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Abstract  
 
Taxanes are chemotherapeutic agents that induce microtubule modifications in cancer cells, resulting in cell 
cycle modifications and tumor remission. Here we show that paclitaxel, a widely used taxane, also induces 
microtubule modifications in healthy epidermal keratinocytes leading to chemotherapy-induced peripheral 
neuropathy (CIPN). Paclitaxel activates the cell cycle regulator, Kinesin-5 (Eg5), which promotes microtubule 
detyrosination and fasciculation (dfMT). Eg5 loss protects neurons from paclitaxel neurotoxicity, whereas 
keratinocyte-specific overexpression promotes axon degeneration. In vivo imaging and 3D reconstructions of 
dfMTs and nuclei, combined with mechanotransduction studies further show that dfMTs constrict keratinocyte 
nuclei, leading to nuclear Nox-dependent reactive oxygen species (X-ROS) formation upstream of MMP-13 
and cutaneous sensory axon degeneration. This new insight facilitates our understanding of chemotherapy 
side effects and highlights the need for targeted therapies. 
 
 
Introduction 
 
A wide variety of chemotherapeutic agents, including paclitaxel (Brand name Taxol), cause sensory-dominant 
peripheral neuropathy1-8. Studies have shown that the earliest signs of degeneration are detected in the 
unmyelinated sensory neuron population that innervates the epidermis9. Symptoms can range from pain and 
tingling to temperature sensitivity and numbness originating in the hands and feet and progressing 
proximally10. One in every two chemotherapy patients suffers from chemotherapy-induced peripheral 
neuropathy (CIPN), and one in every three patients requires a dose reduction or discontinuation of this life-
saving treatment11, therefore decreasing the chance of survival. There are currently no treatments available to 
prevent or reverse CIPN. Recent research, including our own, has focused on the molecular mechanisms by 
which paclitaxel damages healthy cells. Putative mechanisms for paclitaxel neurotoxicity have been suggested 
based on rodent in vitro and in vivo studies10, including reduced local mRNA translation due to decreased 
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axonal microtubule transport and changes in mitochondrial functions12,13, leading to the deregulation of 
intracellular calcium dynamics and neuropeptide release in sensory neurons14. Also the induction of 
inflammatory cascades in rat dorsal root ganglion neurons following paclitaxel treatment involving chemokines, 
such as CXCL1/8/ MCP-1/CCL-2 and their cognate receptors has been described15. Our own studies in 
zebrafish further discovered that paclitaxel initially damages epidermal keratinocytes prior to promoting 
cutaneous sensory axon degeneration16. We demonstrated that paclitaxel treatment stimulates the formation of 
reactive oxygen species (ROS) in epidermal keratinocytes, which induces Matrix-Metalloproteinase 13 (MMP-
13, collagenase-3) expression that results in extracellular matrix (ECM) degradation and axon 
degeneration16,17. We further showed that pharmacological inhibition of MMP-13 in zebrafish, rats, and mice 
rescues paclitaxel neurotoxicity and restores epidermal integrity. Studies in Drosophila and mice subsequently 
demonstrated that overexpression of the collagen-binding b-integrin 1 (ITGB1) in sensory neurons also 
rescues paclitaxel neurotoxicity18, consistent with a model in which paclitaxel induces MMP13 expression in a 
ROS-dependent manner, leading to epidermal collagen degradation and neuronal downregulation of integrin 
receptors. This in turn promotes axonal detachment from the ECM and axon degeneration. 
 
Here we investigated the mechanisms by which paclitaxel stimulates ROS formation in epidermal keratinocytes 
upstream of MMP-13. Because paclitaxel stabilizes microtubules, we reasoned that altered microtubule 
functions may play a role. Microtubules undergo a process of dynamic instability during which tubulin dimers 
polymerize and depolymerize via guanosine triphosphate (GTP)/guanosine diphosphate (GDP) cycling 
whereby bound GTP hydrolyses to GDP during microtubule catastrophe19. Paclitaxel inhibits this process and 
thereby stabilizes the microtubule lattice20. Studies have shown that stabilized microtubules are post-
translationally modified, or detyrosinated, via removal of the terminal tyrosine on a- tubulin by tubulin 
carboxypeptidase21, thereby exposing a glutamate residue22. The regulation of microtubule detyrosination 
(dMT) and the functional consequence in pathologies is poorly understood. Experiments in cardiomyocytes 
suggest that dMT formation decreases cell elasticity, and this may underlie heart disease23,24. Other studies 
have associated dMTs with a poor prognosis in cancers, such as breast cancer25, and linked them to 
neurological conditions like Alzheimer's disease26. Microtubules are known mechanotransducers that generate 
mechanical forces to create instructive signals for cell biological processes, including the regulation of cell 
polarity27, division28, and fate29. Chronic microtubule stabilization may inadvertently alter cellular signaling 
processes and promote pathological conditions. Altered mechanical tension in myocytes, for example, has 
been shown to activate Nox-dependent ROS formation, termed X-ROS23,24,30-34. Here we analysed 
mechanisms by which paclitaxel induces ROS formation in keratinocytes upstream of its neurotoxic effects, 
which identified Eg5 as a critical mediator. 
  
 
Results 
 
Paclitaxel treatment promotes microtubule detyrosination and fasciculation in epidermal keratinocytes. 
We first set out to determine whether paclitaxel treatment of larval zebrafish stimulates microtubule 
stabilisation. Stabilised microtubules undergo a modification whereby the terminal tyrosine residue is removed, 
leading to detyrosination (dMT)35, which is associated with particularly long-term stabilized microtubule 
populations36. Exposure of the penultimate glutamate residue can be detected using a GluTub antibody. Based 
on our previous findings showing that cutaneous axon degeneration is most prevalent in the distal caudal fin of 
zebrafish, which consists of two layers of epidermal keratinocytes that are infolded. Each of the two layers are 
innervated by unmyelinated axons of somatosensory neurons and mesenchymal cells are medially located 
between the infolded epidermis (Fig. S1a,b). This distal fin axon degeneration model was used in all 
subsequent studies. Caudal fin keratinocytes in vehicle (0.05% DMSO)-treated animals did not show stable 
microtubule populations following treatment for 3 and 96 hours (Fig. 1a-c). However, dMTs were visible in 
mesenchymal cells at 2 days post fertilization and could be distinguished by their elongate shape spanning 
multiple keratinocytes (Fig. 1c, S1a-c, Movie 1). Paclitaxel (22µM) treatment significantly promoted 
microtubule detyrosination in keratinocytes following long-term (96hr) but not short-term (3hr) treatment 
(normalized fluorescence intensity ratio: 3hr (2dpf), vehicle: 1.039±0.093 vs. paclitaxel: 1.197±0.053; 96hr 
(6dpf), vehicle: 1.203±0.115 vs. paclitaxel: 2.621±0.14)(Fig. 1b). Intriguingly, dMTs became fasciculated in a 
subset of keratinocytes and looped around the cell periphery, most prominently in the distal caudal fin in which 
axon degeneration commences16 (Fig. 1c, S1d, Movies S2,3). Microtubule detyrosination, fasciculation, and 
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looping (abbreviated as dfMT) was evident after 48hr paclitaxel treatment in ~45% of analysed animals, and in 
~90% after 96 hours, but never in vehicle controls, or after 3hr paclitaxel treatment (Fig. 1d, e). dfMT presence 
ranged from 0 to ~20 keratinocytes/100µm2/animal but on average, these were detected in 3.64±1.28 
keratinocytes/100µm2 following 48hr paclitaxel treatment, and in 7.7±1.6 keratinocytes/100µm2 following 96hr 
paclitaxel treatment (Fig. 1f). Also a low dose of paclitaxel (100nM) promoted dfMT formation, but the overall 
number of affected keratinocytes per animal was significantly lower compared with the high dose (100nM 
paclitaxel: 0.4±0.21 dfMT-positive keratinocytes/100µm2)(Fig. 1f), suggesting that the extent of dfMT formation 
is dose-dependent. Interestingly, despite the low number of keratinocytes harbouring dfMTs with 100nM 
paclitaxel, the fascicle width of dMTs was significantly enhanced (100nM paclitaxel: 6.0±0.49µm vs. 22µM 
paclitaxel: 3.4±0.17µm)(Fig. 1g). To determine if this phenotype was inherent to zebrafish or conserved in 
mammals, we analysed dfMT formation in the mouse epidermis. A single injection of either vehicle or 20mg/kg 
paclitaxel into mice (5-6 weeks) resulted in dfMT formation in a subset of suprabasal keratinocytes. These 
occasionally formed large cell clusters with rosette-like dfMTs connecting them (Fig. 1h). In contrast, vehicle-
injected control animals never showed dfMT formation although some degree of detyrosination was present. 
Together, these findings demonstrate that paclitaxel treatment promotes a dose-dependent dfMT formation in 
subpopulations of epidermal keratinocytes, which may contribute to H2O2 dependent MMP-13 expression and 
neurotoxicity. 
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Figure 1. Detyrosination and fasciculation of microtubules following paclitaxel treatment. (a) Experimental design 
for GluTub staining. (b) Normalized intensity ratios of GluTub stained microtubules in the caudal fin (see region of interest, 
ROI, arrowhead) shows significantly increased detyrosination following 96hr, but not 3hr, paclitaxel treatment compared 
with vehicle (0.05% DMSO) controls. GluTub staining was normalized to Hoechst33342 nuclear stain within each fin. (c) 
Strong GluTub labelling in linear mesenchymal cells at 2dpf following 3hr vehicle treatment (see Movie S1), which is 
absent in these cells in the presence of paclitaxel but instead axons are labelled. Diffuse dMT staining is present in the fin 
following 96hr vehicle treatment, whereas 96hr paclitaxel treatment shows dfMTs in keratinocytes (arrows, Movies S2,3). 
(d) Polar plots depicting orientation and shape of dMTs in the caudal fin (180°=proximal; 0°= distal fin) (n=4 animals/plot). 
(e) Significant increase in the percent animals with dfMTs after 48 and 96hr paclitaxel but not vehicle treatment (n³15 
animals/group). (f) Significant increase in the number of caudal fin keratinocytes per 100µm2 with dfMTs following 22µM 
paclitaxel treatment, while few keratinocytes harbour dfMTs when animals are treated with 100mM paclitaxel (n³17 
animals/group). (g) dfMTs in animals treated with 100nM paclitaxel for 96hr show increased fasciculation widths 
compared with 22µM paclitaxel treatment (n=5 animals/group). (h) Single injection of 20mg/kg paclitaxel into mice at 5 
weeks causes dfMT and rosette formation 48hr after the injection, assessed with alpha-tubulin staining. dfMT formation is 
evident in the suprabasal epidermis. 
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Paclitaxel promotes X-ROS formation via altered microtubule mechanotransduction. We next asked 
whether keratinocyte dfMT formation contributes to ROS production. ROS can be derived from two major 
sources within cells, mitochondria and membrane-bound NADPH oxidases. We hypothesized that 
keratinocyte-specific mitochondrial ROS (mitoROS) might be a source because we previously detected 
morphological changes in keratinocyte mitochondria following paclitaxel treatment17, and mitochondrial 
diseases have been linked to peripheral neuropathy37-39. To assess mitoROS levels in keratinocytes, we 
expressed tp63:HyPer-mito, a mitochondria-targeted genetic sensor for the ROS, hydrogen peroxide 
(H2O2)40,41. Treatment with paclitaxel for 3hr and 48hr, which is when cytoplasmic ROS are abundant16,42 did 
not significantly increase mitochondrial HyPer oxidation (3hr vehicle: 1.054±0.031 vs. paclitaxel: 1.252±0.066; 
48hr vehicle: 1.029±0.086 vs. paclitaxel: 0.972±0.2)(Fig. S2). This suggested that paclitaxel is not contributing 
to mitoROS formation and that NADPH oxidases are the likely source of ROS in keratinocytes, consistent with 
our previous findings that 3hr and 48hr paclitaxel treatment induces cytoplasmic H2O2 production16,17.  
 
NADPH oxidases were therefore an alternative source for ROS. The NADPH oxidase family consists of Nox1-5 
and Duox1/2, with Duox2 being species-dependent43 and Nox1-4 being activated by the subunit p22phox44,45. 
We first used quantitative PCR (qPCR) in zebrafish to analyse the expression of the two known epithelium-
specific NADPH oxidases, nox1 and duox, in addition to nox2, which was shown to be activated by 
mechanotransduction mechanisms in cardiomyocytes32. QPCR on whole larval zebrafish showed only nox1 
being significantly upregulated following 48hr paclitaxel treatment (fold-change from vehicle control: duox: 
1.63±0.23, nox1: 2.5±0.61, nox2: 1.35±0.12)(Fig. 2a). Immunofluorescence staining and 3D reconstruction of 
Nox1, and nuclear staining using Hoechst33342, further showed a time-dependent recruitment of Nox1 to the 
plasma membrane and nucleus in epidermal keratinocytes following paclitaxel, but not vehicle, treatment 
(membrane:cytoplasmic ratio, 48hr vehicle: 1.23±0. 04 vs. paclitaxel: 1.5±0.09; 120hr vehicle: 1.74±0.09 vs. 
paclitaxel: 2.63±0.29)(Fig. 2b)(Movies S4,5). These findings indicate that paclitaxel modulates Nox1 activity 
by promoting its subcellular translocation, which could be mediated by the altered mechanotransduction of 
dfMTs, consistent with findings in muscle cells.   
 
To test the hypothesis that paclitaxel induces Nox-dependent ROS formation by altering microtubule tension, 
we engineered a device (ZStretcher) that allowed us to exert tension on the zebrafish caudal fin via mechanical 
stretch while simultaneously being able to monitor ROS formation using time-lapse imaging (Fig. 2c). We 
reasoned that stretch in the presence and absence of paclitaxel modifies microtubule dynamics and this should 
impact ROS production in wildtype fish whereas Nox-deficient cyba-/- mutants do not produce ROS in response 
to stretch. The ZStretcher was designed to fit into the stage of an LSM880 confocal microscope (Zeiss) for 
imaging of live larval zebrafish mounted in agarose on a clear plastic film that can be stretched in 1mm 
increments using a software-controlled motor unit. First, we characterised the extent of stretch that was 
induced in wildtype transgenic Tg(tp63:GFP-CAAX)16 fish in which keratinocyte plasma membranes are 
fluorescently labelled. Comparison of vehicle-treated pre-and 15min post-stretch keratinocytes showed a 
significant increase in keratinocyte length, but not width, at the fin edge (keratinocyte length, medial fin: pre-
stretch: 27.99±0.97µm vs. post-stretch:  30.37±1.05µm; fin edge: pre-stretch: 30.35±1.36µm vs. post-stretch:  
36.46±2.04µm; keratinocyte width, medial fin: pre-stretch: 19.19±0.86µm vs. post-stretch: 19.01±0.69 µm, fin 
edge: pre-stretch: 11.62±0.59 µm vs. post-stretch:  13.52±1.16µm)(Fig. S3a). Subsequent fixation of stretched 
wildtype and cyba-/- mutant fish followed by immunofluorescence staining for alpha-tubulin confirmed stretching 
of microtubules in fin edge keratinocytes of vehicle-treated, but not in paclitaxel-treated, animals (Fig. S3b), 
confirming altered mechanical characteristics of stabilised microtubules. 
 
To further investigate whether paclitaxel in combination with stretch alters ROS formation, we performed HyPer 
imaging. Dual channel imaging of oxidized and unoxidized HyPer in 5min intervals for 90 minutes pre- and 
post-stretch showed that HyPer oxidation in vehicle control fish was relatively sluggish, with a maximum 
increase at ~80min post-stretch (HyPer ratio (505/420) pre- vs. post-stretch (max): 1.62 vs. 1.97)(Fig. 2d). 
Paclitaxel-treated animals (3hr treatment), in contrast, showed rapid HyPer oxidation that peaked between 10-
20min (HyPer ratio pre- vs. post-stretch (max): 1.49 vs. 1.75) and thereafter declined. As predicted, HyPer 
oxidation was Nox-dependent since stretching of cyba-/- mutants with and without paclitaxel treatment resulted 
in a 10-fold decrease in HyPer oxidation in the vehicle controls, and the absence of a response to stretch in the 
paclitaxel group (cyba-/-, vehicle: HyPer ratio pre- vs. post-stretch (max): 1.50 vs. 1.69 vs. paclitaxel: 1.25 vs. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 24, 2023. ; https://doi.org/10.1101/2023.05.22.541784doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.22.541784
http://creativecommons.org/licenses/by-nc-nd/4.0/


 6 

1.36). The remaining HyPer oxidation in vehicle-treated cyba-/- mutants suggests that changes in MT tension 
may also stimulate other P22phox-independent NADPH oxidases, such as Duox, or stimulate mitochondrial 
ROS production. This indicates that dfMTs promote X-ROS formation in keratinocytes following paclitaxel 
treatment. 
 
To further determine whether microtubule stretch enhances paclitaxel-induced axon degeneration in a Nox-
dependent manner, we compared the axon branch number in wildtype and cyba-/- fish treated with vehicle and 
paclitaxel either stretched or unstretched. Stretching was performed after 96hr treatment, followed by 2hr post-
stretch fixation, and staining for detection of acetylated tubulin in axons. Axon branch quantifications showed a 
significant decrease in axon branches in the caudal fin of wildtype paclitaxel-treated but not vehicle control fish, 
and no significant change was found within the cyba-/- group. While stretching slightly enhanced degeneration 
within wildtype animals, it was significantly rescued in paclitaxel-treated and stretched cyba-/- mutants (Fig. 2e). 
To determine whether Nox activation occurs upstream of MMP-13, we analysed mmp13 expression by qPCR 
in whole larval wildtype and cyba-/- mutant fish in the absence and presence of paclitaxel. Wildtype but not 
cyba-/- fish treated for 48hr with paclitaxel to stimulate axon degeneration displayed increased mmp13 
expression (Fig. 2f).  Together these data support a model by which paclitaxel-induced microtubule 
stabilization induces X-ROS formation and MMP-13 expression upstream of cutaneous sensory axon 
degeneration.  
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Figure 2. Mechanotransduction activates Nox1 upstream of MMP-13 and cutaneous axon degeneration. (a) 
Quantitative PCR (qPCR) shows significantly increased nox1 expression in 4dpf zebrafish following 48hr paclitaxel 
treatment (i.e. axon degeneration onset)(n=3 biological replicates with 10 animals per replicate). (b) Nox1 is distributed in 
the cytoplasm and nucleus of caudal fin keratinocytes when fish are treated with vehicle (0.05% DMSO) and translocates 
to the plasma membrane and clusters in the nucleus (arrow) following prolonged paclitaxel treatment (see Movies 4,5). 
Membrane:cytoplasmic ratio of Nox1 staining increases upon continued paclitaxel treatment (n³6 animals/group), similar 
to the nuclear:cytoplasmic ratio (n³9 animals/group). (c) ZStretcher design for simultaneous stretching and confocal 
imaging of live zebrafish. (d) Ratiometric HyPer imaging from 5min pre-stretch to 90min post-stretch in wildtype and cyba-
/- mutants treated either with vehicle or paclitaxel demonstrates faster activation dynamics for H2O2 production in wildtype 
animals treated with paclitaxel, whereas HyPer oxidation is largely reduced or absent in vehicle and paclitaxel-treated 
cyba-/- mutants, respectively (n=5 animals/group). (e) Prolonged paclitaxel, but not vehicle, treatment reduces the number 
of axon branches in the caudal fin of wildtype but not cyba-/- fish (n=6-9 animals/group). Stretch slightly enhances axon 
degeneration in wildtype fish treated with paclitaxel, but not cyba-/- fish. (f) qPCR demonstrates enhanced mmp13a 
(MMP13 homolog) expression in wildtype fish treated with paclitaxel, but not in cyba-/- mutants (n=10-20 animals/group in 
3 biological replicates).   
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Paclitaxel treatment stimulates cell cycle gene expression in the skin. We next sought to investigate the 
molecular mechanisms underlying paclitaxel-induced microtubule fasciculation. Because we previously 
identified that CIPN dependence on MMP-13 is conserved16,17, we analysed our mouse RNAseq dataset in 
which mice received four intraperitoneal injections of either vehicle or 2mg/kg paclitaxel every other day four 
times42. In this experiment, the skin was harvested on days 4, 7, 11, and 23 for comparisons of gene 
expression profiles (Fig. 3a). Peripheral neuropathy was correlated with these times points using von Frey 
behavioural testing, which determined that peak neuropathy was present at day 7 (D7). We further determined 
gene co-expression profiles (log2 fold-change: ³0.65)(Fig. 3b), followed by gProfiler enrichment analysis (Fig. 
3c). This identified several biological categories during peak neuropathy with the largest clusters being 
implicated in extracellular matrix organization (e.g. "ECM", "collagen-containing ECM", "collagen trimer") and 
cell cycle regulation (e.g. "outer kinetochore", "kinesin complex", condensed chromosome, centromeric region", 
"mitotic spindle", "microtubules"), consistent with our findings in zebrafish. Interactome analysis using 
STRING46 to predict protein association networks further identified major clusters involved in cell cycle 
regulation, which contained various kinesins, microtubule and nucleus regulators, as well as one cluster 
annotated as "disulfide bond", consistent with a role for oxidative signal activation47 (Fig. 3d). Given that 
paclitaxel is a known cell cycle checkpoint regulator48,49, we further analysed the expression of the known 
checkpoint regulators, Plk1, Cdc20, Ndc80, Bub1c, Dlgap5, which showed a co-upregulation from D7 onward 
(Fig. S4a). Additional genes in our data set that were significantly upregulated during peak neuropathy and 
formed a network included the mitosis regulating genes, including Cdk1, Aurka, Aurkb, and Kif11 (Fig. S4b). 
Kif11, which encodes Eg5 (also known as Kinesin-5), was especially interesting since 1) members of the 
Kinesin family are implicated in microtubule regulation and cell cycle progression50, 2) the implication of EG5 in 
the regulation of cytokinesis via its microtubule crosslinking activity51, consistent with our microtubule 
fasciculation phenotype, and 3) Eg5 inhibition in mice with the small molecule inhibitor, monastrol, has been 
shown to alleviate CIPN caused by bortezomib52. Besides Kif11, we also found other significantly upregulated 
Kif genes during peak neuropathy: Kif2c, Kif14, Kif15, Kif20a, Kif20b and Kif23 (Fig. 3e). We further analysed 
the expression profiles of several Nox family genes, which showed that Cyba and Cybb, the latter being 
specific to immune cells, were significantly upregulated at D23, whereas other genes, such as Nox1 and Nox4 
were slightly but not significantly increased at varying days (Fig. 3f), suggesting a primary regulation via post-
translational mechanisms, consistent with previous findings32,34,53. 
  
To determine the extent to which these findings are conserved in humans, RNAseq was conducted on three 
paclitaxel-treated breast cancer patients with CIPN and three age/sex-matched healthy controls. Upon 
enrolment, each participant completed a questionnaire and physical examination, followed by a full-thickness 
skin punch biopsy. The patients were diagnosed with CIPN 35 weeks (CIPN01), 31 weeks (CIPN02), and 5 
weeks (CIPN03) prior to the biopsy. After RNA extraction and processing, Illumina RNAseq analysis was 
performed, followed by heatmap and PCA plot generation using iDEP54. Differences in gene expression 
between the three CIPN patients and healthy controls were evident from these two analyses (Fig. 3g). Further 
enrichment analysis showed that the patients with their first CIPN diagnosis 31 and 35 weeks prior to the skin 
biopsy shared distinct gene clusters that separated from the patient with the most recent CIPN diagnosis (5 
weeks prior). Although KIF11 was upregulated in all three patients compared with the controls, the expression 
differences were not significant due to a strong expression increase in one of the CIPN patients (CIPN02). 
Differential gene expression analysis further identified several other significantly upregulated KIF genes (Fig. 
3h). STRING interactome analysis of upregulated KIF genes revealed that KIF11 serves as a central hub for 
these co-upregulated KIF genes (Fig. 3i). Expression analysis of NADPH oxidases identified NOX1 and CYBB 
as the most highly (but not significantly) upregulated genes in the paclitaxel-treated patient skin compared with 
healthy controls (Fig. 3j). Using the top 1,200 most variable differentially expressed genes, we further identified 
three major clusters with iDEP (Fig. S4c). The first cluster showed pathways downregulated in the CIPN 
patients, which included processes, such as "epithelium/epidermis development", "keratinocyte differentiation", 
"gluconeogenesis", and "lipid catabolic processes". The second cluster (B) harbored genes upregulated in the 
5-week CIPN patient skin, and these were involved in processes like "hydrogen peroxide catabolic process", 
"cell death", and "response to hydrogen peroxide". Cluster C contained genes upregulated in the 31/35-week 
CIPN patients, with functions in "chromatin remodeling/assembly/disassembly", "chromosome condensation", 
"chromosome organization", and "DNA conformation change". These results establish conserved skin-specific 
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gene expression profiles for mice and humans whereby paclitaxel promotes the expression of genes involved 
in cell cycle and oxidative stress regulation.  
 

 
 

Figure 3. Paclitaxel treatment induces cell cycle genes in the skin of mice and patients with CIPN. (a-f) RNAseq of 
glabrous skin from mouse hind paws. (a) Treatment scheme for mouse RNAseq analysis (n=4 animals per group). (b) 
Heatmap showing significantly up (red) and down (blue) regulated genes. (c) gProfiler analysis at peak neuropathy day 7 
(D7) reveals GO terms for extracellular matrix and collagen-related processes, and cell cycle regulation. (d) STRING 
interactome analysis of genes in (c) identifies a major cluster for cell cycle genes (magenta, blue), and proteins involved in 
disulphide bond formation (yellow). (e) Normalized gene counts for significantly upregulated Kif genes following paclitaxel 
treatment. (f) Normalized gene counts for Nox genes and their regulators detected in the skin. (g-j) RNAseq using human 
lower leg skin from 3 CIPN patients (CIPN5, 31, 35 weeks) and 3 control subjects (CTRL1-3). (g) Heatmap and PCA plot 
reveals the separation of CIPN patients from the controls. (h) Relative gene expression of upregulated KIF genes (left to 
right: KIF11, KIF12, KIF13B, KIF17, KIF1C, KIF26A). (i) STRING network analysis reveals KIF11 as a central hub for co-
upregulated KIF genes. (j) NOX1 is most strongly induced and shows great variability together with NOX4 and CYBB (left 
to right: NOX1, NOX4, NOX5, NOXA1, CYBA, CYBB). 
 
Kif11/EG5 promotes dfMT and nuclear X-ROS formation in zebrafish. Because Eg5 has been linked to 
bortezomib-induced peripheral neuropathy, we focused our subsequent analysis on this cell cycle 
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regulator, using primarily zebrafish due to their in vivo imaging capabilities. First, we determined whether 
paclitaxel induces EG5 expression in caudal fin keratinocytes. Following 96hr vehicle treatment, EG5 
immunofluorescence staining with an antibody targeting the conserved phosphorylation site, Thr927 
(PTGTTPQRK), revealed a uniform punctate Eg5 localization in the caudal fin except around the fin edge (Fig. 
4a). Treatment with 22µM paclitaxel for 96 hours promoted Eg5 puncta formation and Eg5 location to 
structures reminiscent of microtubule asters, such as formed during early mitosis55, which was most prominent 
at the fin edge. Because of the microtubule crosslinking activity of Eg5 during spindle formation and 
elongation56,57, which resembles the observed Eg5 expression pattern in keratinocytes, we asked whether Eg5 
plays a role in paclitaxel-dependent dfMT formation. Indeed, combination of the Eg5 inhibitor, EMD534085, 
with 22µM paclitaxel largely prevented dfMTs formation in the majority of animals (vehicle: 0%, EMD534085: 
0%, 100nM paclitaxel: 20%, 100nM paclitaxel+ EMD534085: 16%, 22µM paclitaxel: 65.22%, 22µM 
paclitaxel+EMD534085: 9.5%)(Fig. 4b,c). Similarly, the number of dfMT-harbouring keratinocytes per animal 
was reduced with EMD534085/paclitaxel co-administration (96hr vehicle: 0±0 vs. EMD534085: 0±0 vs. 100nM 
paclitaxel: 0.4±0.21 vs. 100nM paclitaxel+EMD534085: 0.8±0.38 vs. 22µM paclitaxel: 6.957±1.49 vs. 22µM 
paclitaxel+EMD534085: 0.52±0.36 cells/animal)(Fig. 4d). Since we administered 25µM EMD534085 after 2d of 
vehicle and paclitaxel treatment, the few keratinocytes harbouring dfMTs in the presence of 22µM paclitaxel 
and EMD534085 likely formed prior to inhibitor administration, consistent with our finding that dfMTs are 
already present in some animals after 48hr paclitaxel treatment (Fig. 1e,f).  
To validate the specificity of Eg5, we further transiently deleted kif11 by injecting CRISPR oligos into 1-cell 
stage embryos. These were directed to exon 5 (~90aa of 1072aa), which eliminated Eg5 protein expression 
(Fig. S5)(percent animals with dfMTs: CRISPR+vehicle: 0%; CRISPR+22µM paclitaxel: 25%; number of 
keratinocytes per animal with dfMTs: CRISPR+vehicle: 0±0; CRISPR+22µM paclitaxel: 0.29±0.16)(Fig 4b-d). 
Interestingly, transient kif11 CRISPR knockout also reduced microtubule detyrosination when comparing 96hr 
vehicle and paclitaxel treated animals, suggesting a role for Eg5 in detyrosination, which was not modified 
when animals were treated with EMD534085 (normalized detyrosination fluorescence intensity: vehicle: 
1.2±0.11 vs. CRISPR+vehicle: 1.12±0.2; 22µM paclitaxel: 2.62±0.14 vs. CRISPR+paclitaxel: 0.85±0.11)(Fig. 
4e). Importantly, increased total and phospho-EG5 levels were also detected in basal and suprabasal 
epidermal keratinocytes of mice following a single injection of either vehicle or 20mg/kg paclitaxel (Fig. S6). 
These findings establish a conserved role for paclitaxel in epidermal Eg5 induction.  
To determine whether Eg5 acts upstream of X-ROS and sensory axon degeneration, we first analysed the 
subcellular localization of Nox1 in the presence and absence of EMD534085. Immunofluorescence staining 
showed that EMD534085 co-administration with paclitaxel led to more condensed cytoplasmic vesicles 
compared with paclitaxel alone. Although EMD534085 did not affect paclitaxel-induced Nox1 plasma 
membrane translocation (Membrane:cytoplasmic ratio: vehicle: 1.78±0.09 vs. EMD534085: 1.7±0.1 vs. 
paclitaxel: 2.35±0.17 vs. paclitaxel+ EMD534085: 2.072±0.12), Nox1 was however largely absent from the 
nucleus in EMD534085-treated animals (Nucleus:cytoplasmic ratio: vehicle: 1.04±0.09 vs. EMD534085: 
1.36±0.08 vs. paclitaxel: 1.73±0.1.6 vs. paclitaxel+ EMD534085: 1.35±0.08)(Fig. 4f,g). This indicates that Eg5 
induces Nox1 nuclear, but not plasma membrane, translocation in a paclitaxel-dependent manner.  
Further quantification of compartmentalized HyPer oxidation near the plasma membrane and the nucleus (co-
labelled with Hoechst33342) showed significantly increased oxidation within the nucleus upon paclitaxel 
treatment, but surprisingly not at the plasma membrane. Nuclear HyPer oxidation was reduced upon co-
administration of EMD534085 without significant effects on plasma membrane oxidation (Fig. 4h). These 
findings support a role for Eg5 in nuclear X-ROS production as a result of microtubule fasciculation and 
increased mechanical tension.  
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Figure 4. Paclitaxel induces Eg5 expression and Eg5-dependent dfMT and nuclear X-ROS formation. (a) Eg5 
immunofluorescence staining shows punctate staining in proximal caudal fin keratinocytes of vehicle treated animals. 
Staining along the fin edge (white dashed line) is absent. Paclitaxel treatment promotes Eg5 activation in the proximal fin 
(white arrows) and in fin edge keratinocytes leading to aster-like formations (white dashed line, yellow arrow). (b) 
EMD534085 co-administration with 100nM and 22µM paclitaxel rescues microtubule fasciculation (yellow arrows) but not 
detyrosination. kif11CRISPR knockout prevents detyrosination and fasciculation of MTs. (c) Percentage of animals with 
dfMTs/keratinocyte is reduced when paclitaxel is administered in combination with EMD534085 or in kif11 CRISPR 
knockout fish (n³23 animals/group). (d) EMD534085 treatment or kif11 CRISPR knockout in presence of paclitaxel 
reduces the number of keratinocytes with dfMTs per animal compared with paclitaxel alone (n³21 animals per group). (e) 
Normalized intensity ratios of GluTub suggest that kif11 CRISPR knockout rescues microtubule detyrosination induced by 
paclitaxel. (f, g) Nox1 nuclear (white arrows) but not plasma membrane translocation induced by 96hr paclitaxel treatment 
is rescued with EMD534085 co-administration. Vesicular Nox1 accumulation (yellow arrowheads) is prominent following 
paclitaxel and EMD534085 treatment. (h) Nuclear HyPer oxidation induced by paclitaxel treatment is rescued with 
EMD534085 co-administration. Abbreviations: NM=lateral line neuromast. 
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Detyrosinated fasciculated microtubules associate with nuclei. We expected that dfMTs should be in 
close proximity to the nucleus in order to activate Nox1 by mechanotransduction. To further explore this 
possibility, we used high resolution imaging and 3D rendering of keratinocyte dfMTs and nuclei. This 
demonstrated that 96hr paclitaxel treatment led to a partial association between dfMTs and nuclei (Fig. 5a, 
Movie S6) whereby the nuclear content was sometimes pinched off or nuclei were perforated by dfMTs (Fig. 
5b, Movies 7,8). Moreover, dfMTs were typically associated with significantly enlarged nuclei (vehicle nuclear 
volume: 291.3±30.62µm3 vs. paclitaxel: 582±83.18µm3)(Fig. 5c) that were less spherical (1=spherical vs. 0= 
nonspherical: vehicle: 0.27±0.01 vs. paclitaxel: 0.23±0.01)(Fig. 5d). This suggests that dfMTs form a physical 
barrier that impairs nuclear function. 
 
EMD534085 promotes keratinocyte mitosis and cell death in the presence of paclitaxel. Given that 
paclitaxel induces Eg5 expression in keratinocytes, and in cancer cells has a major role in preventing mitosis 
while promoting apoptosis58-60, we wanted to investigate whether Eg5 inhibition in combination with paclitaxel 
influences keratinocyte mitosis and apoptosis. If dfMTs form a physical barrier, we should see increased 
mitosis when EMD534085 is co-administered with paclitaxel. Consistent with this hypothesis, in vitro studies 
using paclitaxel sensitive and resistant ovarian cancer cells showed that Eg5 inhibition with HR22C16-A1 
antagonized the effects of paclitaxel on mitotic inhibition61.  To examine the effects of EMD534085 on mitosis, 
we quantified cell divisions in keratinocytes expressing nuclear h2a-h2a:GFP using 12hr time-lapse imaging. 
To our surprise, we found that cell divisions in caudal fin keratinocytes at 3dpf (embryonic to larval transition) 
and 6dpf (late larval stage) were rare. The few divisions present were mostly restricted to the distal notochord 
region, with an average of 0.96±0.20/12hr divisions at 3dpf and 1.16±0.44/12hr at 6dpf in this region (Fig. 5e, 
Movie S9). We found that at least 1 cell division/12hr was present in 40-60% of animals either treated with 
vehicle, 100nM and 22µM paclitaxel, as well as upon treatment with EMD534085 and 100nM 
paclitaxel/EMD534085. Combination treatment with 22µM paclitaxel and EMD534085 increased the 
percentage of animals with at least 1 cell division to 88% (Fig. 5f). Mitotic divisions per animal were also 
significantly increased with EMD534085 and 22µM paclitaxel in combination (96hr, vehicle: 1.07±0.3 vs. 
100nM paclitaxel: 0.72±0.423 vs. 22µM paclitaxel: 1.4±0.67 vs. EMD534085: 1.27±0.46/12hr vs. 100nM 
paclitaxel+EM534085: 1.55±0.62/12hr vs. 22µM paclitaxel+EMD534085: 3.125±1.18)(Fig. 5g). This suggests 
that Eg5 dependent dfMT formation promotes nuclear dysfunction in keratinocytes. 
 
Since apoptosis has been found to be the primary mechanism of cell death upon paclitaxel treatment59-63, we 
further explored the effects of 96hr paclitaxel/EMD534085 combination treatment on cell death by imaging 
h2a:h2a-GFP fish with in vivo time-lapse imaging for 12 hours. First, we noticed that overall, there was either 
none or very little cell death in vehicle and 100nM paclitaxel-treated animals, whereas 22µM paclitaxel slightly 
but significantly increased the number of dying cells (vehicle: 0±0 vs. 100nM paclitaxel: 0.18±0.18 vs. 22µM 
paclitaxel: 0.6±0.3 dying cells/ caudal fin). EMD534085 alone significantly increased cell death slightly above 
22µM paclitaxel treatment, and surprisingly reduced cell death when co-administered with 100nM paclitaxel 
(EMD534085: 0.81±0.26 vs. 100nM paclitaxel+EMD534085: 0.07±0.07). Nevertheless, EMD534085 
combination with 22µM paclitaxel most significantly increased cell death compared with vehicle (22µM 
paclitaxel+EMD534085: 1.37±0.53)(Fig. 5h,S7). Thus, although EMD534085 in combination with a paclitaxel 
slightly enhances mitosis, its effects on cell death are also enhanced. These findings indicate that keratinocyte 
dfMTs are formed independently of mitosis but impact mitotic behaviour, while promoting apoptosis.  
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Figure 5. dfMTs modulate mitosis but not apoptosis. (a) dfMTs detected with anti-GluTub staining associate with a 
keratinocyte nucleus labelled with Hoechst33342 (left image). 3D reconstruction of the same image using Imaris (right 
image). (b) 3D rendered dfMTs pinch off nuclear content (left and right, white arrow) and perforate the nucleus (right, 
yellow arrows)(Movies S7,8). (c) Increased nuclear volume in keratinocytes harbouring dfMTs following 96hr paclitaxel 
(22µM) treatment compared with nuclear volume from paclitaxel-exposed cells without dfMTs (n³5 animals/group). (d) 
Decreased nuclear sphericity in keratinocytes with dfMTs (n³5 animals/group). (e) Keratinocyte divisions at 3 and 6dpf 
(96hr treatment) assessed by time-lapse imaging in caudal fins of Tg(h2a:h2a-GFP) fish (n=28 at 3dpf; n=12 at 6dpf). (f) 
Percent animals without and ³1 mitotic divisions/12hr (n³9 animals/group). (g) EMD534085 combination with 22µM 
paclitaxel significantly increases cell divisions/animal compared with paclitaxel treatment (n³8 animals/group). (h) 96hr 
treatment with EMD534085 and 22µM paclitaxel significantly increases cell death (n³8 animals/group). (i) Model for Eg5-
dependent dfMT formation and downstream events: Paclitaxel activates Eg5 as part of the cell cycle checkpoint, however, 
independent of mitosis in interphase keratinocytes leading to crosslinking and fasciculation of long-term stabilized, 
detyrosinated microtubules. dfMTs constrain the nucleus and promote Nox1 nuclear accumulation and X-ROS formation 
upstream of mmp13 induction.   

 
EG5 does not influence microtubule growth behaviour. Our findings suggest that Eg5 acts on stable 
microtubules. To validate this, we characterized microtubule growth dynamics in basal keratinocytes 
expressing the microtubule plus-end binding protein, EB3-GFP (courtesy of R. Koester)64. Time-lapse 
recordings (1fr/sec for 60sec) showed that, as expected, EB3-GFP mostly localized to microtubule plus-ends 
during growth. However, a small proportion of keratinocytes also harboured uniformly labelled EB3-positive 
microtubules, consistent with previous observations in murine axons65. Paclitaxel treatment for 3hr resulted in 
an increased number of keratinocytes with uniform EB3 labelling (3hr vehicle: 5.12% vs. paclitaxel: 19.29%; 
48hr vehicle: 0% vs. paclitaxel: 10.09%; 96hr vehicle: 3.44% vs. 22µM paclitaxel: 20.13%)(Fig. S8a,b), 
indicative of microtubule stabilization. Intriguingly however, microtubules with uniform EB3-GFP binding 
appeared linear and continuous treatment for 48hr and 96hr with paclitaxel further enhanced the linearity (Fig. 
S8c, Movie S10,11). This behaviour therefore contrasts the curved conformation of stable dfMTs. Further 
analysis of microtubule growth dynamics showed that 3hr paclitaxel treatment decreased the growth velocity 
and track length of microtubules, whereas comet duration per se was not affected (Fig. S8d-g). Combination 
treatment of EMD534085 and 22µM paclitaxel did not significantly alter the effects induced by paclitaxel alone, 
suggesting that Eg5 does not influence paclitaxel-dependent microtubule growth dynamics.   
 
To further determine whether microtubule stabilization per se leads to curved microtubules, or whether this is a 
specific property pertaining to paclitaxel, we analysed microtubules in keratinocytes of zebrafish injected with 
CMV:Tau-Bfp2. This microtubule-associated protein has been shown to induce microtubule stabilization by 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 24, 2023. ; https://doi.org/10.1101/2023.05.22.541784doi: bioRxiv preprint 

https://doi.org/10.1101/2023.05.22.541784
http://creativecommons.org/licenses/by-nc-nd/4.0/


 14 

binding to the interface between a and b-tubulin heterodimers66,67. We found that Tau-Bfp2 induced 
fasciculation and mild curving of microtubules (Fig. S9a), which differed from the curved dfMT conformation 
induced by paclitaxel. Intriguingly, treatment of zebrafish expressing Tau-Bfp2 in keratinocytes for 96hr with 
paclitaxel promoted linearization of microtubules rather than circularization (1=straight, 0=curved: 96hr weak 
Tau-Bfp2 expression: 0.94±0.01, strong Tau-Bfp2 labelling: 0.93±0.01, strong Tau-Bfp2+paclitaxel: 
0.98±0.002) (Fig. S9b,c), consistent with previous findings66. Tau therefore seems to prevent paclitaxel-
induced dfMT formation. Together this data suggests that dfMTs form as a consequence of paclitaxel 
dependent Eg5 activation rather than microtubule stabilization per se.   
Interestingly, co-expression of EB3-GFP with Tau-Bfp2 in keratinocytes revealed a subpopulation of growing 
EB3-GFP plus-ends that grew along stable Tau-Bfp2 microtubules (Fig. S9d, Movies S12-14). Treatment with 
22µM paclitaxel for 96hr further increased Tau-Bfp2 and EB3-GFP co-localization regardless of weak or strong 
Tau-Bfp2 expression (EB3-GFP puncta co-localized with Tau-Bfp2, weak Tau-Bfp2 expression: 85.42±1.64% 
of, strong Tau-Bfp2 expression: 86.13±1.22%, Tau-Bfp2+96hr paclitaxel: 91.26±1.64%). Also the velocity of 
EB3-GFP plus-ends moving along these linear Tau-Bfp2 microtubules was significantly increased with 
paclitaxel treatment compared to Tau-Bfp2 alone (weak Tau-Bfp2: 0.155±0.003µm/s, high Tau-Bfp2: 
0.156±0.003µm/s vs. Tau-Bfp2+96hr paclitaxel: 0.184±0.003µm/s)(Fig. S9e). Plotting of the X/Y positions of 
some microtubules revealed that EB3-GFP growth trajectories closely followed Tau-Bfp2 associated 
microtubule filaments (Fig. S9f). Thus EB3-GFP plus-ends appear in part to grow along pre-existing stable 
microtubules, which could be a means to maintain cellular organization. In conclusion, the curved dfMT 
conformation appears to be a specific feature of paclitaxel treatment.  
     
Keratinocyte-specific Eg5 overexpression promotes cutaneous sensory axon degeneration. We 
previously reported that the earliest signs of paclitaxel-induced axon degeneration are evident at the distal fin 
edge due to MMP-13 dependent ECM degradation16,17, consistent with the vast majority of dfMTs being 
present in this region (Fig. S1d). We therefore speculated that Eg5-dependent dfMTs induce axon 
degeneration. To test this, we first analysed axon degeneration in zebrafish that were treated for 96hr with low 
(100nM) and high (22µM) paclitaxel concentrations in the presence and absence of EMD534085. Treatment 
with vehicle, EMD534085 and 100nM paclitaxel did not alter axon branch number assessed with acetylated 
tubulin staining. Treatment with 22µM paclitaxel, however, significantly reduced the axon branch number as 
previously shown (96hr: vehicle: 10.83±0.58, EMD534085: 10.25±0.47, 100nM paclitaxel: 9.86±0.43,100nM 
paclitaxel+48hr EMD534085: 10.73±0.63, 22µM paclitaxel: 7.54±0.56 branches/50µm)(Fig. 6a,b). Intriguingly, 
combination treatment of 22µM paclitaxel and EMD534085 significantly rescued axon degeneration even 
above control levels (19.89±1.09 branches/50µm). These findings are consistent with observations that 
monastrol promotes neurite outgrowth in cultured mouse DRG neurons68, suggesting a neuron-intrinsic growth 
effect. To further validate Eg5 as the pharmacological target of EMD534085 in axon regeneration, we also 
analysed zebrafish injected with kif11 CRISPR oligo. Paclitaxel-treated kif11 CRISPR zebrafish did not show 
altered axon branch numbers in the caudal fin compared with vehicle-treated CRISPR and wildtype controls, 
although axon growth was not increased, as seen with EMD534085 (kif11-CRISPR+vehicle: 12.08±0.68, kif11-
CRISPR+22µM paclitaxel: 12.83±0.96)(Fig. 6b). These findings implicate Eg5 as downstream target of 
paclitaxel in axon degeneration. It remains to be investigated why kif11 knockout modulates axon behaviour 
differently from pharmacological Eg5 inhibition, possibly due to developmental effects of the CRISPR oligo. 
We next wanted to determine if Eg5-dependent axon degeneration was caused by keratinocyte or neuron-
specific effects given that Eg5 is also expressed neuronally69,70 and we observed possible neuron-intrinsic 
axon growth effects with EMD534085. We initially determined to what extent axonal microtubules are stabilized 
and whether this process is altered using EMD534085 in the presence and absence of paclitaxel. 
Quantification of axonal detyrosination in wildtype distal fins following 96hr treatment with either vehicle or 
EMD534085 showed a punctate pattern in axons, whereas 22µM paclitaxel but not paclitaxel/EMD534085 
promoted a uniform distribution of dMTs along axon segments (Fig. S10a). Quantification of the average 
detyrosination fluorescence intensity along individual axon segments however showed that only paclitaxel 
significantly differed from EMD534085 (normalized GluTub intensity ratios, wildtype 96hr vehicle: 2.44±0.24, 
EMD534085: 2.13±0.13, 22µM paclitaxel: 3.19±0.42, 22µM paclitaxel+EMD534085: 2.86±0.21)(Fig. 6c, S10a). 
Thus, paclitaxel does not appear to regulate dMT formation via Eg5 in axons.  
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We next injected a transgene encoding tp63:kif11-AcGFP for transient Eg5 overexpression in keratinocytes. 
We further co-expressed isl1:tdTomato (gift from Alvaro Sagasti, UCLA) in sensory neurons to label wildtype 
axons. Eg5 preferentially located to keratinocyte nuclei with some cytoplasmic labelling (Fig. 6d,e), consistent 
with its nuclear localization in cultured interphase HeLa cells71. Transient plasmid DNA injections into zebrafish 
typically mosaically label cells, which allowed for the observation of axons in the absence and presence of 
Eg5-overexpressing keratinocytes. Whereas wildtype axons in animals with few Eg5-GFP positive (£10) 
keratinocytes) remained intact (Fig. 6d, top panel), axons in contact with large areas of Eg5 overexpressing 
keratinocytes (³20) degenerated (Fig. 6d (bottom panel), Fig. 6f). Therefore, keratinocyte-specific Eg5 
overexpression mimics paclitaxel-induced sensory axon degeneration. These findings support a model in 
which Eg5 activation by paclitaxel stimulates X-ROS formation and MMP-13 dependent ECM degradation in 
keratinocytes, ultimately leading to axon degeneration (Fig. 6g).     

 
 
Fig. 6. Eg5 inhibition rescues and keratinocyte-specific overexpression induces paclitaxel neurotoxicity.  (A) 
Degeneration of cutaneous axons detected with anti-acetylated tubulin antibody staining following 96hr treatment with 
22µM paclitaxel, but not when treated with 100nM paclitaxel or 22µM paclitaxel+EMD534085 (n³11 animals/group). (B) 
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Quantification shows an increased axon branch number for paclitaxel+EMD534085, whereas kif11 CRISPR knockout 
rescues axon branch number to wildtype levels (n=6 animals/group). (C) Significantly increased axonal dMTs along axon 
segments in distal caudal fin seen with 22µM paclitaxel compared to EMD534085 (n=5-7 animals/group). (D) Top panel: 
Co-expression of isl1:LexA-lexaop_14xUAS-tdTomato (magenta) in axons and tp63:kif11-AcGFP (blue) in few 
keratinocytes that are not in contact with cutaneous branches does not promote axon degeneration. Bottom panel: Axon 
degeneration is prominent when tp63:kif11-AcGFP expressing basal keratinocytes are abundant and establish contact 
with cutaneous branches. (E) Magnification of (d) shows nuclear Eg5 and weaker cytoplasmic localization in 6dpf 
zebrafish expressing tp63:kif11-AcGFP. (F) Quantification of axon degeneration shows low presence of keratinocytes 
expressing kif11-AcGFP is insufficient to induce axon degeneration. (G) Model showing paclitaxel-dependent Eg5 
induction leading to dfMT formation and Nox1-dependent mmp13 expression in keratinocytes, which promotes ECM 
degradation and axon degeneration. 
 
 
Discussion 
 
Paclitaxel treatment induces ectopic Eg5 expression in non-mitotic cells. We have shown that paclitaxel 
ectopically activates Eg5 and cell cycle regulatory genes in largely non-mitotic keratinocytes, suggesting that 
paclitaxel triggers the expression or activity of these genes regardless of cell cycle status and thus explains its 
side effects. Given the role of Eg5 in mitosis, ectopically activated Eg5 appears to promote microtubule 
crosslinking but due to the lack of mitotic signals, mitosis does not proceed and instead leads to dfMT 
formation. How Eg5 is activated by paclitaxel remains unclear. In yeast, the cell cycle regulator, Mad1 recruits 
Cut7 (Eg5) to kinetochores of misaligned chromosomes and promotes chromosome gliding towards the 
spindle equator72. A parallel mechanism triggered by paclitaxel treatment may therefore activate Eg5 binding to 
microtubules, which remains to be tested. It is also possible that post-translational modifications, such as the 
acetylation of K146 in Eg5 leads to its activation. Studies have shown that K146 serves as on/off switch for 
Eg5 motor activity71. Our own studies show that paclitaxel treatment increases keratinocyte-specific acetylation 
of alpha-tubulin (K40) at the distal fin edge where detyrosination is evident (Fig. S10), consistent with this 
possibility.   
 
Eg5 regulates Nox1 activity via mechanotransduction mechanisms. We discovered that paclitaxel 
promotes Nox1 translocation to the plasma membrane and nucleus, but that Eg5 only influences nuclear X-
ROS formation whereas no increase in H2O2 was detected at the plasma membrane. One possibility is that 
since O2

- and H2O2 are secreted into the extracellular space by NADPH oxidases, mechanisms that promote 
diffusion into keratinocytes could be absent, or Nox1 translocation occurs independent of its activation given 
that it requires various subunits for activation44,73. Since HyPer is selective for H2O2, there may also be other 
ROS formed at the plasma membrane, which we did not capture. Nuclear H2O2 formation, however, is 
consistent with the H2O2-dependent activation of MMPs74, and supports a model by which nuclear X-ROS may 
locally induce MMP13 transcription. Although the molecular mechanisms underlying these observations have 
not been established, known MMP-13 transcriptional regulators, such as AP-1 and MAP kinases may mediate 
this process75,76. Proteins that link microtubules to the nucleus might also be activated. For instance, Rac1 is a 
critical regulator of both cytoskeletal dynamics and Nox2 activity77. Rac1 can bind IQGAP1, a protein that 
tethers actin filaments and microtubules to the cell periphery at the plasma membrane and to the face of the 
nuclear envelop78,79, consistent with paclitaxel dependent Nox1 translocation to the plasma membrane and 
nucleus in keratinocytes. It also remains unclear how Eg5 inhibition promotes Nox1 nuclear exclusion and 
accumulation in cytoplasmic vesicles. Consistent with our findings, Nox enzymes have been detected in 
exosomes, such as during transport from macrophages into dorsal root ganglion neurons80, and in extracellular 
vesicles, whereby Nox release was associated with inflammation in platelets81. Given that NADPH oxidases 
are membrane-integral enzyme complexes, vesicular transport appears to promote their intra- and extracellular 
motility, for which microtubules may be the primary regulators in an Eg5 dependent manner under conditions of 
paclitaxel treatment.  
 
Increased microtubule detyrosination is correlated with disease. Detyrosinated microtubules provide 
mechanical resistance to cells, such as during cardiac contraction, but they have been primarily associated 
with pathological conditions. For instance, patients with heart failure display an increased load of detyrosinated 
microtubules in cardiomyocytes23, which slows the contraction–relaxation cycle normally found in healthy 
cardiomyocytes22. Our findings support the idea that microtubule detyrosination is associated with pathological 
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changes in cells. Detyrosination pathology, however, seems to be cell type-dependent since axons showed an 
increase in microtubule detyrosination when paclitaxel+EMD534085 were co-administered despite that axon 
degeneration was prevented and axon growth promoted. Nevertheless, EMD534085 promoted axon growth in 
the presence of paclitaxel unlike kif11 knockout, which rescued paclitaxel-induced axon degeneration but did 
not promote growth. It therefore appears that short-term and chronic microtubule manipulations by Eg5 in 
axons have distinct effects and are not involved in axonal pathology, in contrast to keratinocytes. 
 
ZStretcher dependent ROS production. We have shown that HyPer oxidation differs between stretched 
vehicle control and paclitaxel treated wildtype animals, whereas no notable difference was observed for cyba 
mutants. In these experiments, paclitaxel treatment was performed for only 3hr since we observed changes in 
microtubule growth dynamics even after a short treatment. However, longer treatment periods may cause 
different effects, which remains to be investigated. Nevertheless, our results conform to the hypothesis that 
paclitaxel-dependent microtubule stabilisation alters ROS production, consistent with studies in muscle 
cells23,24,31-34. We previously demonstrated that axons do not display increased ROS levels17, and since ROS 
diffusion from adjacent cell types is relatively short-lived, it seems unlikely that measured HyPer oxidation 
levels in keratinocytes are related to ROS production in other cell types. Although other cells and ECM 
molecules are also stretched, the lack of oxidation at the plasma membrane suggests that H2O2 doesn’t easily 
diffuse into cells if it was produced in the vicinity of keratinocytes. Thus, the differences in HyPer oxidation in 
the presence of paclitaxel point to a role for microtubule mediated Nox activation.    
 
Tau and EB3 overexpression in keratinocytes promote microtubule linearization. We showed that Tau 
and EB3 overexpression in keratinocytes promoted the linearization of microtubules regardless of paclitaxel 
presence, consistent with in vitro observations66,82. Linearization of microtubules may be a direct consequence 
of cooperative binding between paclitaxel and Tau, whereby paclitaxel binding sites are occupied in the 
presence of Tau67. The looped conformation of dfMTs present in keratinocytes following paclitaxel treatment 
may be a specific consequence of Eg5 activation, whereas Eg5 may not be induced by paclitaxel in the 
presence of Tau or its binding sites on microtubules are occupied by Tau.  
 
Cell crowding may contribute to paclitaxel neurotoxicity. The appearance of dfMTs primarily in fin edge 
keratinocytes closely correlates with the onset of paclitaxel neurotoxicity in this region following prolonged 
paclitaxel treatment16. The distal fin edge is under high tension, which promotes the extrusion of live and 
apoptotic cells under crowding conditions83. Our previous studies suggested that the fin edge may undergo 
less remodelling in the presence of paclitaxel due to MMP-13 dependent ECM degradation that promotes 
epidermal abrasions17. One hypothesis to be tested is that fin edge keratinocytes are no longer extruded in the 
presence of paclitaxel due to the altered mechanical properties of keratinocytes, which induces axon 
degeneration. A parallel process could take place in mammalian skin where the lack of differentiating 
keratinocytes prevents their movement toward the surface, leading to axon damage. 
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