neuron arbors, which could be prevented
by integrin overexpression. We used primary dorsal root ganglia
(DRG) neuron cultures to test conservation of integrin-mediated pro-
tection. We show that transduction of a human integrin p-subunit 1
also prevented degeneration following paclitaxel treatment. Further-
more, endogenous levels of surface integrins were decreased in
paclitaxel-treated mouse DRG neurons, suggesting that paclitaxel dis-
rupts recycling in vertebrate sensory neurons. Altogether, our study
supports conserved mechanisms of paclitaxel-induced perturbation of
integrin trafficking and a therapeutic potential of restoring neuronal
interactions with the extracellular environment to antagonize
paclitaxel-induced toxicity in sensory neurons.
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hemotherapy-induced peripheral neuropathy (CIPN) is a
prevalent adverse effect of treatment in cancer patients and
survivors (1). CIPN significantly impacts quality of life as damage
to sensory nerves may be permanent, and is often a dose-limiting
factor during cancer treatment (2-4). Patients with CIPN report
pain-related symptoms, including allodynia, hyper- or hypoalgesia,
or pain that can be more severe than the pain associated with the
original cancer (4). Despite increasing data on agents that protect
sensory nerves, our limited understanding of the mechanisms of
CIPN impedes effective treatment (5). Studies from model systems
may be helpful in identifying molecules that protect sensory neuron
morphology and function from the effects of chemotherapeutics.
In the present study, we explored the mechanisms of CIPN in-
duced by paclitaxel using two established models: Drosophila larval
nociceptive neurons (6, 7) and primary dorsal root ganglia (DRG)
neurons isolated from adult mouse (8). Similar to other peripheral
neuropathies, CIPN models using paclitaxel, bortezomib, oxalipla-
tin, and vincristine report changes in unmyelinated intraepidermal
nerve fibers (IENFs) that detect painful or noxious stimuli (9-14).
These small fibers are embedded in the epidermis, and continuously
turn over coincident with the turnover of skin (9, 15). Drosophila
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class IV nociceptive neurons are a favored model for genetic studies
of nociceptive neuron development and signaling mechanisms (16).
Prior studies showed that class IV neuron morphology is sensitive to
paclitaxel and demonstrated morphological changes of nociceptive
neurons at the onset and the end stage of paclitaxel-induced pa-
thology (6, 7). Specifically, chronic treatment of high doses (30 pM)
induce fragmentation and simplification of branching of sensory
terminals (6). Additionally, acute treatments of moderate doses
(10 to 20 pM) induced hyperbranching of sensory arbors without
changing the branch patterns or degeneration (7). Nociceptive
neurons in Drosophila larvae detect multiple qualities of noxious
stimuli (17, 18), and project naked nerve terminals that are par-
tially embedded in the epidermis (19, 20). Larvae have a stereo-
typed behavioral response toward noxious stimuli that can serve as
a readout of nociceptive neuron function (17, 21). Nociceptive
neurons in Drosophila larvae may therefore serve as a good in vivo
model to study morphological and functional changes to sensory
neurons induced by chemotherapeutics.

Paclitaxel binds to tubulin and prevents microtubule disassem-
bly. It is a commonly used chemotherapeutic drug for treatment of
solid cancers, such as breast, ovarian, and lung cancers, by virtue
of its ability to inhibit cell division. Paclitaxel causes chronic sen-
sory neuropathy in patients and animal models (22-24). Several
CIPN animal and in vitro models have also revealed acute effects
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of paclitaxel (7, 8, 24-26). While the mechanisms of acute and
chronic neurodegeneration are likely to be distinct (27), how long-
term treatment of paclitaxel can affect sensory neuron morphol-
ogy and function, and how neuronal arbors can be protected
against long-term toxicity is not understood.

Several studies have shown that nociceptive sensory terminals
share a close relationship with specific extracellular structures,
most notably epidermal cells and the extracellular matrix (ECM).
Thus, in addition to direct effects on neurons, paclitaxel could
conceivably destabilize terminals by disrupting relationships with
the extracellular environment. Indeed, a study in zebrafish indi-
cates that epidermal cells are directly affected by paclitaxel and
that epidermal changes precede neuronal degradation, indicating
that degradation of neuronal substrates contributes to degenera-
tion of adjacent arbors (25). For the most part, however, extra-
cellular contributions to neuropathy induced by chemotherapeutics
are still poorly characterized. It is therefore important to determine
how sensory terminals are maintained in the context of a dynamic
extracellular environment that itself may be sensitive to chemo-
therapeutics. Integrins are a key mediator of the interaction be-
tween cells and the ECM, and impact dendrite stabilization and
maintenance in both vertebrate and invertebrate systems (20, 28,
29). Prior studies in other systems indicate that integrin levels at
the surface are maintained by continuous recycling via tight regu-
lation of the endosomal pathway rather than degradation and de
novo synthesis (30). Decreased recycling or increased degradation
could lead to depletion of the surface receptors (31, 32) responsible
for arbor maintenance and, in turn, degeneration of nociceptive
terminals. We therefore explored whether integrin~-ECM interac-
tions may impact sensory neuron maintenance upon paclitaxel-
induced toxicity and how the endosomal-lysosomal pathway may
be linked to the maintenance of sensory neurons.

Here, we have used Drosophila and isolated mouse DRG
neurons to investigate the pathological effect of paclitaxel in
sensory neurons. Morphological changes in Drosophila neurons
occurred at paclitaxel doses that also caused changes in thermal
nociceptive behaviors. Cell-specific overexpression of integrins
protected nociceptive neurons from morphological alterations
and prevented the thermal nociceptive behavior deficits caused
by paclitaxel in Drosophila. Transduction of integrins also pro-
tected adult mouse DRG sensory neurons from paclitaxel-induced
toxicity in vitro, indicating that integrin-mediated protection is
conserved in a vertebrate model of CIPN. We provide evidence that
paclitaxel alters intracellular trafficking in both Drosophila and
mouse models of CIPN. Furthermore, our biochemical analysis
indicates a reduction of integrin surface availability, suggesting
paclitaxel-induced recycling defects in mouse DRG neurons in vitro.
Our study suggests that altered interactions between sensory neurons
and their extracellular environment are an important contributor to
paclitaxel-induced neuronal pathology, and that preventing these
changes may offer a therapeutic approach.

Results

Paclitaxel Alters the Branching Pattern of Drosophila Nociceptive
Neurons. We first sought to confirm and extend prior results on
the effect of paclitaxel on Drosophila sensory dendrites using high-
resolution analysis of terminal morphology. We administered
paclitaxel (10, 20, and 30 pM) in food beginning from 24 to 28 h
after egg laying (AEL; early first instar). By this stage, dendritic
arborization (da) sensory neurons have completed axon pathfind-
ing and formed major peripheral dendrite branches (33). All of
these paclitaxel concentrations were previously used as models for
CIPN (6, 7). We dissected treated larvae at the late third-instar
stage. Survival of larvae treated with 30 pM was rare (<5% survival
rate by third instar stages), but animals tolerated 10 and 20 pM well
and often survived past third instar stages. The da neuron branches
still broadly covered their territories in larvae fed 10 and 20 pM
(Fig. 1 A-C), but neurons showed clear morphological changes,
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such as predegenerative varicosities and fragmentation resembling
phenotypes reported in vertebrate models (9, 24) (Fig. 2 and S/
Appendix, Fig. S1). Nociceptive neurons in animals treated with
10 pM did not show an overt change in branching pattern. In
contrast, 20-uM treatments induced marked changes in branching
patterns (Fig. 1 D, E, and G). Peripheral arbors were sporadically
clumped and patchy in proximal regions of the arbor and depleted
in more distal regions (Figs. 1 A-C, 2 A, C, and C’, and SI Ap-
pendix). We developed an analysis to compare branch density and
how density is distributed across the dendritic field. Density anal-
ysis revealed that control nociceptive arbors have a clear maximal
peak density, indicating a relatively even and uniform field cover-
age (Fig. 1D and SI Appendix, Fig. S24).

In contrast, paclitaxel dose-dependently increased overall lo-
cal density of nociceptive arbors and the density distribution
lacked a clear peak (Fig. 1D and SI Appendix, Fig. S2 B and C).
Thus, paclitaxel treatment leads to a more heterogeneous dis-
tribution of dendrites. By plotting density according to the dis-
tance from soma, we found that paclitaxel caused an increase in
proximal branch density (Fig. 1E), which was also supported by
Sholl analysis (SI Appendix, Fig. S2E). Neither concentration of
paclitaxel caused a change in total dendrite length compared to
control (Fig. 1F). In contrast, we found that 20 pM caused a robust
increase in the number of total dendrite branch points (P < 0.001),
compared to a modest increase observed with 10-uM treatment
(P = 0.1006) (Fig. 1G). Thus, to explore the events that may pre-
cede degeneration of nociceptive arbors, we used both 10 and
20 pM, and used 20 pM of paclitaxel to further study the effects on
nociceptive arbor branching pattern and degenerative changes.

Paclitaxel-Induced Changes Are Prevented by Cell-Specific Integrin
Overexpression in Nociceptive Sensory Neurons. In addition to
causing degeneration in nociceptive neurons, paclitaxel feeding
resulted in extensive branch crossing of cIV dendrites, indicating a
failure of self-avoidance (Fig. 2 4, C, C’, E, and F). Two parallel
mechanisms impact self-avoidance in Drosophila sensory dendrites.
Dscaml-mediated recognition between sister dendrites results in
repulsion and avoidance (34-36). In parallel, integrin receptors for
the ECM maintain dendrites in a mostly two-dimensional (2D)
arrangement on the epidermis by mediating substrate attachment
(19, 20). This placement ensures that dendrites come into contact
with one another as they grow, rather than grow over or under each
other in 3D (19, 20). The observed defect in self-avoidance caused
by paclitaxel raised the possibility that paclitaxel disrupts one of
these mechanisms that prevent dendrite crossing. Consistent with
this hypothesis, cooverexpression of aPS1 and PPS integrins in
nociceptive neurons lessened paclitaxel-induced dendrite crossing
(Fig. 2 B, D, D’, and E). These data suggest that paclitaxel com-
promises the link between dendrite processes and the ECM, which
can be compensated by increased levels of integrins.

Remarkably, integrin overexpression also largely rescued
paclitaxel-induced degenerative phenotypes (Fig. 2 D, D’, and F).
We compared this result with another cell adhesion receptor,
N-cadherin, which is known to promote cellular growth through
cell-cell interactions (37, 38). We found that N-cadherin over-
expression in nociceptive neurons partially prevented paclitaxel-
induced phenotypes but not to the same degree as integrins (S/
Appendix, Fig. S3). These results raise the possibility that integrin-
mediated attachment to the ECM substrate and, to a lesser degree,
cell—cell interactions through N-cadherin, can counterbalance the
effects of paclitaxel treatment.

Integrin Overexpression Prevents Paclitaxel-Induced Change in a Thermal
Nociceptive Response. Drosophila larvae show a stereotyped noci-
fensive escape behavior in response to thermal or mechanical
noxious stimuli. The escape sequence consists of C-shaped body
bending, lateral rolling, and fast escape crawl (17, 21, 39, 40). To
examine whether paclitaxel disrupts nocifensive responses, we
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Fig. 1. Paclitaxel causes changes in nociceptive neuron branch pattern in Drosophila. (A-C) Confocal micrographs from animals fed with vehicle control
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(VehCont, A) and two different concentrations of paclitaxel [PTX; 10 uM (B) and 20 pM (C)], harboring a nociceptive neuron driver and a marker (ppk1.9Gal4,
ppkcd4tdgfp). Data were collected from two independent experiments per condition, and a single cell was quantified per animal. (Scale bars, 100 pm.) (D and
E) Density analyses of animals treated with VehCont (n = 7) and two different concentrations of PTX (10 and 20 pM, n = 6 and 7, respectively). Branch density
is calculated as described in S/ Appendix, S| Materials and Methods and Fig. S2. The same data are used in D and E except data in E are plotted according to
distance from the neuronal soma. Mean of each segment in density analysis (D) is color-coded to show observed frequency (%). Statistical results from E are
shown in color-coded boxes. Top row: Veh Cont vs. PTX10; middle row: Veh Cont vs. PTX20; bottom row: PTX10 vs. PTX20. P < 0.05 (yellow), P < 0.01 (orange),
and P> 0.05 (gray). See also S/ Appendix, Table S1 for full list of statistical results. (F and G) Quantification of nociceptive neuron morphology. (F) Total neurite
length normalized against the area of the dendritic territory. (G) Neuron complexity measured by number of branch points normalized against total dendrite
length. Error bars denote SEM (E) and SD (F and G). Mixed effect analysis with Tukey’s multiple comparison posttest (D and E) and one-way ANOVA with

Tukey’s multiple comparison posttest (F and G).

administered paclitaxel at 1, 10, and 20 pM and induced escape
behavior using global heat stimulation. We observed a significant
decrease in nocifensive responses at 10 and 20 pM, but not at
1 uM (Fig. 34). To determine if paclitaxel exerted an effect pri-
marily on sensory neurons or downstream of primary nociceptors,
we manipulated the downstream circuitry (SI Appendix, Fig. S4).
We fed larvae paclitaxel and activated downstream circuitry by
expressing TrpA in Down and Back (DnB) interneurons, one of
the main downstream targets of larval nociceptive neurons (21).
Thermogenetic activation of DnB neurons elicits bending and
rolling behavior (21), so we predicted that direct activation of DnB
neurons would still be able to induce rolling behavior if the noci-
ceptive neurons were the major target of paclitaxel. Indeed, acti-
vation of DnB neurons effectively induced nociceptive behaviors
with and without paclitaxel feeding. Our results are consistent with
paclitaxel disrupting nociceptive behavior through action primarily
on sensory neurons; however, we cannot eliminate the possibility
that our thermogenetic activation approach may overcome dis-
ruptions to the interneurons.

We next examined whether integrin overexpression in nocicep-
tive neurons can restore nocifensive behavior in paclitaxel-treated
larvae. Without paclitaxel administration, we found that changes in
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the levels of integrins or overexpression of N-cadherin did not
strongly alter nociceptive responses relative to genotype controls
(SI Appendix, Fig. SS5) (integrin down-regulation P = 0.099; integrin
overexpression P = 0.676; Ncad overexpression P = 0.971). We
found some evidence for a dose-dependent relationship between
integrin levels and nocifensive responses, insofar as integrin
knockdown vs. overexpression led to differences in the number of
rolls initiated per nocifensive bout (P = 0.013). This effect on no-
ciceptive responses could conceivably be due to functional effects
arising from changes in the 3D positioning of arbors relative to the
epidermis, as has been described in a prior study (41). At both 10
and 20 pM of paclitaxel, overexpression of integrins in nociceptors
led to a stronger rolling response to noxious heat compared to
genotype controls (Fig. 3B). These results together suggest that
integrin overexpression in nociceptive neurons prevents functional
disruption in detecting noxious heat stimuli.

Effects of Paclitaxel on Endosomal-Lysosomal Pathways and Integrin
Trafficking in Drosophila. We next investigated the cellular changes
in neurons caused by paclitaxel treatment that could be offset by
augmenting integrin levels. Conceivably, these changes could in-
clude reduction in de novo integrin synthesis, reduced integrin
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Fig. 2. Cell-specific integrin overexpression prevents paclitaxel-induced morphological changes in nociceptive neurons in Drosophila. All animals harbor a
nociceptive neuron driver and a marker (ppk1.9Gal4, ppkcd4tdgfp) without UAS (indicated as genetic control) or UAS-aPST and UAS-APS (indicated as integrin
overexpressing). (A-D’) Confocal micrographs of nociceptive neurons from genetic control (genetic cont, A, C, and C’) and integrin overexpressing (IntOE B, D,
and D’) animals treated with vehicle (VehCont) or paclitaxel (PTX, at 20 pM). (C’ and D) Enlarged images of areas in C and D (yellow boxes) showing vari-
cosities (yellow asterisks) and branch crossings (red arrowheads). Data were collected from three to five independent experiments (n): genetic cont-VehCont
n =4 (10 animals), genetic cont-PTX20 n = 3 (9 animals), integrin overexpressing (IntOE)-VehCont n = 4 (8 animals), IntOE-PTX20 n =5 (15 animals). (Scale bars,
50 pm in A-D and 20 pm in C’ and D’). (E and F) Quantification of paclitaxel-induced phenotypes, branch crossing and degeneration (varicosities and
fragmentation), in nonterminal and terminal dendrites. Each data point represents a single cell from one larva (S/ Appendix, SI Materials and Methods). All
error bars represent SD. Kolmogorov-Smirnov test (E, nonterminal; F, terminal), one-way ANOVA with Tukey’s multiple comparison posttest (E, terminal), and
Brown-Forsythe and Welch’s ANOVA with Dunnett’s T3 multiple comparison posttest (F, nonterminal). See also SI Appendix, Table S1 for full list of

statistical results.

recycling, and increased integrin degradation. We therefore in-
vestigated potential changes caused by paclitaxel in endosomal
and lysosomal pathways in nociceptive neurons in Drosophila. To
assess overall changes in the endocytic pathway, we chose two
markers that label distinct populations of endo-lysosomal vesicles,
the small GTPase Rab4 and the transporter protein Spinster
(Spin) (42, 43). Rab4 mediates the early endosome to recycling
endosome transition and is found in both early and recycling
endosomes (43, 44). Spin plays a critical role in the autophagy-
lysosome transition and is found in late endosomes, lysosomes,
and autophagosomes (42, 45).

We expressed Rab4-RFP and Spin-RFP in nociceptive neurons
and monitored their dynamics in primary neurites in late third-
instar larvae. High-resolution time-lapse imaging (SI Appendix, SI
Materials and Methods) revealed bidirectional trafficking of Rab4™
and Spin* endosomes of various sizes and speeds (Fig. 4 A and
B’). We found that effects on Rab4 and Spin trafficking were
evident with both 10 and 20 pM chronic paclitaxel treatment
(Fig. 4 C-I), indicating changes in both recycling and lysosomal
pathways. Chronic paclitaxel treatment caused a higher portion of
Rab4™ vesicles to become stationary at the expense of both an-
terograde and retrograde motility (Fig. 4 C, C’, and E), with the
motile pool of Rab4* vesicles showing a reduced velocity and a
higher frequency of direction switching (Fig. 4 F and G). Motile
vesicles showed a significant reduction in density, whereas pacli-
taxel treatment modestly reduced the density of stationary vesicles
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(Fig. 4H) (VehCont vs. PTX10: P = 0.291 and VehCont vs.
PTX20: P = 0.200). In addition, both 10 and 20 pM paclitaxel
caused a marked enlargement of some nonmotile Spin™ vesicles
(Fig. 4 D, D’, and I). Together, our results suggest disruptions in
both recycling and lysosomal pathways by paclitaxel.

We next tested whether changes to the endosomal-lysosomal
pathway could affect trafficking of integrins following chronic
paclitaxel treatment. To examine whether the intracellular lo-
calization of integrins is changed by paclitaxel administration, we
expressed YFP-Rab4, and coexpressed the o- and p-integrin
subunits, aPS1 and BPS, in nociceptive neurons (Fig. 47). We
labeled YFP-Rab4 and BPS integrins, and used superresolution
microscopy (46) to quantify their colocalization in soma, den-
drites, and proximal axon. Soma volume was comparable be-
tween control and paclitaxel-treated cells (Fig. 4K). Rab4 density
showed a modest decrease (P = 0.062), whereas the number of
Rab4 vesicles that colocalized with integrins showed a stronger
decrease upon paclitaxel treatment, particularly in dendrites
(Fig. 4 L-P). These results suggest that paclitaxel disrupts traf-
ficking of Rab4-mediated recycling endosomes carrying integrins
in nociceptive arbors. We cannot exclude the possibility that
changes in levels of protein synthesis or degradation contribute
to these observations. However, our results suggest that these
intracellular changes could affect the amount of integrins avail-
able on the surface to support nociceptive arbor maintenance.
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Fig. 3. Cell-specific integrin overexpression prevents paclitaxel-induced
functional changes in nocifensive behavior in Drosophila. Quantification of
nocifensive behavior evoked by global heat (40 °C). Quantification of
number of rolls within 30 s upon providing a thermal stimulus to the larva in
larvae fed vehicle alone (VehCont, w’’’® genotype) (A), genetic control
(genetic cont, lacking UAS), and nociceptive neuron specific integrin over-
expressing (IntOE) larvae (B). Each data point represents a single larva. Data
were collected from six (A) and seven (B) independent experiments, re-
spectively. All error bars denote SD. Kolmogorov-Smirnov test.

Endosomal Changes Precede Early Morphological Hallmarks of
Degeneration. Next, we examined whether changes in intracellu-
lar trafficking precede or follow morphological degeneration of
nociceptive terminals. Instead of chronically treating larvae with
paclitaxel (Fig. 4), we administered paclitaxel at 20 pM for either
48 h or 72 h and quantified changes in morphology (Fig. 5 A-D
and SI Appendix, Figs. S6 and S7). For Rab4, 72-h, but not 48-h,
administration of paclitaxel frequently induced varicosities in
higher-order branches, but only rarely induced severe degener-
ation in either genetic control or Rab4-expressing nociceptive
neurons (Fig. 5 B-D and SI Appendix, Figs. S6 and S7). Thus, we
consider 48 h as a stage prior to paclitaxel-induced emergence of
morphological degeneration and studied paclitaxel effects on Rab4
trafficking at this time point. In contrast, Spin-expressing neurons
showed degeneration phenotypes in vehicle control (Fig. 5 B and D
compared to SI Appendix, Fig. S8 A and B) and showed a modest
increase in both degeneration and branch crossing phenotypes (S1
Appendix, Fig. S8) at 48 h. Due to disruptions caused by Spin alone,
we were not able to dissociate degeneration and trafficking defects
and compared effects of paclitaxel to baseline degeneration phe-
notypes at 48 h.

To investigate potential changes preceding morphological de-
generation caused by paclitaxel, we monitored the trafficking of
Rab4 and Spin in primary neurites treated with paclitaxel for 48 h.
Acute changes in Rab4 and Spin were similar to the phenotypes
observed in animals chronically treated with paclitaxel (Figs. 4 and
5 and SI Appendix, Fig. S9). We found that the total number of
Rab4 puncta was reduced upon paclitaxel administration and a
higher portion of Rab4™* vesicles became stationary (Fig. 5 E-G).
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For Spin, paclitaxel caused a significant enlargement of Spin*
vesicles by 48 h (SI Appendix, Fig. S9 D and F).

Overexpression of integrins affected these vesicles differently
following 48-h paclitaxel administration. Cooverexpression of
integrins with Rab4 prevented paclitaxel-induced changes in Rab4
(81 Appendix, Fig. S9 A-C), whereas coexpression of integrins and
Spin did not rescue the enlargement phenotype (SI Appendix, Fig.
S9 E and F). Together, our results suggest that paclitaxel-induced
intracellular trafficking changes precede morphological degener-
ation rather than emerge as by-products of the morphological
changes caused by chronic paclitaxel administration. Furthermore,
integrins appear to impact trafficking of Rab4* vesicles, providing
a possible mechanism of integrin-mediated protection in a
CIPN model.

ITGB1 Transduction in Adult Mouse DRG Neurons Prevents Axon
Degeneration. We next asked whether effects on endosomal-
lysosomal pathways and integrin-mediated protection from pacli-
taxel are also observed in vertebrate neurons. First, we examined
the effect of paclitaxel treatment on Rab4 endosomes and Lamp1
lysosomes. Consistent with our findings in Drosophila, we found
that the motility of Rab4™ and Lamp1™ vesicles is altered prior to
morphological degeneration of mouse DRG neurons (SI Appen-
dix, Figs. S10 and S11). We next asked whether integrin-mediated
protection from paclitaxel is also observed in mouse DRG neurons.
Since augmentation of a single integrin subunit can recruit en-
dogenous subunit partners (47, 48), we chose to transduce the
human integrin p1 subunit 1 (ITGB1), a major p-subunit in integrin
heteromeric dimers in adult rodent DRG neurons (49-51).
Lentivirus-mediated delivery of ITGB1 was carried out in adult
DRG neurons at 5 d in vitro (DIV) prior to treatment with either
vehicle or 50 nM paclitaxel for 72 h starting at 12 DIV, an ex-
perimental paradigm that had been previously shown to induce
early signs of axon degeneration and reduce axon growth (8). To
better capture the changes in the cells in culture and to avoid se-
lection bias, we sampled large areas (2 x 2 mm?) for quantification.
We found that treating DRG neurons with paclitaxel resulted in
axon loss and axon fragmentation (Fig. 6 4 and B’), as shown by a
significant decrease in total axon area and an increased degener-
ation index (the ratio between fragmented axon and total axon
areas) compared to control DRG neurons (Fig. 6 E and F and SI
Appendix, Fig. S12). Consistent with the protective capacity ob-
served in Drosophila nociceptive neurons, DRG neurons trans-
duced with ITGBI prior to paclitaxel treatment showed no change
in total axon area and a reduced degeneration index compared to
paclitaxel-treated control neurons (Fig. 6 E and F).

To examine whether integrin membrane trafficking is affected
by paclitaxel treatment in DRG neurons, we next performed a
surface biotinylation assay to measure total and surface levels of
ITGBI. Cell lysates were collected after 24, 48, and 72 h following
either vehicle or 50 nM paclitaxel treatment starting at 12 DIV.
We found that treating DRG neurons with paclitaxel did not
change total levels of ITGBI1 arguing against an effect of paclitaxel
on integrin de novo synthesis or turnover, but caused a significant
reduction of ITGBI1 localization at the cell surface at all observed
time points in vitro (Fig. 6 G-I). These results suggest a conserved
protective role for integrins in Drosophila and vertebrate CIPN
models.

Discussion

In this study, we used Drosophila larval sensory neurons and adult
mouse DRG neurons in culture to investigate the mechanisms of
sensory neuropathy induced by paclitaxel. We analyzed the mor-
phological changes induced by paclitaxel in sensory neurons, and
report quantitative changes in branch pattern arising from pacli-
taxel exposure. Cellular, genetic, biochemical, and behavioral
approaches suggest that integrin trafficking via the endosomal-
lysosomal pathway is disrupted in sensory neurons treated with
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Fig. 4. Paclitaxel affects endosomal-lysosomal pathways and changes integrin trafficking in Drosophila. (A-D’) Rab4-mRFP (A, A’, C, and C’) and
Spin-myc-mRFP (B, B, D, and D’) were expressed in nociceptive neurons using ppk1.9-Gal4. Rab4-RFP or Spin-RFP are shown in nociceptor peripheral dendrites
in still images. Movements are visualized by kymographs in animals treated with vehicle (VehCont) and paclitaxel (PTX). For paclitaxel-treated neurons, 10-
and 20-pM treatment resulted in qualitatively similar kymographs and only 20-uM-treated neurons are shown. Data were collected from two to four in-
dependent experiments (n): Rab4-VehCont n = 2 (three animals), Rab4-PTX10 n = 2 (two animals), Rab4-PTX20 n = 2 (six animals), Spin-VehCont n = 4 (nine
animals), Spin-PTX10 n = 2 (seven animals), and Spin-PTX20 n = 2 (three animals). (Scale bars, 10 um.) (E-H) Quantification of net Rab4 vesicle population
showing anterograde, retrograde, and stationary vesicles (£, VehCont n = 6, PTX10 n = 5, PTX20 n = 27, n denotes the number of individual kymographs), net
velocity (F, VehCont n = 247, PTX10 n = 26, PTX20 n = 167, n denotes the number of individual tracks), switch frequency (G, VehCont n = 639, PTX10 n = 91,
PTX20 n = 418, n denotes the number of individual tracks), and track density (H, VehCont n =6, PTX10 n =5, PTX20 n = 27, n denotes the number of individual
kymographs). (/) Quantification of Spin vesicle population occupancy in dendrites. An area corresponding to 20 frames with minimal animal movement was
selected from each kymograph. Fluorescent area under the curve was measured and normalized to distance selected for imaging. Each data point represents
a kymograph collected from live imaging (VehCont n = 21, PTX10 n = 25, PTX20 n = 14, n denotes for the number of individual kymographs). (J-P) YFP-Rab4
and integrins were coexpressed in nociceptive neurons by using the nociceptive neuron driver ppk1.9-Gal4 in animals treated with vehicle and paclitaxel
(20 pM). Soma, axon, and sensory dendrites were segmented for quantification. Data were collected from three independent experiments from vehicle and
paclitaxel-treated groups, respectively. Micrographs collected by using superresolution iSIM microscopy, visualizing integrin Bsubunit (PS) by antibody la-
beling (endogenous + overexpressed; magenta) and Rab4 by antibody labeling against GFP (overexpressed only; green), and maximum intensity z-projection
images are shown. Arrowheads denote colocalized puncta between integrin pPS and Rab4 (labeled white). (K-M) Soma volume (K), normalized density (per
volume) of Rab4 puncta (L), colocalized puncta between integrin PS and Rab4 in all segments combined (M). (N-P) Normalized density (per volume) of
colocalized puncta between integrin pPS and Rab4 in soma (N), axon (0), and dendrite (P). Each data point refers to a single cell used for quantification. (Scale
bars, 10 um.) (E-/) Data were plotted using Tukey’s box and whiskers. Kolmogorov-Smirnov test, one-way ANOVA with Tukey’s multiple comparison posttest,
or Brown-Forsythe and Welch’s ANOVA with Dunnett’s T3 multiple comparison posttest. (K-P) Lines refer to median. Kolmogorov-Smirnov test or Welch’s
t test. See also S/ Appendix, Table S1 for full description of statistical results.

6 of 11 | PNAS Shin et al.
https:/doi.org/10.1073/pnas.2006050118 Integrins protect sensory neurons in models of paclitaxel-induced peripheral sensory
neuropathy


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006050118/-/DCSupplemental
https://doi.org/10.1073/pnas.2006050118

1st [ 2nd  [STOR
A A A A A
0AEL  Collect Collect  Collect Live imaging
for chronic for 72h for 48h
(Fig. 4)
B genetic cont Rab4 C Rab4

genetic cont

VehCont

nociceptive neuron, 48 h
nociceptive neuron, 72 h

D E F G
150

g ‘(&3’ 1.51 1007 p<0.001

= p=0.008 p=0.007 — -

% p=0.014 p=0.015 g E p=0.012 <

E 100+ p=0.033 p<0.001 g 2 ‘:“‘;1-0‘ & 80

£2 8 B e

o5 2 © p=0222 g3 S

ﬁ 50 P=0.937 o © = é 4 % 60

@ ] o 0.5 =

g ° o =] e

- ¢3% 2887 < .

* T T T T T 40
vcpPpvcpP vcpPvc P X g 0/ —T— T

E | » vC P VvC P
48h  72h 48h 72h S — —
«© Rab4 (48h) Rab4 (48h)

genetic cont Rab4

cell body 10 ym

Fig. 5. Paclitaxel-induced endosomal changes precede early morphological hallmarks of degeneration in Drosophila. (A) Timeline of paclitaxel treatments
and live imaging. (B-D) Examples of micrographs and quantification of the integrity of nociceptive dendrites after paclitaxel treatments for 48 h (B) and 72 h
(C). All animals harbor a nociceptive neuron driver and a marker (ppk1.9Gal4, ppkcd4tdgfp) without UAS (genetic cont) or UAS-Rab4-mRFP (Rab4). (Scale bars,
20 pm.) Scale bars in the first panels of B and C apply to all subsequent panels. Yellow asterisks indicate varicosities and fragmentation. (D) Degeneration was
quantified using images collected from live animals. VC: vehicle control; P: 20 uM paclitaxel. Data were collected from genetic cont VC 48 h n = 2 (4 animals),
genetic cont-VC 72 h n = 2 (3 animals), genetic cont-P 48 h n = 2 (4 animals), genetic cont-P 72 h n = 2 (5 animals), Rab4-VC 48 h n = 4 (10 animals), Rab4-VC
72 h n=2 (7 animals), Rab4-P 48 h n = 2 (5 animals), and Rab4-P 72 h n = 2 (4 animals). Each data point represents a quantification of a single cell, two to three
cells collected from each animal. Error bars = SD. One-way ANOVA with Tukey’s multiple comparisons posttest. (E) Rab4-mRFP expressing nociceptive neurons
imaged after 48 h of 20 uM paclitaxel feeding. Movements are visualized by kymographs in animals treated with vehicle (VC) and paclitaxel (P). All larvae
were fed paclitaxel or vehicle for 48 h starting from the early third-instar stage. (F and G) Quantification of Rab4 vesicles. The number of total Rab4 vesicles is
reduced and the portion of stationary Rab4 increased in paclitaxel treated cells. Number of individual kymographs used: Rab4-VC n = 22, Rab4-P n = 50; one
to four kymographs were generated from each cell. Data were collected from Rab4-VC 48 h n = 4 (10 animals) and Rab4-P 48 h n = 2 (5 animals). Field size is
243 x 243 ym?, a full field of view using a 40x objective, including the center of a single cell.(F and G) All data were plotted using Tukey’s box and whiskers.
Unpaired t test.

paclitaxel, and that integrin overexpression counteracts the pro-
pensity of paclitaxel to disrupt sensory neuron maintenance. These
main findings were seen in both fly and vertebrate neurons. In
addition, we used DRG neurons to show that surface availability
of integrins is reduced by paclitaxel. We propose that one primary
neuropathic effect of paclitaxel in sensory neurons is to impact the
delivery of key cell adhesion receptors involved in interactions with
the extracellular environment by disrupting recycling pathways.
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This disruption could lead to deficits in arbor maintenance, and
eventually degeneration of sensory terminals.

Integrins Provide a Link between Sensory Neurons and the Extracellular
Environment. Because of their small caliber and location adjacent
to a highly dynamic epidermis, IENFs are highly sensitive pe-
ripheral sensory structures (9). Our data show that integrin traf-
ficking is impacted by paclitaxel and that augmenting integrin
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Fig. 6. ITGB1 overexpression prevents paclitaxel-induced degeneration in adult mouse DRG neurons in vitro. (A-D*) Micrographs of DRG neurons treated
with control virus and vehicle (A), control virus and paclitaxel (B), ITGB1 virus and vehicle (C), and ITGB1 virus and paclitaxel (D). (B”and D”). Enlarged images
of areas indicated by yellow boxes in B and D showing fragmentation (red arrowheads). Axons are labeled with NF200, which labeled axons of all sub-
population of DRG neurons in vitro. Data were collected from four independent experiments. (Scale bars, 200 pm in A-D and 100 pm B’ and D”.) (E and F)
Quantification of total area of axon (E) and axon degeneration (F) using a degeneration index measurement (degenerated area/total area of NF200 positive
signal), calculated across the entire image. Two nonoverlapping areas (2 x 2 mm?) were randomly selected from each well, and each data point refers to each
region of interest. (G-/) Detection and quantification of total and surface levels of ITGB1 in DRG neurons after paclitaxel treatment. A representative blot is
shown from three independent experiments. DRG neurons were treated with vehicle control (VC) and paclitaxel (P) and collected for surface biotinylation
labeling after 24, 48, and 72 h. Percent of ITGB1 surface expression at each time point is quantified for comparison. Data were collected from three inde-
pendent experiments. Error bars denote SD (E and F) or SEM (H and /). Kruskal-Wallis test with Dunn’s multiple comparison posttest (E), Kolmogorov-Smirnov
test or Welch's t test (F) and unpaired t tests (H and /). See also S/ Appendix, Table S1 for a full list of statistical results.
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levels may help to restore neuronal interactions with the extra-
cellular environment. A valuable next step would be assessing the
effect of integrin augmentation in preclinical models in vivo.
Given the accessibility of the peripheral environment, identifica-
tion of the ligands that are involved in this protection is an im-
portant goal for future studies. Alternative signaling pathways
could also contribute to integrin-mediated protection. For exam-
ple, during the development of larval nociceptive neurons integrins
colocalize with the conserved receptor tyrosine kinase Ret that is
required for regular patterning, dynamic growth, and adhesion of
dendritic branches (52, 53). Since adhesive roles for Ret and
integrins are conserved in vertebrates (54), it is possible that similar
receptors and ligands may interact with integrins to mediate inter-
actions between IENFs and their extracellular environment.

There are important distinctions between Drosophila sensory
dendrites and DRG axons, and indeed, we report distinct and
shared phenotypes for these processes upon treatment with pac-
litaxel. We propose that the ability of integrins to counter de-
generation in both systems is consistent with roles in both axons
and dendrites, and our findings argue for some generality in these
two models. Similarities could conceivably arise because periph-
eral sensory terminals share anatomical features such as naked
endings and a close relationship with a substrate comprised of
ECM. These features could render thin terminal sensory processes
more susceptible to toxins that disrupt the connection to the
ECM. The peculiarities of each system, as well as the in vivo vs.
in vitro execution of the experiments, likely underlie the distinct
paclitaxel-induced phenotypes we observed, such as branching and
self-avoidance in vivo in sensory dendrites. As with their role in da
neuron dendrites, integrins may play a critical role in maintaining
the peripheral processes of mature sensory neurons. Supporting
this hypothesis, the localization of tagged virally expressed or
endogenous integrins is limited to the somatodendritic compart-
ment in the mature CNS neurons, whereas integrins also traffic to
axons of adult DRG sensory neurons and retinal ganglion cells
(55-59).

Evidence that Endocytic Changes Caused by Paclitaxel Perturb Integrin
Recycling. Paclitaxel is a microtubule binding agent and interferes
with dynamic instability of microtubules required for mitosis in cell
division, leading to apoptosis of cancer cells (60). However, we
currently have a limited understanding of how paclitaxel-induced
changes disrupt intracellular transport in neurons and whether
such disruption contributes to peripheral neuropathy (8, 61-65).
Different studies consistently report that paclitaxel treatment re-
sults in changes to intracellular transport—including mitochon-
dria, microtubule motor proteins, and lysosomes—but there is no
strong consensus on the extent to which such changes contribute
to peripheral sensory neuropathy. Prior studies also indicate that
paclitaxel disrupts trafficking of specific intracellular cargos from
the nucleus, including RNA granules required for maintenance of
sensory terminals and nuclear encoded mRNA required for mi-
tochondrial function (26, 66).

In our present study, we provide evidence that paclitaxel disrupts
trafficking of recycling endosomes in Drosophila peripheral noci-
ceptive arbors and adult mouse neurons in vitro. Specifically, we
found a decrease in small GTPase Rab4 motility in both Drosophila
and mouse, which precedes morphological degeneration in both
systems. We also report a decrease in integrin colocalization with
Rab4 vesicles in Drosophila sensory arbors in vivo after chronic
paclitaxel treatment. Rab4 acts at the interface between early/
sorting endosomes and recycling endosomes, and is a key mediator
of integrin recycling (30, 67, 68). Perturbation of Rab4 motility and
availability would likely lead to reduced integrin recycling, as fur-
ther corroborated by our results indicating a reduction of ITGB1
surface expression levels in DRG neurons in vitro. Reciprocally, we
found that integrin augmentation prevents paclitaxel-induced Rab4
changes in Drosophila following acute treatment, suggesting an
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intracellular mechanism of integrin-mediated protection that may
ameliorate pathological progress by influencing vesicular traffick-
ing. Given the disruption of integrin delivery to the cell surface in
DRG neurons, augmentation of integrins may increase the proba-
bility that integrins reside in the membrane, facilitating the main-
tenance of the neuron-ECM link. Additionally, our data suggest
that increased integrins in endosomes may affect their trafficking or
downstream signaling events, ultimately changing integrin delivery
and function (69). Using two complementary models, our study
supports a conserved mechanism of pathology and protection by
integrins. Strikingly, in both Drosophila larval sensory neurons and
adult DRG neurons, paclitaxel treatment leads to disruption of
integrin membrane trafficking, and augmentation of integrins was
sufficient to protect sensory neurons from paclitaxel. In addition to
other studies showing selective intracellular trafficking changes (26,
66), our results support a contribution of distinct endocytic changes
to paclitaxel toxicity.

We also found enlargement of Spin* vesicles in larval nocicep-
tive neurons upon paclitaxel treatment. The significance of lyso-
some enlargement to neuropathic changes is not currently known,
and our results indicate that they are unlikely to be directly linked
with integrin pathways. Prior studies have linked perturbation of
lysosomal degradation, lysosome enlargement, and progressive
neurodegeneration (45, 70-74). Several mechanisms could explain
the lysosome enlargement phenotype, including defects in lyso-
somal degradation machinery (72), failure in autophagic lysosome
reformation (45, 70), and defective endosomal-to-lysosomal
transport (71, 73, 74). Furthermore, while a prior study showed
that paclitaxel-induced neurotoxicity is independent of lysosome
trafficking in a mouse CIPN model in vitro (8), we found a de-
creased lysosome motility in DRG neurons starting from 24-h
paclitaxel treatment, a time point prior to morphological degen-
eration of DRG axons. This difference may reflect the timeline of
emergence of toxicity, different scoring methods, or dose-
dependent toxicity of paclitaxel: 25 nM (8) vs. 50 nM (present
study). Our current study does not prove causality between lyso-
somal changes and degeneration; however, it suggests that lyso-
somal changes might be a hallmark of CIPN pathology. Thus,
examination of whether paclitaxel impacts integrin recycling by
affecting lysosomal activity in chronic neuropathic conditions will
be an important goal for future studies.

A number of survival and maintenance factors are modulated
upon paclitaxel treatment. Paclitaxel reduces axonal localization
of the prosurvival factor Bclw, but not Bcl2 or Belx, in embryonic
sensory neuron culture (26). MMP13 was selectively activated in
epidermal cells but not in neurons upon paclitaxel treatment
(25). Similarly, integrins may be one of several cargos that are
reduced in the plasma membrane as a consequence of paclitaxel-
induced disruption in endo-lysosomal compartments. Integrin-
mediated pathways may be highly susceptible to these changes
because integrin surface abundance relies heavily on recycling and
integrins may be continuously required in dynamic cellular com-
partments, such as nociceptive terminals or the leading edge of
cancer cells (19, 20, 67, 68, 75). Surface proteomic analysis may
address the broader impact of paclitaxel on the levels of mem-
brane proteins required for maintenance of sensory neurons. Our
study provides motivation for further studies of membrane pro-
teins in CIPN.

Neuronal Substrate Interactions in CIPN. IENF density correlates
with the severity of sensory peripheral neuropathy in patients, and
the change in morphology serves as a strong predictor of symptoms
and prognosis in clinics (2, 11, 12, 76-80). In patients with chronic
peripheral neuropathy, axon terminals are present in the subepi-
dermal layer but absent in the epidermis (77). It is therefore critical
to understand the factors that help maintain terminal nerve fibers
and that could prevent their degeneration in CIPN. Our results
show that integrin supplementation promotes the maintenance of
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sensory terminals upon paclitaxel treatment in Drosophila and in
DRG neurons cultured in vitro, suggesting that integrins could be a
key factor in somatosensory terminal maintenance to counteract
CIPN. It will be essential to know whether these effects translate to
vertebrate axons in vivo targeting the epidermis. Notably, other
studies have shown that integrin levels can increase after neuron
injury, and levels correlate with regenerative ability (81). Differ-
ences in integrin levels between peripheral DRG neurons and
neurons in the CNS may correlate with different abilities of these
neurons to regenerate (55). Together, the present study and pre-
vious results suggest that integrins could be major determinants of
neuronal maintenance in different types of injuries in the nervous
system.

Currently, there is no effective method of preventing or treating
CIPN other than stopping chemotherapeutic treatment or
changing the chemotherapy regimen. Up to 80% of CIPN patients
treated with paclitaxel still report symptoms in the long term after
the cessation of chemotherapeutic treatment (22, 23). Limited
symptomatic relief is provided by opioid analgesics, antidepres-
sants, or anticonvulsants (23, 82). The in vivo Drosophila model to
study chemotherapeutic-induced changes in neurons has led to the
identification of integrins as a protective pathway effective also in
vertebrate sensory neurons in vitro. Accumulating evidence un-
derscores the importance of intrinsic mechanisms in preventing
neural degeneration, yet the efficacy of these approaches in rel-
evant in vivo contexts is poorly understood. The present study
provides evidence that changes in the ability of neurons to link to,
and interact with, the extracellular environment results in neuro-
pathic changes in multiple models. Further studies of substrate
interactions in these models might provide important insights into
the mechanisms, etiology, and treatment of CIPN.

Materials and Methods

Further details of materials and methods can be found in S/ Appendix,
SI Materials and Methods.

Larval Assay Set-up for Paclitaxel Treatment. Paclitaxel (Tocris Bioscience) was
diluted to 5 mM in ethanol, and fresh aliquots of paclitaxel were diluted to a
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