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Abstract 

Chemotherapy-induced peripheral neuropathy (CIPN) constitutes a significant health problem due to 

the increasing prevalence and the lack of therapies for treatment and prevention. Patients with CIPN 

primarily present with sensory symptoms, such as sensory disturbances that may progress to neuropathic 

pain in hands and feet. While pivotal for routine cancer treatment, paclitaxel and vincristine frequently 

cause CIPN and impact the quality of life among cancer patients and survivors. We utilized a model of 

human sensory neurons derived from induced pluripotent stem cells (iPSC-SNs) to provide mechanistic 

understanding of CIPN caused by paclitaxel and vincristine. The morphological phenotype of iPSC-SNs 

following paclitaxel exposure was characterized by retraction and thickening of axons while vincristine 

caused fragmentation and abolishment of axons. Both agents increased the mRNA expression of the 

pain receptor, transient receptor potential vanilloid (TRPV1), and highly induced neuronal damage, as 

measured by activating transcription factor 3 (ATF3) mRNA. iPSC-SNs express the efflux transporters, 

P-glycoprotein (P-gp, encoded by ABCB1) and multidrug resistance-associated protein 1 (MPR1, 

encoded by ABCC1). Inhibition of P-gp and MRP1 in iPSC-SNs exacerbated neurotoxicity of paclitaxel 

and vincristine respectively. We further show that pre-treatment with the P-gp inducer rifampicin 

alleviated chemotherapy-induced structural and transcriptional alterations in iPSC-SNs. iPSC-SNs are a 

valuable and robust model to study the role of efflux transporters and other mechanistic targets in CIPN. 

Efflux transporters play a critical role in CIPN pathogenesis as they regulate the disposition of 

chemotherapy to the peripheral nervous system.  
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Introduction 

Advances in cancer diagnosis and treatment have led to declining mortality rates over the last decades 

(1). Although contributing to increased cancer survival, treatment with chemotherapy is accompanied by 

multiple acute or long-term adverse effects. Chemotherapy-induced peripheral neuropathy (CIPN) is 

experienced by 2 out of 3 cancer patients undergoing neurotoxic chemotherapy (2). Neurotoxic 

chemotherapy includes taxanes (e.g., paclitaxel and docetaxel), vinca alkaloids (e.g., vincristine), platinum-

based agents (e.g., oxaliplatin and cisplatin), proteasome inhibitors (e.g., bortezomib), and 

immunomodulatory agents (e.g., thalidomide) (3). CIPN presents with a broad range clinical symptoms 

depending on whether sensory, motor, or autonomic neurons are damaged by the specific type of 

neurotoxic chemotherapy (4). However, CIPN is primarily associated with sensory symptoms 

characterized by neuropathic pain and sensory disturbances in the extremities. CIPN can be partially 

reversible with recovery within several months to years after concluding treatment (5,6). In some cases, 

neurotoxic chemotherapy can cause irreversible nerve damage and CIPN symptoms that impact long-

term quality of life among cancer survivors (7). According to clinical practice guidelines, there are 

currently no recommended agents for prevention of CIPN. Duloxetine is the only agent with moderate 

evidence for treatment of CIPN, yet with limited benefit for patients (8). Lack of effective treatment 

options for patients with intolerable CIPN symptoms leaves dose reductions, delays, discontinuation, or 

substitution as the only countermeasures. CIPN remains a major unsolved challenge within oncology due 

to lack of objective and easily applicable tools to accurately assess CIPN severity and to identify patients 

at increased risk of CIPN.  

 

The pathogenesis of CIPN remains largely unknown. Multiple molecular mechanisms have been 

proposed; including, but not limited to, impaired axonal transport (9,10), mitochondrial dysfunction (11), 

neuroinflammation (12), altered neuronal excitability and expression of ion channels (13). 

Chemotherapeutic agents associated with CIPN have different targets of neurotoxicity, including the 

neuronal cell bodies of the dorsal root ganglion (DRG), the axons, or axonal components (e.g., 

microtubules, myelin sheaths, mitochondria, and ion channels) (14). Paclitaxel and vincristine, two anti-

tubulin agents with opposite effects on microtubules, have both been proposed to exhibit neurotoxicity 

by targeting the distal nerve terminals on sensory neurons (15,16). Oxaliplatin on the other hand affects 

specific ion channels in cold-sensing sensory neurons, leading to neuronal hyperexcitability (17), while 

bortezomib primarily targets the myelin sheaths causing structural and functional alterations in sensory 

neurons (14). This explains why patients present with differences in symptom onset and clinical 
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presentation when treated with distinct chemotherapies. However, heterogeneity in clinical presentation 

might also be observed within patient populations receiving the same agent (18).  

 

The peripheral nervous system (PNS) is susceptible to circulating substances, such as chemotherapy, 

because it is not protected by the blood-brain barrier. Efflux transporters are critical for limiting the 

accumulation of toxic substances in the central nervous system (CNS) (19). Although their distribution 

has also been verified in the PNS (20), their role in drug disposition is unknown. Paclitaxel and vincristine 

are substrates for the major efflux transporter, P-glycoprotein (P-gp, encoded ABCB1). Vincristine is also 

a substrate for multidrug resistance-associated protein 1 (MRP1, encoded ABCC1) that mediate efflux 

of a broad range of drugs. Many commonly used drugs are P-gp inhibitors and thus, P-gp can be involved 

in drug-drug interactions. Chemotherapy has a narrow therapeutic index, and drug-drug interactions with 

chemotherapy may lead to severe toxicity (20–22).  

 

Decades of research utilizing animal models have failed to translate into clinically effective therapeutic 

interventions. This may indicate that human model systems are warranted as they reflect human biology 

more closely. Human induced pluripotent stem cells (iPSCs) have become a powerful tool for providing 

an unlimited supply of human tissues to investigate CIPN pathophysiology and to screen for novel 

therapeutic targets. The purpose of this study was to study CIPN phenotypes using human sensory 

neurons derived from iPSCs (iPSC-SNs). Specifically, we investigated morphological and transcriptional 

alterations upon exposure to the neurotoxic chemotherapeutic agents, paclitaxel, and vincristine. 

Furthermore, we assessed the impact of inhibition or induction of efflux transporters on chemotherapy-

induced neurotoxicity in iPSC-SNs.  
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Methods 

 

Differentiation of sensory neurons  

Human iPSCs from a healthy female donor (A18945, ThermoFisher, Roskilde, Denmark, 

https://hpscreg.eu/cell-line/TMOi001-A) were differentiated into sensory neurons as previously 

described (23). iPSCs were maintained in mTeSR1 medium (85850, StemCell Technologies, Vancouver, 

BC, Canada) on Matrigel (diluted according to manufacturer’s instructions, 354277, Corning, NY, USA) 

at a minimum density of 50,000 cells/cm2. The medium was changed daily, and iPSCs were clump-

passaged at 70-80% confluency using Accutase (00455556, ThermoFisher). At the final passage before 

differentiation, iPSCs were seeded as single cells onto Matrigel-coated 6-well plates (354277, Corning, 

NY, USA) using Accutase. iPSCs were maintained in mTeSR1 medium (85850, StemCell Technologies, 

Vancouver, BC, Canada) until >90% confluency. After 72 hours, the differentiation into sensory neurons 

was initiated using KSR medium which contained 82% KnockOut DMEM (10829018, ThermoFisher), 

15% KnockOut Serum Replacement (10828028, ThermoFisher), 1% GlutaMAX (35050038, 

ThermoFisher, Paisley, Scotland, UK), 1% MEM non-essential amino acids (11140035, ThermoFisher, 

Paisley, Scotland, UK), 1% Penicillin-Streptomycin (P4333, Sigma-Aldrich, Søborg, Denmark) and 0.1 

mM β-mercaptoethanol (31350010, ThermoFisher, Paisley, Scotland, UK). The two small molecule 

inhibitors LDN193189 (0.1 μM, S7507, Selleck Chemicals) and SB431542 (10 μM, S1067, Selleck 

Chemicals) were added on days 0-5. Three additional small molecule inhibitors consisting of CHIR99021 

(3 μM, S1263, Selleck Chemicals), SU5402 (10 μM, S7667, Selleck Chemicals) and DAPT (10 μM, S2215, 

Selleck Chemicals) were added on days 2-11. The medium was changed daily between days 0-12, and N2 

medium was incremented by 25% every other day starting from day 4. N2 medium consisted of 50% 

DMEM/F-12 (11320033, ThermoFisher) and 50% Neurobasal (21103049, ThermoFisher) with 1% N2 

Supplement (17502048, ThermoFisher), 1% B27 Supplement (17504001, ThermoFisher) and 1% 

Penicillin-Streptomycin. Immature sensory neurons were dissociated and seeded as single cells onto 

plates coated with poly-L-ornithine hydrobromide (20 µg/mL, P3655, Sigma-Aldrich), laminin (10 

µg/mL, 23017015, ThermoFisher), and fibronectin (2 µg/mL, F1141, Sigma-Aldrich) at a density of 

150,000 viable cells/cm2. Immature iPSC-SNs were maintained in N2 medium supplemented with human 

growth factors (25 ng/mL NGF-β, 450-01; BDNF, 450-02; GDNF, 450-10; NT-3, 450-03; Peprotech, 

Cranbury, NJ, USA), and 0.2 mM L-ascorbic acid (A4403, Sigma-Aldrich). To remove fibroblasts from 

the culture, cells were exposed to freshly prepared Mitomycin-C (1 µg/mL, M4287, Sigma-Aldrich) for 

2 hours on day 14. The medium was completely replaced on day 16 and on days 35-45 where experiments 
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was performed. On all other days, 50% of the medium was changed every 3-4 days. To improve cell 

attachment, laminin (1 µg/mL) was added to the medium once a week.  

 

Compound preparations 

Paclitaxel (T7402,), 5-fluorouracil (5-FU, FF2627), valspodar (SML0572), MK-571 (M7571), and 

rifampicin (R3501, Sigma-Aldrich) were purchased from Sigma-Aldrich (Søborg, Denmark) and 

dissolved in dimethyl sulfoxide (DMSO). Vincristine (V8388, Sigma-Aldrich) was prepared on ice and in 

the dark with phosphate-buffered saline containing calcium and magnesium (PBS, Sigma, D8662). The 

final concentration of DMSO or PBS was 0.2% in each experiment. Mature iPSC-SNs were exposed to 

paclitaxel, vincristine, and 5-fluorouracil for 48 hours. Clinically relevant concentrations of chemotherapy 

were selected to ensure translation of results (3).  

 

Repeated exposure  

To assess single versus repeated exposure, mature iPSC-SNs were exposed to one or two concentrations 

of paclitaxel in parallel. After a single exposure of 0.01, 0.1, and 1 µM paclitaxel for 48 hours; one plate 

was fixed and for the other plate, the medium was completely removed and replaced with fresh and 

paclitaxel-free N2 medium. On day 3, 50% of the medium was changed and on day 5, iPSC-SNs were 

exposed to a second concentration of paclitaxel for 48 hours.  

 

Inhibition and induction of efflux transporters 

To allow binding to efflux transporters, iPSC-SNs were pre-exposed to 4 μM valspodar or 4 μM MK-

571 for 1 hour before exposure to paclitaxel or vincristine for 48 hours.  

 

To allow transcription of efflux transporters, iPSC-SNs were pre-exposed to 10 µM rifampicin for 48 

hours. Following induction, all medium was removed and iPSC-SNs was exposed to paclitaxel or 

vincristine for 48 hours.   

 

Immunolabeling 

Mature iPSC-SNs were fixed by diluting 16% paraformaldehyde (28906, ThermoFisher) 1:4 into the cell 

medium for 10 minutes. After two washing steps with PBS containing calcium and magnesium, iPSC-

SNs were permeabilized with 0.25% Triton X-100 for 15 minutes. Unspecific binding was subsequently 

blocked using 1% bovine serum albumin (A9418, Sigma-Aldrich) for 1 hour. iPSC-SNs were labeled with 

peripherin (1:200, SC-377093, Santa Cruz) and TRPV1 (1:100, ACC-030, Alomone Labs) overnight at 
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4C. The following day, iPSC-SNs were labeled with Alexa Fluor 488-conjugated anti-rabbit (1:400, 

A21448, ThermoFisher) and Rhodamine Red-X-conjugated anti-mouse (1:600, 715-295-150, 

Jackson ImmunoResearch) for 1 hour at room temperature. iPSC-SNs were subsequently washed twice 

with PBS and counterstained with 10 μM DAPI (D9542, Sigma-Aldrich) to visualize nuclei. To minimize 

cell detachment, 100% of medium was only removed at the final washing step after fixation and before 

addition of primary and secondary antibodies as well as DAPI. For all other steps, 10% of the washing 

or blocking buffer remained in each well. For immunolabeling performed in 24-well plates, iPSC-SNs 

were stored in PBS, and images were acquired using ImageXpress Pico (Molecular Devices, San Jose, 

CA, USA). For immunolabeling performed in 2-well Lab-Tek Chambers slides (177429, ThermoFisher), 

drops of Mowiol 4-88 (81381, Sigma-Aldrich) were added and cover glasses (613-0137, VWR) were 

placed on top. Images were acquired on the Leica DMI 4000B Inverted Microscope (Leica Microsystems, 

Wetzlar, Germany).  

 

Neurotoxicity assessment  

We assessed neurotoxicity by measuring the area of the neuronal network and the number of axons 

emanating from each ganglion using Sholl analysis (ImageJ software 2.0.0). We obtained three images per 

triplicate conditions from 2-3 independent differentiations. All images were converted to 8-bit, and an 

appropriate threshold specific for each differentiation was applied. The center of the ganglion was 

defined using the straight-line tool, and Sholl analysis was performed for all ganglia in each image (Figure 

S1). The number of ganglia with >30 axons was subsequently counted for each chemotherapy 

concentration and is presented relative to the total number of ganglia counted for each chemotherapy 

concentration.   

 

MIPAR analysis 

Quantitative imaging analysis was completed using a custom-built algorithm using MIPARTM software as 

previously described (24,25). In short, three individual fields were imaged for each experimental well. 

Images were batch processed and the amount of peripherin-labeled neurite networks were quantified 

while minimizing non-specific labeling (i.e., neurite length). Quantifications from experimental wells were 

normalized accordingly to the control wells from the same differentiation.  
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Fluorescence-activated cell sorting 

Direct flow cytometric analysis of Ki-67 was performed on day 12 iPSC-SNs as previously described [26]. 

iPSC-SNs were analyzed along with SH-SY5Y neuroblastoma cells as positive control. Unlabeled 

controls were included for measuring the autofluorescence and for localizing the negative population.  

 

iPSC-SNs and SH-SY5Y cells were washed once in PBS without calcium and magnesium (PBS÷), and 

subsequently dissociated with Accutase or TrypLE Express respectively (5 min, 37℃). Enzymatic activity 

was neutralized, and the cell suspensions were centrifuged (iPSC: 800 rpm; SH-SY5Y: 1000 rpm, 5 min, 

4℃) and resuspended in PBS÷. For obtaining single cells, the cell suspensions were filtered through a 40 

µm cell strainer (Corning, 352340). The total cell number were determined using Countess II FL 

Automated Cell Counter (Invitrogen) to ensure the presence of at least 200,000 viable cells per 100 µL 

cell suspension. The single cell suspensions were fixed with 1% PFA (15 min), permeabilized in 0.7% 

Tween-20 and blocked in 10% goat serum (30 min, 16210072, ThermoFisher, New Zealand). The single 

cell suspensions were incubated with primary antibodies diluted in dilution buffer containing 10% goat 

serum, 0.28% Tween and 1% BSA in PBS for at least 30 min at 4℃ in the dark. The primary conjugated 

antibodies include FITC-conjugated monoclonal Ki67 (1:100, eBioscienceTM, 11-5698-82) which was 

titrated prior to the experiments. After incubation with primary antibody, the cells were washed once in 

PBS÷ by centrifugation (300 g, 4℃, 5 min) and subsequently resuspended in PBS÷ with 1% BSA. For 

washing steps, the supernatant was aspired before adding any new solution, allowing a minor volume of 

liquid (approx. 100 µL to remain). However, the repeated washing leads to a noticeable amount of cell 

loss and therefore, an initial cell concentration of 2.0  106 cells/mL is required to capture enough events 

within the population gate and ensure analytical quality.  

 

Flow cytometric analysis was performed on LSR II flow cytometer (BD Biosciences, San Jose, CA, USA) 

immediately after labeling, and data were acquired with BD FACSDiva Software 8.0.1. The cells of 

interest were gated based on their forward scatter (FSC) and side scatter (SSC) by excluding dead cells 

and debris. To avoid excluding non-spherical cells of interest, doublet discrimination was not performed. 

Histogram profiles of fluorescence intensity were created for the FSC vs. SSC gated population, and 

fluorescence-detecting gates were established by acquiring data for the unlabeled control. The percentage 

of positive cells for the specific marker is determined by the shift in fluorescence intensity of the labeled 

cells compared to unlabeled cells.  
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Quantitative real-time polymerase chain reaction 

Total RNA was extracted from iPSC-SNs seeded in 12-well plates using RNeasy Mini Kit (74106, Qiagen 

AB, Stockholm, Sweden) with DNase digestion (79256, Qiagen). cDNA was synthesized using the High-

Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (4374966, Applied Biosystems, Foster 

City, CA, USA). Quantitative real-time polymerase chain reaction (qPCR) was performed by transferring 

10 ng cDNA template to each well in a 96-well reaction plate that contained target-specific TaqMan 

probes (Table S1) and TaqMan Universal Master Mix II (final volume of 10 µL). A no reverse 

transcriptase control and a no template control were included for all target-specific probes. qPCR 

reactions were performed using StepOne Plus RT-PCR equipment (ThermoFisher, Carlsbad, CA, USA) 

according to the manufacturer’s instructions for 40 cycles. Data were analyzed using the comparative Ct 

method (26) and involved normalization to the housekeeping gene glyceraldehyde-3-phosphate 

(GAPDH).  

 

Quantification of intracellular paclitaxel concentrations by liquid chromatography and tandem 

mass spectrometry  

Matured iPSC-SNs seeded in 12-well plates were exposed to 0.1, 1, and 10 µM paclitaxel for 1 hour. Cells 

were subsequently washed with PBS containing calcium and magnesium, and lysed using 

radioimmunoprecipitation assay buffer (89900, ThermoFisher) for 10 minutes on ice. Cell lysates were 

collected using a cell scraper, vortexed thoroughly for 1 minute, and centrifuged at 14,000 rpm for 10 

min at 4C. The supernatant was carefully collected and stored at -80C until further analysis.   

 

The paclitaxel concentration in the cell lysate was determined by use of LC-MS/MS as previously 

described [1]. Briefly, a volume of 100 μL cell lysate and 100 μL acetonitrile was transferred into a 1.5 

mL polypropylene microtube (Sarsted, Nümbrecht, Germany), vortex mixed for 5 minutes and 

centrifuged at 15,000 g for 15 minutes. A volume of 10 μL of the supernatant was injected onto a LC-

MS/MS system consisting of a Dionex Ultimate 3000 UHPLC system and a TSQ Vantage Triple 

Quadropole Mass Spectrometer with Heated Electrospray Ionization (Thermo Scientific, San Jose, CA). 

Calibration curves ranging from 25 nM to 3,000 nM as well as quality control samples were included in 

each batch of analysis. The within-batch imprecision of the method was < 8%. Limit of detection was 1 

nM and lower limit of quantification was 5 nM. Finally, the paclitaxel concentrations were adjusted for 

protein concentration in each well as assessed using bicinchoninic acid (BCA) assay according to the 

manufacturer’s instructions (23227, ThermoFisher, Waltham, MA, USA), 
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Quantification of drug transporters by immunoaffinity liquid chromatography and tandem mass 

spectrometry  

The protein quantification was conducted as previously described (27). Briefly, prior to analysis, the total 

protein amount was determined via BCA assay, and 150 µg protein was proteolyzed using trypsin (Pierce 

Trypsin Protease, MS-grade; Thermo Scientific, Waltham, MA, USA). Surrogate peptides and internal 

standard peptides were precipitated using triple X proteomics (TXP) antibodies. Peptides were then 

eluted and quantified using a modified version of the previously described LC–MS methods (28,29): 

There, 6 min and 10 min parallel reaction monitoring (PRM) methods are described (UltiMate 3000 

RSLCnano and PRM–QExactive Plus; Thermo Scientific, Waltham, MA, USA). Raw data were processed 

using TraceFinder 4.1 (Thermo Scientific, Waltham, MA, USA). Peptide amounts were calculated by 

forming the ratios of the integrated peaks of the endogenous peptides and the isotope-labeled standards. 

Quantities of proteins were reported normalized as fmol per µg extracted protein. 

 

Statistics 

R (version 4.0.2; R Statistical Foundation for Statistical Computing, Vieanna, Austria) was used for data 

analysis and visualization. Neurotoxicity parameters were calculated relative to the mean of the respective 

vehicle control (DMSO or PBS) for each individual differentiation.  

 

Results 

 

Characterization of iPSC-derived sensory neurons 

Sensory neurons were differentiated from a healthy iPSC donor as previously described (23). Briefly, 

iPSCs were differentiated into immature sensory neurons using a combination of small molecule 

inhibitors for 12 days followed by maturation with growth factors and ascorbic acid for additional 23-33 

days. The differentiation was initiated on day 0 when iPSCs reached >90% confluency (Figure 1A). The 

cells slowly self-organized into clusters (Figure 1B) which further developed into round and 3D-like 

structures with numerous neurites (Figures 1C and 1D). After re-seeding on day 12, we observed that 

the immature sensory neurons were pseudounipolar (Figure 1E), a unique characteristic for neurons of 

the DRG. The low expression (15.2%) of the proliferation marker Ki-67 indicates that the majority iPSC-

derived cells were postmitotic on day 12 (Figure S2).  The mature sensory neurons had their cell bodies 

arranged in ganglia-like structures and developed comprehensive neuronal networks (Figure 1F). A 

group of sensory neurons were localized individually outside the ganglia-like structures which may 

suggest presence of different sensory neuron subtypes (Figure S3). The mature sensory neurons 
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expressed the PNS marker, peripherin (Figure 2). The transient receptor potential vanilloid 1 (TRPV1), 

which is a key mediator of pain, was ubiquitously expressed in ganglia-like structures (Figure 2). 

Collectively, the resulting iPSC-SNs display a characteristic DRG morphology and express canonical 

DRG markers.  

 

 

Figure 1. Overview of the differentiation of human iPSCs into sensory neurons. During the 

differentiation, the morphology changes significantly from iPSC colonies with well-defined borders to 

sensory neurons organized in ganglia-like structures with a large neuronal network. Images were acquired 

with VisiScope IT414. The 4X objective was used for images A-C, 10X for D and F, and 20X for E. 

Abbreviations: D, day; iPSC, induced pluripotent stem cell. 
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Figure 2. iPSC-derived sensory neurons (iPSC-SNs) express canonical dorsal root ganglia markers. 

Immunolabeling of day 39 iPSC-SNs was performed with TRPV1, peripherin, and DAPI. Images were 

obtained using ImageXpress Pico with the 10X objective.  

Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; TRPV1, transient receptor potential vanilloid 1. 

 

Paclitaxel causes retraction and thickening of axons and reduces the neuronal network 

Exposure to paclitaxel caused axons of iPSC-SNs to retract (white arrows) and reduced the neuronal 

network in a concentration-dependent manner (Figure 3). Quantification of peripherin-labeled images 

showed that paclitaxel reduced the number of axons projecting from each ganglion (Figure 5A). The 

number of ganglia with >30 axons were reduced from 97% to 54% upon exposure to the highest 

concentration of 10 µM paclitaxel (Figure 6A). Repeated exposure of paclitaxel was observed to further 

exacerbate neurotoxicity in iPSC-SNs compared to single exposure (Figures S4 and S5). We assessed 

sensory neuronal accumulation of paclitaxel and found that it increased exponentially with increasing 

paclitaxel concentrations (Figure 7). This may suggest saturation of active efflux transport and indicates 

that active efflux transporters are involved in regulating the intracellular accumulation of paclitaxel into 

iPSC-SNs.  
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Figure 3. Paclitaxel causes axonal retraction (white arrowheads) and reduces the neuronal network in a 

concentration-dependent manner. Mature iPSC-derived sensory neurons were exposed to vehicle (0.2% 

DMSO) and indicated concentrations of paclitaxel for 48 hours followed by fixation and 

immunolabelingwith peripherin. Images were captured using the Leica DMI 4000B microscope with a 

10X objective. Scale bars (white boxes) represent 200 μm. 

Abbreviations: DMSO, dimethyl sulfoxide; iPSC, induced pluripotent stem cell.  
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Figure 4. Vincristine causes axonal fragmentation of the neuronal network in a concentration-dependent 

manner. Mature iPSC-derived sensory neurons were exposed to vehicle (0.2% PBS) and indicated 

concentrations of vincristine for 48 hours followed by fixation and immunolabeling with peripherin. 

Images were captured using the Leica DMI 4000B microscope with a 10X objective. Scale bars represent 

200 μm. 

Abbreviations: iPSC, induced pluripotent stem cell; PBS, phosphate-buffered saline.  

Peripherin

0.2% PBS

0.1 µM vincristine 1 µM vincristine

0.01 µM vincristine
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Figure 5. Paclitaxel and vincristine reduce the number of axons emanating from each ganglion. iPSC-

derived sensory neurons were treated for 48 hours with vehicle (0.2% DMSO or 0.2% PBS) and the 

indicated concentrations of paclitaxel or vincristine. The results are shown relative to the vehicle from 

each differentiation (n=2 for paclitaxel, n=2 for vincristine).  
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Figure 6. Paclitaxel and vincristine cause a dose-dependent reduction of the number of ganglia with >30 

axons. The number of ganglia with >30 axons is presented relative to the total number of ganglia analyzed 

for each chemotherapy concentration (n=2 for paclitaxel, n=2 for vincristine). 

 

 

Figure 7. Paclitaxel accumulates in iPSC-derived sensory neurons with increasing concentrations. Mature 

iPSC-derived sensory neurons were exposed to vehicle (0.2% DMSO) or indicated concentrations of 

paclitaxel for 1 hour. Intracellular paclitaxel concentrations were measured in cell lysates using LC-

MS/MS (n=3).  

Abbreviations: iPSC, induced pluripotent stem cell; LC-MS/MS, liquid chromatography and tandem 

mass spectrometry. 

 

Vincristine causes fragmentation and abolishment of the neuronal network 

Exposure to vincristine caused fragmentation and abolishment of the neuronal network (Figure 4), even 

at the lowest concentration of 0.01 µM. Quantification of the labeled images demonstrated a substantial 

reduction of the number of axons and the area of the neuronal network upon increasing concentrations 

to vincristine (Figure 5B). We found that vincristine caused a concentration-dependent reduction of the 

number of ganglia with >30 axons (Figure 6B).  
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Transcriptional alterations associated with paclitaxel and vincristine exposure 

Mature iPSC-SNs were exposed to paclitaxel and vincristine to assess alterations of selected genes. 

Activating transcription factor 3 (ATF3) is considered a marker of damage in DRG and other tissues 

(30). We found that ATF3 mRNA levels were highly upregulated in iPSC-SNs following exposure to 

both agents, though vincristine provoked the most dramatic upregulation (Figure 8). Exposure to 

paclitaxel and vincristine increased the expression of TRPV1 in iPSC-SNs (Figure 8). Both agents also 

caused an induction of ABCB1 that encodes the efflux transporter, P-glycoprotein (Figure 8). 

Vincristine, but not paclitaxel, caused an induction of ABCC1 that encodes the efflux transporter MRP1 

(Figure 8). The negative control (100 µM 5-FU) did not affect the neuronal network or increase TRPV1 

and ATF3 mRNA levels. However, 5-FU downregulated ABCB1 as well as ABCC1 mRNA levels 

(Figure S6). 
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Figure 8. The effect of paclitaxel and vincristine on the mRNA expression of ATF3, TRPV1, ABCB1, 

and ABCC1. iPSC-derived sensory neurons were treated for 48 hours with vehicle (0.2% DMSO or 0.2% 

PBS) and the indicated concentrations of paclitaxel and vincristine. The mRNA level is presented relative 

to the vehicle from each differentiation. The black dot represents the mean value of 3 wells per condition 

from the 3 independent differentiations.  

Abbreviations: ABC, ATP-binding cassette; ATF3, activating transcription factor 3; DMSO, dimethyl 

sulfoxide; induced pluripotent stem cell-derived sensory neurons; PBS, phosphate-buffered saline; 

TRPV1, transient receptor potential vanilloid 1.  
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Inhibition of P-gp and MRP1 might exacerbate paclitaxel- and vincristine neurotoxicity 

The protein expression of relevant drug transporters was assessed using LC-MS/MS. We first verified 

that iPSC-SNs express the ABC transporters, P-gp (ABCB1), MRP1 (ABCC1), and breast cancer 

resistance protein (ABCG2, Table S2). To assess the role of P-gp on neurotoxicity, iPSC-SNs were pre-

exposed to a P-gp inhibitor (valspodar) for 1 hour before exposure to paclitaxel. Our findings indicated 

that inhibition of P-gp exacerbates the neurotoxicity of paclitaxel, as observed by reduction of the 

neuronal network and an increased number of axonal retractions (Figures 9 and S7). Sholl analysis 

demonstrated that P-gp inhibition significantly reduced the number of axons for 0.01 μM and 0.1 μM 

paclitaxel compared to the DMSO control (Figure 9A). Interestingly, P-gp inhibition did not exacerbate 

neurotoxicity in iPSC-SNs at paclitaxel concentrations of 1 μM and 10 μM. Similar to axon number, 

neurite length was only reduced by P-gp inhibition at 0.01 µM paclitaxel (Figure S8A). Additionally, we 

assessed the role of MRP1 on neurotoxicity by pre-exposing iPSC-SNs to a MRP1 inhibitor (MK-571) 

prior to vincristine exposure. We showed that inhibition of MRP1 increased axonal fragmentation and 

substantially reduced the number of axons projecting from each ganglion as well as the neurite length 

(Figures 9B, S8B, and S9).  
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Figure 9. Inhibition of P-glycoprotein (P-gp) and multidrug assistance-associated protein 1 (MRP1) 

exacerbated paclitaxel and vincristine neurotoxicity in iPSC-SNs. Cells were pre-exposed to 4 µM 

valspodar or 4 µM MK-571 for 1 hour followed by 48 hours exposure with indicated concentrations of 

paclitaxel or vincristine. Cells were immunolabeled with peripherin, and the number of axons was 

quantified using Sholl analysis. Results are presented relative to vehicle control (n=1). Abbreviations: 

DMSO, dimethyl sulfoxide; iPSC-SNs, induced pluripotent stem cell-derived sensory neurons; MRP1, 

multidrug resistance-associated protein 1; P-gp, P-glycoprotein. 
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Induction of P-gp as neuroprotection during neurotoxic chemotherapy 

Our findings indicate that rifampicin induces ABCB1 mRNA but not ABCC1 mRNA in iPSC-SNs 

(Figure S9). To assess if the induction of ABCB1 by rifampicin had a neuroprotective effect on 

neurotoxicity, 48 hours of induction was followed by 48 hours of exposure to paclitaxel or vincristine. 

Here, we found that pre-exposure to rifampicin preserved neuronal network integrity compared to 

paclitaxel or vincristine exposure alone (Figures S10 and S11). Consistent with this observation, 

rifampicin pre-exposure increased the number of axons and the neurite length in iPSC-SNs (Figures 10 

and S12). Rifampicin pre-exposure protected against chemotherapy-induced transcriptional changes in 

iPSC-SN, as measured by the damage marker ATF3 mRNA, and pain signaling as indicated by TRPV1 

mRNA (Figure S13).  

 

 

Figure 10. Rifampicin pre-exposure preserved neuronal network integrity of iPSC-SNs, as measured by 

the number of axons. iPSC-SNs were pre-exposed to rifampicin for 48 hours followed by 48 hours of 

exposure to the indicated concentrations of paclitaxel or vincristine. Cells were immunolabeled with 

peripherin, and the number of axons was quantified by Sholl analysis. Results are presented relative to 

vehicle control (n=1). Abbreviations: DMSO, dimethyl sulfoxide; iPSC-SNs, induced pluripotent stem 

cell-derived sensory neurons; P-gp, P-glycoprotein. 

 

 

 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted February 7, 2023. ; https://doi.org/10.1101/2023.02.07.527432doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.07.527432


Discussion 

Paclitaxel and vincristine are among the most widely used chemotherapeutic agents to treat multiple types 

of cancer, such as breast cancer, lung cancer, leukemia, and lymphoma. The main dose-limiting adverse 

effect of both agents is CIPN, primarily due to lack of effective therapies for treatment and prevention. 

To provide insight into the molecular mechanisms underlying CIPN, we used a model of human sensory 

neurons derived from iPSCs. We confirmed that iPSC-SNs had a characteristic DRG morphology with 

ganglia-like structures and expressed canonical DRG markers. Paclitaxel and vincristine caused 

concentration-dependent neurotoxicity in iPSC-SNs. Both agents increased the mRNA expression of the 

pain receptor, TRPV1, and induced neuronal damage as measured by ATF3 mRNA. Furthermore, we 

found that inhibition of efflux transporters exacerbated neurotoxicity in iPSC-SNs while induction of P-

glycoprotein preserved neuronal network integrity and prevented transcriptional changes compared to 

neurotoxic chemotherapy alone.  

 

Paclitaxel and vincristine caused distinct effects on the neuronal network which is in line with previous 

studies (15,24,31,32). The microtubule stabilization by paclitaxel leads to retraction and thickening of 

axons whereas vincristine destabilizes microtubules, leading to formation of microtubule fragments. 

These morphological effects are therefore specific to their distinct mechanism of action, though 

occurring without cell death (24,33–36). The effect of chemotherapy in iPSC-SNs might therefore reflect 

Wallerian degeneration where axons degenerate without affecting the cell bodies.  

 

Our in vitro findings are consistent with skin biopsies from patients with chemotherapy-induced, diabetic, 

or hereditary neuropathy where the degeneration shows as loss of intraepidermal nerve fibers (IENFs), 

typically described as a “dying back” where axons degenerate in a distal-to-proximal manner (37,38). 

Consistent with previous findings in mice DRG neurons (15), we show that paclitaxel caused axonal 

retraction in iPSC-SNs that clearly reflected “dying back” degeneration. In contrast, the morphology of 

iPSC-SNs following vincristine exposure suggests fragmentation of both proximal and distal axons. 

Vincristine has been postulated to induce “dying back” degeneration, however, a previous study 

evaluating rat saphenous nerves found no difference between loss of proximal and distal axons (39). 

Another study showed that the number of axons in sural nerve biopsies from vincristine-treated mice 

was significantly lower distally (40). The observed degeneration in our in vitro model corresponds to the 

degeneration of IENFs in patient biopsies (41,42) and rodent models (43,44) treated with paclitaxel or 

vincristine. The loss of IENFs has also shown to be most pronounced in symptomatic areas of the skin 
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following bortezomib treatment in cancer patients (45). The loss of IENFs could potentially be a major 

contributor to the development and persistence of CIPN.  

 

TRPV1 is a well-known receptor that detects noxious stimuli in sensory neurons, leading to pain 

perception [41]. In the present study, we verified that TRPV1 was ubiquitously expressed in ganglia-like 

structures of iPSC-SNs and the exposure to paclitaxel and vincristine upregulated the mRNA expression 

of TRPV1. The functional properties of TRPV1 are known to be regulated by post-translational 

modifications e.g., phosphorylation leads to an upregulation of TRPV1 in paclitaxel-treated mice (46,47). 

It has previously been suggested that phosphorylation of TRPV1 can reduce the threshold for a stimulus 

to be detected as noxious (48). This might explain why paclitaxel and vincristine cause cancer patients to 

experience hypersensitivity to thermal and mechanical stimuli and hence, pain symptoms. 

 

The knowledge regarding the role of efflux transporters in the distribution of chemotherapy in the PNS 

is scarce. P-gp and MRP1 are expressed in human DRG tissue (20) and corresponds to protein levels 

measured in our iPSC-SNs. Our findings agree with our recent study showing that P-gp inhibition 

increased intraneuronal accumulation and exacerbated neurotoxicity of paclitaxel in SH-SY5Y-derived 

neurons (20). We also showed that breast and ovarian cancer patients treated with P-gp inhibitors 

concomitantly with paclitaxel had a higher risk of dose modifications due to paclitaxel-induced peripheral 

neuropathy (20). These data are also supported by a clinical study showing that patients who were treated 

with a P-gp inhibitor during paclitaxel treatment had a higher risk of developing severe PIPN symptoms 

(49). The role of P-gp has previously been studied in rodents, though findings are conflicting perhaps 

due to species differences or other unknown factors (50–52). Both targeted and genome-wide association 

studies have linked ABCB1 single nucleotide polymorphisms (SNPs) to risk of paclitaxel-induced 

peripheral neuropathy (53–55) and docetaxel-induced peripheral neuropathy (55). Variants in ABCB1, 

ABCC1, and ABCC2 have also previously been linked to vincristine neurotoxicity (56–60). Here, we show 

that MRP1 inhibition leads to increased vincristine-induced neurotoxicity in iPSC-SNs. Our findings may 

provide a biological rationale for the correlation between ABCC1 variants and vincristine-induced 

neurotoxicity. Collectively, P-gp and MRP1 appear to be critical for modulating sensory neuronal 

concentrations of chemotherapy and thus neurotoxicity. 

 

To our knowledge, the induction of ABCB1 has not been studied in the PNS previously. Rifampicin is 

the most potent inducer of P-gp and cytochrome P450 3A4 and affects both hepatic and intestinal drug 

metabolism (61). Here, we show that rifampicin induced ABCB1 mRNA levels by 20% in iPSC-SNs 
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which may confer increased efflux capacity, lower intraneuronal chemotherapy accumulation, and 

reduced neurotoxicity. Clinical studies are required to assess if the neuroprotection observed in vitro can 

be translated into clinical benefit. Importantly, local delivery to sensory neurons is required to avoid 

systemic exposure and protection of tumor cells.   

 

The main limitation of this study is the lack of replications for inhibition and induction experiments and 

thus, the data should be interpreted with caution. Additionally, the experiments were performed with a 

single iPSC donor due to the comprehensive nature of the iPSC-SN differentiation. The clinical 

background of the donor is unknown and thus, future in vitro studies should utilize donors known to be 

tolerant or susceptible to neurotoxic chemotherapy. Another limitation is that iPSC-SNs were not co-

cultured with Schwann cells that may influence chemotherapy-induced neurotoxicity through secretion 

of pro-inflammatory cytokines, and other factors (62).  

 

The primary strength of this study is the use iPSC-SNs as a model representative of the DRG. iPSC-SNs 

contains various sensory neuron subtypes and recapitulate the DRG morphologically, transcriptionally, 

and functionally (24,63,64). Additionally, iPSC-SNs can overcome species differences and might improve 

translation of findings to clinical relevance compared to previously used models.  

 

In conclusion, iPSC-SNs showed concentration-dependent neurotoxicity following exposure to 

paclitaxel and vincristine. The sensory neuron phenotypes were characterized by distinct morphological 

and transcriptional alterations, indicating their different mechanisms of action. Additionally, iPSC-SNs 

express the efflux transporters, P-gp and MRP1 and inhibition of these might exacerbate paclitaxel and 

vincristine neurotoxicity, respectively. We show that induction of P-gp by rifampicin might be a potential 

strategy to prevent chemotherapy-induced neurotoxicity. Although we identified P-gp as a potential 

therapeutic target, future studies can utilize iPSC-SNs in combination with hypothesis-free approaches, 

such as single-cell sequencing and CRISPR interference screen, to identify additional other therapeutic 

targets to meet the need for therapies for CIPN.  
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