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Abstract 
 

Chemotherapy-induced peripheral neuropathy (CIPN) is a devastating side effect of 

multiple classes of antineoplastic drugs used to treat cancer. These agents cause degeneration of 

the peripheral axons of sensory, motor and autonomic system neurons, leading to symptoms like 

loss of sensation, spontaneous pain, muscle weakness and incontinence. Developing treatments 

for CIPN has been difficult because the mechanisms by which antineoplastic agents cause 

degeneration of post-mitotic neurons are unknown. In recent years, some mechanistic details of 

CIPN have begun to be uncovered using animal models. However, there is little evidence to 

support these same processes occurring in humans. Therefore, I set out to develop and 

characterize a human cellular surrogate model for CIPN using induced pluripotent stem cell 

(iPSC)-derived neurons.  

I examined phenotypic changes induced in sensory, motor and cortical neurons by 

treatment with the common neuropathy-causing chemotherapeutic agents paclitaxel, vincristine 

and bortezomib. Despite their distinct mechanisms of antineoplastic actions, all three drugs 

caused axonal toxicity in the iPSC-derived neurons. By developing a spot culture method for 

examining neurite degeneration over time using iPSC-derived neurons, I was able to 

conclusively demonstrate that these chemotherapeutics disrupt axons through two distinct 

effects; growth cone stalling and axon degeneration. Utilizing this novel culture system, I 

examined whether the mechanism of chemotherapy induced neurotoxicity proposed in animal 
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studies could be demonstrated in this humanized model. I found evidence of post-translation 

modifications in tubulin and of mitochondrial dysfunction congruent with those previously 

reported, although the timing of the mitochondrial alterations indicates it is likely secondary to 

axon degeneration. I also found clear evidence of caspase activation, but this does not appear to 

be necessary for the degeneration to occur since its inhibition did not rescue the phenotype. 

Instead, my findings that exogenous nicotinamide adenine dinucleotide or inhibition of the 

kinase DLK can both reduce the observed neurotoxicity in human neurons treated with 

chemotherapeutic agents indicates that the axonal degeneration is Wallerian-like. These findings 

in human cells further our understanding of the pathobiology of CIPN and provide a humanized 

preclinical model that may be suitable for the identification and development of CIPN modifying 

therapies in the future.  
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1.1 Chemotherapy-induced peripheral neuropathy 

Chemotherapy induced peripheral neuropathy (CIPN) is a common, dose-limiting side 

effect of multiple classes of chemotherapeutic agents used to treat cancer. Although the 

incidence of CIPN varies depending on the specific chemotherapy, it is estimated that between 

50-70% of chemotherapy patients will experience some form of neuropathy during the course of 

their treatment (1). As a result, these patients will receive 75% less chemotherapy than initially 

prescribed, report 10-20% lower quality of life up to two years after treatment and incur an extra 

$17,344 in health care costs compared to patients who do not develop neuropathy (2–4). 

There are over 15.5 million cancer survivors in the United States alone, a number that is 

expected to increase to over 20 million by 2026 (5). However, this increase in survivorship has 

gone hand-in-hand with an increase in the impact of CIPN. The neuropathic effects of 

chemotherapy are often chronic, lasting months to years after the final chemotherapy dose (6). In 

some cases, the symptoms never abate. Thus, as the number of cancer survivors continues to 

increase with advances in cancer treatment, there must also be an increased focus on decreasing 

the harm done by chemotherapy. 

To date, there remain no interventions to reverse or prevent CIPN (7, 8). The 

development of effective therapies for CIPN has been hindered, at least in part, by an incomplete 

understanding of the etiology of the disease. The little we do know about the mechanisms of 

CIPN has come from the observations obtained using animal models based on non-primate 

model organisms, which may not fully recapitulate what occurs in humans (9). The ability to 

study the mechanisms of CIPN in human neurons may provide key insights into the pathobiology 

of CIPN and set the foundation for the development of treatments for the disease. 

 



3 
 

1.2 Clinical presentation of CIPN 

There are two types of peripheral neuropathy caused by chemotherapy. Acute neuropathy 

is observed immediately after infusion of neuropathic chemotherapies, especially platinating 

agents and taxanes (3, 10). This is almost always a painful sensory neuropathy (11). There is 

growing evidence that this form of neuropathy is due to the direct action of some 

chemotherapeutic agents on nociceptive sensory neurons (12, 13). Symptoms typically subside 

within hours of onset and there do not appear to be any lasting effects of these transient 

neuropathic events (14). 

More troubling for oncologists and patients is delayed onset, prolonged neuropathy. The 

likelihood of this form of neuropathy (which we will refer to here as CIPN, chemotherapy-

induced peripheral neuropathy) increases both with increasing single dose amounts and with 

cumulative doses of chemotherapeutics (15, 16). The development of CIPN often forces 

chemotherapy dose reduction or complete termination of a chemotherapy regimen (17, 18). 

Cases of CIPN have been reported even after a single infusion of chemotherapy, making the 

morbidity of this disease substantial (11). Even after cessation of chemotherapy, neuropathic 

symptoms can persist for months to years. Approximately 30% of CIPN patients will continue to 

experience symptoms more than six months after completion of their cancer treatment (19). 

The exact symptoms of CIPN depend on the types of peripheral neurons that are affected 

in each individual patient. They can include both positive symptoms (reflective of a gain of 

nervous system activity) and negative symptoms (reflective of a loss of nervous system activity) 

(20). Most commonly, CIPN presents as a sensory neuropathy. The symptoms of sensory 

neuropathy can vary widely, given the diverse functions of different subtypes of sensory 

neurons. Large myelinated Aα- and Aβ-fibers are responsible for the sensation of body position 
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(proprioception) and innocuous touch, while medium diameter myelinated Aδ and small 

unmyelinated C-fibers convey information related to temperature and pain. With the exception of 

bortezomib-induced CIPN, patients display signs of both large- and small- fiber involvement 

(21). This includes decreased sensory-motor coordination, numbness, paresthesia and 

spontaneous burning pain (17). Bortezomib induces a primarily small-fiber neuropathy 

associated with painful symptoms (22). Next most common are motor symptoms, which include 

muscle cramping and weakness. In rare cases, patients experience autonomic neuropathy as a 

result of chemotherapy. These symptoms include constipation, urinary retention, orthostatic 

hypotension and hot and cold flashes (6, 18). 

 The sensory and motor symptoms of CIPN usually begin in the distal extremities, in what 

has been referred to as a “glove and stockings” pattern (23).This distribution of symptoms has 

led some to propose that CIPN is a length-dependent neuropathy, preferentially affecting the 

longest neurons in the body (24, 25). However, there are exceptions to this trend. Facial nerves 

are also sometimes affected, which is at odds with a dependence on axonal length given that 

these nerves are short (20). A number of alternative hypotheses have also been proposed to 

explain the distribution of sensory symptoms observed in CIPN, including the sensitivity of the 

affected region to sensory stimuli (perception dependent) and the amount of stimulation typically 

received (use dependent) (26). Determining whether CIPN does in fact preferentially cause 

degeneration of the longest nerves is an area of active investigation. 

 

1.3 Mechanisms of neurotoxic chemotherapies 

 The four most widely studied classes of chemotherapies associated with CIPN are the 

taxanes, vinca alkaloids, platinating agents and proteasome inhibitors. These four classes of 



5 
 

drugs act on varied targets to exert their antineoplastic effects, but all cause some form of 

peripheral neuropathy. The mechanism by which these antineoplastic drugs, which have been 

chosen for their activity against highly proliferative cells, damage post-mitotic peripheral 

neurons is not fully understood. It is not the case that the antineoplastic activity of 

chemotherapeutics is the cause of neuron degeneration. A number of chemotherapeutics have 

little or no risk of CIPN, including mustard gas derivatives (Mechlorethamine), pyrimidine 

analogues (5-fluorouracil), and retinoids (Bexarotene) (20, 27). However, the fact that 

antineoplastic activity per se is not the cause of the neuropathy does not necessarily mean that 

CIPN is the result of off-target effects of these drugs. It is still unknown whether the neurotoxic 

effects of those chemotherapeutic agents that cause peripheral neuropathy are target-specific 

responses unrelated to cell division or due to some off-target activity of the drugs.  

 Taxanes are one of two classes of microtubule targeting agents used as chemotherapy 

against solid tumors, such as those of the prostate, breast, head and neck (28).  Microtubules are 

important cellular structural elements in that they play a key role in many processes as diverse as 

cell motility, transport of cellular cargoes, and chromosome segregation. Their ability to perform 

these functions is dependent on their ability to assemble and disassemble. Taxanes (e.g., 

paclitaxel and docetaxel) bind to the internal surface of microtubules and prevent their 

depolymerization (29). Thus, microtubules can form, but once formed are static and cannot be 

disassembled. This prevents the mitotic spindle from pulling chromosomes apart during mitosis 

and causes metaphase-arrest (28). Because the effective doses of the drug are so close to the 

threshold for neuropathic effects, 80-90% of patients treated with taxanes will develop CIPN 

(23). These chemotherapeutics cause a predominately sensory neuropathy with occasional motor 

neuropathy (23). 
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Vinca alkaloids (ex. vincristine, vinblastine, and vinflunine) are another class of 

microtubule targeting chemotherapies commonly used for the treatment of leukemia in children 

and adults (20). Rather than preventing depolymerization of microtubules as taxanes do, vinca 

alkaloids bind to β-tubulin and both prevent soluble tubulin from being incorporated into 

microtubules and destabilize established microtubules (30). Similar to taxanes, this disruption of 

microtubule function leads to defects in mitotic spindle assembly and ultimate growth arrest in 

metaphase. Of the vinca alkaloids, vincristine is associated with a high incidence of neuropathy. 

Vinblastine and vinflunine both also cause CIPN, but more rarely. In addition to causing sensory 

neuropathy, these agents are associated with greater incidence of motor and autonomic 

neuropathies (33% of patients) compared to other classes of chemotherapy (31).  

 Platinating agents include the commonly used chemotherapies—carboplatin, oxaliplatin 

and cisplatin. Of these, cisplatin and oxaliplatin have a significant risk of CIPN, while 

carboplatin does not (20). The basis of this difference in side effects is unknown. Platinating 

agents are used for the treatment of a number of solid tumors such as lung, colorectal, testicular 

and ovarian cancer (11). These drugs act by forming crosslinks between and among DNA 

strands, which prevents their replication and causes growth arrest. Platinating agents cause an 

almost exclusively sensory neuropathy. It is estimated that 30-50% of patients treated with 

cisplatin will develop chronic neuropathic symptoms (32). Platinating agents are also the most 

common source of acute painful neuropathy, which occurs in greater than 90% of patients (23).  

 Proteasome inhibitors are a relatively new class of chemotherapeutic agents used for the 

treatment of multiple myeloma. These agents act by blocking the ubiquitin proteasome pathway, 

a protein degradation system conserved among eukaryotes. The proteasome not only serves as an 

important method of recycling amino acids, but has also been implicated in cell signaling, 
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apoptosis and cell cycle control. While the exact mechanism by which proteasome inhibition 

causes growth arrest in cancer cells is unclear, it likely has to do with alterations in more than 

one of these pathways (33). Although newer generations of proteasome inhibitors are in 

development and the data on their neurotoxicity are not yet conclusive, the first generation of 

proteasome inhibitors like bortezomib and carfilzomib are known to cause CIPN in 37-44% of 

patients (18). These drugs cause a purely sensory neuropathy. Interestingly, while other 

chemotherapies are associated with large-fiber sensory neuropathy, bortezomib and other 

proteasome inhibitors cause significant small fiber involvement (21, 34). 

The fact that drugs belonging to the same class of compounds and affecting the same 

targets can have drastically different neuropathic effects, as has been observed for both the vinca 

alkaloids and platinating agents, suggests that the neurotoxicity of chemotherapeutics could be 

due to off-target effects. Alternatively, it is possible that differences in the pharmacokinetics and 

pharmacodynamics of chemotherapies within a class can explain the differences in their 

neurotoxicity. This was tested directly, in the case of taxanes, by correlating the microtubule 

stabilizing effects of different taxanes with their toxicity in primary mouse neurons (35). The 

results of this study showed that an increase in stabilization correlated with an increase in 

toxicity, independent of the structure of the molecule. Thus, for taxanes it appears their 

neurotoxic effect is due to the on-target activity of the drug. Similar studies will need to be 

performed on other classes of chemotherapeutics to determine if those molecules also cause 

toxicity as a result of their on-target activity. 
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1.4 Axon degeneration is a hallmark of CIPN 

Whether due to on- or off-target activity, it is clear that the effects of multiple classes of 

anti-neoplastic agents converge on a similar endpoint: degeneration of axonal structure. Plantar 

skin biopsies from patients with CIPN show a decreased density of unmyelinated nerve fibers 

invading the epidermis, called intraepidermal nerve fibers (IENF), and bulbous encapsulated 

nerve endings, called Meissner’s corpuscles (22, 36). IENFs and Meissner’s corpuscles are the 

endings of sensory neurons responsible for transducing noxious stimuli and light touch 

respectively (37). The decreased density of these structures might explain some of the negative 

symptoms of CIPN such as heat hypoalgesia, insensitivity to noxious heat, and decreased sense 

of touch. Loss of IENFs is a common occurrence among multiple types of peripheral neuropathy 

including diabetic neuropathy, HIV-associated sensory neuropathy and small-fiber neuropathy, 

further supporting the link between IENF loss and the clinical symptoms of CIPN (24, 38). 

Patients with severe CIPN also display abnormalities more proximally in the sural nerve. 

Nerve conductance studies in patients with peripheral neuropathy reveal a decrease in conduction 

velocity and amplitude, consistent with nerve damage (21, 25, 36, 39). This decrease becomes 

progressively worse over the course of treatment, tracking with worsening neuropathic 

symptoms. In one study, biopsy of the sural nerve confirmed that these neurophysiological 

changes reflect a primary axonopathy, a disease that initiates with damage to peripheral axons 

(31). Nerves from patients with CIPN display nerve fiber loss and remyelination of atrophied 

nerve fibers, consistent with secondary demyelination (25).  
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1.5 Model systems for the study of CIPN 

By far the most common model system for the study of CIPN is the mouse. Repeated 

dosing with chemotherapeutics in mice over long periods, typically 4 to 8 weeks, results in a 

variety of sensory and motor related behaviors, which mimic some of the symptoms experienced 

by CIPN patients (9). In the case of taxanes, vinca alkaloids, proteasome inhibitors and 

platinating agents, the onset of these behaviors correlates with a decrease in IENF density (38, 

40–42). However, the lack of any standard methodology for the investigation of chemotherapy-

induced neuropathies means that studies vary widely with regard to the dose, dose schedule and 

strain of mouse used. As a result there is significant variability in the constellation of symptoms 

reported for each chemotherapeutic agent which are reviews in depth by Hopkins et al. 2016 (43) 

and Hoke and Ray 2014 (9). Briefly, sensory phenotypes are much more common than are motor 

phenotypes (34). Increased sensitivity to benign mechanical stimuli (mechanical allodynia) and 

decreased threshold for painful mechanical stimuli (mechanical hyperalgesia) are the most 

consistent changes observed in rodents treated with paclitaxel, vincristine, bortezomib or 

cisplatin. Mice treated with paclitaxel, vincristine or cisplatin also tend to display increased 

sensitivity to cold temperatures (cold allodynia) while bortezomib treated mice do not. 

Phenotypes related to heat sensation are highly variable between studies, as exemplified by 

reports of both heat hyperalgesia and heat hypoalgesia for paclitaxel-treated mice. The results for 

other chemotherapies are similarly mixed in this regard. In line with the clinical presentation of 

motor neuropathy, deficits in grip strength and sensory-motor coordination (rotarod test) have 

been seen in rodents treated with vincristine. Motor deficits are rarely reported for paclitaxel, 

cisplatin or bortezomib. Despite the inconsistent results across studies, these changes have been 
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taken as evidence that mice experience a similar spectrum of peripheral neuropathies in response 

to chemotherapy, similar to those observed in humans. 

Correlated with these sensory and motor changes, paclitaxel, vincristine, bortezomib and 

cisplatin all cause a decrease in in IENF density in the plantar footpad of rats, akin to what has 

been observed in CIPN patients (34). Generally, mice injected with these four drugs also display 

decreases in sensory nerve action potential, and sensory nerve conductance velocity (44). Motor 

nerve conduction deficits have only been reported in vincristine-treated mice, and these deficits 

are consistent with the deficits seen in behavioral testing. All four compounds result in a 

decrease in myelinated fibers in the caudal nerves of rats. However, the type of fiber affected by 

each drug differs. Paclitaxel and vincristine both cause a greater decrease in the number of large-

diameter fibers, while bortezomib causes a decrease in small diameter fibers and cisplatin affects 

all fibers independent of size (34).  These findings correlate well with the observation in humans 

that bortezomib produces a painful, small fiber neuropathy, while other forms of CIPN are 

primarily large-fiber neuropathies (21, 22). 

In addition to in-vivo rodent models of CIPN, neuronal cells from rodents have been used 

for mechanistic studies of chemotherapy-associated neurotoxicity in-vitro. A variety of culture 

techniques have been used as proxies for chemotherapy-associated peripheral neurotoxicity. 

Explant cultures using embryonic dorsal root ganglia (DRG) from mice show a decrease in 

neurite outgrowth when cultured in the presence of paclitaxel (45), vincristine (45), cisplatin (46, 

47), or bortezomib (48). Similarly, a decrease in neurite length is observed in dissociated 

embryonic DRG cultures in the presence of vincristine (49), paclitaxel (50, 51) and cisplatin 

(47), with some studies demonstrating clear axonal degeneration in response to vincristine (52, 

53), and paclitaxel (54). However, the number of explant or primary mouse neurons that can be 
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feasibly cultured is limited. When large numbers of neurons are needed, as in the case of large 

screens, it is preferable to have a proliferative source of neurons. The rat pheochromocytoma line 

PC12, which can be differentiated into neuronal-like cells by NGF, has been used for this 

purpose and the resulting neurons display a dose-dependent decrease in viability in response to 

vincristine (55), cisplatin (56) and paclitaxel (57, 58). However, the relevance of this phenotype 

to CIPN is unclear. 

In addition to rodent models, non-mammalian model organisms have been used for the 

study of CIPN. Zebrafish treated with bortezomib or vincristine during development show 

decreased sensory innervation, decreased motor neuron branching and uncoordinated swimming 

behavior (59). Recently, this system was used to validate a de-novo mutation that caused 

increased vincristine sensitivity in a child with leukemia (60). Drosophila also display signs of 

chemotherapy-induced neurotoxicity when fed medium containing either paclitaxel or cisplatin. 

The former has been shown to cause a decrease in motor neuron length and the later an increase 

in neuronal apoptosis (61). These non-mammalian systems have the added benefit of being 

genetically pliable and scalable for large to medium throughput screens. However, the extent to 

which the molecular events leading to decreases in axon length in these models can be applied to 

the disease phenotype in humans remains to be determined.  

 

1.6 Mechanisms of degeneration in CIPN 

1.6.1 Dying back degeneration 

Histological and electrophysiological studies of CIPN patient and rodent models provide 

irrefutable evidence that dying back degeneration of sensory nerves occurs as a result of 

chemotherapy treatment. Understanding the basis of this degeneration may provide useful insight 
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into potential therapeutic interventions to prevent CIPN. Studies of axon loss in the context of 

development, injury, and disease have identified four pathways for dying back degeneration—

axon retraction, axosomal shedding, local axonal degeneration, and Wallerian degeneration (62, 

63). These pathways are distinct with regard to the molecules that carry out the degeneration 

process and the morphological changes associated with the degeneration. 

One of the proposed mechanisms of degeneration involves axon retraction. This form of 

degeneration differs from the others in that the axon remains intact while it degenerates. 

Therefore, the axonal material is retained by the cell and not lost or degraded as with other forms 

of degeneration. The process begins with the involution of the distal tip of the axon, forming a 

large, vesicle filled swelling called a retraction bulb (64). The components of the distal axon are 

then shuttled along the proximal axon back to the cell body. The mechanism that promotes 

retraction over other forms of degeneration remains unclear. The best-studied example of axon 

retraction is the degeneration of the infrapyramidal tract formed transiently by hippocampal 

mossy fibers during development. In this case, the retraction is mediated by the regulation of Rac 

GTPase by a combination of Eph/Ephrin and Semaphorin/Plexin signaling (65). An incomplete 

understanding of the mechanism of axon retraction makes this process difficult to identify 

conclusively. Treatment of dissociated primary mouse sensory neurons with low doses of 

paclitaxel has been shown to induce an increase in retraction bulbs and a decrease in axon length 

similar to what has been reported in axon retraction (66). Interestingly variants within Eph 

receptor genes have been associated with increased risk of paclitaxel-induced neuropathy in two 

genome wide association (GWAS) studies and a target sequencing study (67). Thus, whether 

axon retraction occurs in CIPN warrants more investigation. 
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Axosome shedding is another mechanism of degeneration, which was initially confused 

with axon retraction (64). During refinement of motor units by neuromuscular junction 

elimination, it was observed that the axon degenerated without generating cellular debris, 

consistent with retraction. However, it was later discovered that the distal tip of the degenerating 

axon branch was shed as a large vesicle, which was then absorbed by nearby Schwan cells and 

degraded intracellularly. This process is closely related to microtubule stability. Although the 

exact mechanisms of shedding are unknown, an early event in the process is activation of the 

microtubule severing enzyme, spastin, which degrades and destabilizes the microtubule 

cytoskeleton (68). Given that many chemotherapeutic agents are microtubule-targeting agents, it 

is plausible that axosome shedding could play a role in CIPN, but no evidence of this yet exists. 

Local axon degeneration is a degeneration pathway initially described in the context of 

growth factor starvation. When axons of peripheral nerves are deprived of Nerve Growth Factor 

(NGF), their axons bleb and degenerate within a matter of hours (69). The loss of growth factor 

receptor signaling leads to decreased transcription of the gene for Bcl-w, a protein which is 

translated in the axon to suppress the caspase-activating protein BAX (70). This de-repression of 

BAX leads to the activation of the initiator caspase 9, which ultimately activates the effector 

caspases 3 and 6, resulting in local degradation of the axon (71). It is now clear that the upstream 

signals leading to activation of this axonal caspase cascade are more diverse than just a loss of 

trophic factor signaling. They are implicated in a variety of both normal physiological and 

pathological processes, such as Alzheimer’s disease and ischemic injury (72).  Whether this 

process is involved in CIPN remains unclear. Bcl-w transport to the axon is disrupted in 

paclitaxel-treated primary mouse neurons and restoring axonal Bcl-w protects against axon 

fragmentation, but this process does not appear to be BAX dependent (54). Thus, whether Bcl-w 
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is exerting its protective effect through the local axon degeneration pathway or some other 

mechanism is unclear.  

The final pathway of axon degeneration, Wallerian degeneration, was discovered in the 

context of nerve injury. After transection of a nerve, the distal portion remains intact for 

approximately 24 hours, but then undergoes rapid, coordinated fragmentation (73). The 

discovery of a spontaneous mutant mouse strain, called Wallerian Degeneration Slow (WLDs), in 

which this degeneration was delayed for weeks, began to reveal some of the molecular 

underpinnings of Wallerian degeneration. The mutation in these mice involved a fusion between 

the NAD+ synthesizing enzyme NMNAT1 and the ubiquitinating enzyme Ube4e (74). 

Ultimately, experiments using these mice led to the understanding that axonal maintenance is 

regulated by the antagonistic activities of an axonal NAD+ synthesizing enzyme, NMNAT2, and 

an NAD+ degrading enzyme SARM1 (75). Although the exact order of events in the Wallerian 

degeneration pathway is still being determined, genetic knockout and pharmacological inhibition 

of a variety of targets has helped to identify the key players in Wallerian degeneration. In 

addition to SARM1, there are clear pro-degenerative roles for the MAPK members DLK (76) 

and JNK (77), the mPTP (78), calcium and calpains (79). In addition to NMANT2, there are 

clear protective roles for SCG10 (5), calpastatin (79) and AKT (80). A variety of these targets 

have been implicated in the pathobiology of CIPN. Wlds mice show resistance to both taxol- and 

vincristine-induced CIPN, both in terms of behavior and in terms of delayed degeneration of 

cultured neurons (81–83). SARM1 knockout has also been shown to be protective against 

vincristine-induced CIPN (40).  

Thus, while the evidence is strongest for Wallerian-like degeneration as the basis of axon 

loss in rodent models of CIPN, there is also evidence that other degenerative pathways could be 
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involved. This is especially true in the case of paclitaxel-induced neuropathy, which displays 

features consistent with Wallerian degeneration, local axonal degeneration and axon retraction. 

Which, if any of these processes, is involved in CIPN in human neurons has yet to be explored.  

 

1.6.2 Terminal Arbor Degeneration 

It was initially thought that IENF loss and the histological and electrophysiological 

abnormalities in peripheral nerves were two consequences of the same neurotoxic mechanism. 

However, one study’s finding that low doses of paclitaxel and vincristine could induce IENF loss 

in rats in the absence of histological nerve abnormalities suggested that these two processes may 

be separable (84). A similar result was observed in human patients with small fiber and diabetic 

neuropathies. These patients showed symptoms of neuropathy and showed IENF atrophy by 

biopsy, but did not display any electrophysiological signs of nerve atrophy (85–87). However, 

similar findings have not been reported in patients with CIPN. Electron micrograph studies of the 

epidermis from rats treated with paclitaxel confirmed that this disparity between IENFs and the 

peripheral nerve was not just an artifact of catching the dying back process of peripheral nerves 

at a single time point, given the IENFs uniformly terminated at the interface of the dermis and 

epidermis and not at varying depths in the epidermis as would be expected from a dynamic dying 

back degeneration (88). Therefore, in both humans and mice, it appears that the loss of peripheral 

axons in CIPN is due to two related, but distinct processes. At low doses of chemotherapy IENFs 

are lost from the dermis, but the fibers that make up the peripheral nerve are unaffected. This 

phenomenon has been termed terminal arbor degeneration and is distinct from the atrophy of 

nerve fibers observed at higher doses of chemotherapy, which starts at the epidermis and 
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proceeds back to the cell body (88). This is the canonical dying back degeneration associated 

with CIPN. 

What might be causing loss of intraepidermal nerve fibers in the absence of axon 

degeneration? The primary hypothesis is that the dynamic nature of the epidermis places 

demands on the axon not present in other portions of the body (88). The cells are constantly 

being lost from the surface of the epidermis and replaced by stem cells at the interface of the 

dermis and epidermis (89). As a result, the epidermis replaces itself every 47 days (90). Since 

IENFs reside in this constantly changing environment, they must remodel as their surroundings 

change. Indeed, IENFs stain positive for GAP43, a protein associated with regenerating axons 

(91). If chemotherapies interfere with the ability of IENFs to reinnervate the epidermis as it is 

shed, the IENFs may be lost. This could explain the stark division between the normal 

innervation of the dermis and the loss of fibers innervating the epidermis in patients and rodent 

models of CIPN (84). 

Two theories have attempted to explain what might be preventing sensory neurons from 

re-innervating the epidermis in the presence of certain cancer chemotherapeutics. The first is that 

chemotherapy treatment causes mitochondrial dysfunction and the resulting energy deficit 

prevents remodeling of IENFs (88). This finding is built on the observation that multiple 

chemotherapies lead to deficits in mitochondrial function in rodent models of CIPN (92). There 

are an increased number of swollen, vacuolar mitochondria in the nerves of rodents treated with 

paclitaxel (93, 94), vincristine (84), bortezomib (95) and cisplatin (96). For paclitaxel and 

bortezomib, respirometry studies have confirmed that this morphological change correlates with 

a decrease in mitochondrial activity (95, 97). Moreover, there is evidence that paclitaxel interacts 

directly with mitochondria to cause opening of the mitochondrial permeability transition pore 
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(mPTP), a pore complex that releases contents of the mitochondrial matrix into the cytosol and 

disrupts mitochondrial respiration (98). Given this evidence that mitochondrial dysfunction is a 

common feature of CIPN-causing chemotherapies, mitochondria have become a major target of 

efforts to prevent CIPN. A variety of antioxidants known to protect mitochondria from damage 

have been tested in animal models of CIPN and show efficacy in reducing CIPN-related 

behavioral phenotypes, including acetyl-L-carnitine (99), retinoic acid (100) and glutathione 

(101). However, multiple randomized clinical trials have failed to demonstrate efficacy of these 

agents in treating CIPN in patients (102). Thus, while there is support for the theory that energy 

deficits drive IENF loss in rodent models of CIPN, there is no evidence that this process occurs 

in humans. 

The second theory regarding the mechanism of IENF loss in terminal arbor degeneration, 

proposed by Gornstein et al. 2017, is that chemotherapeutic agents may prevent outgrowth of 

nerve endings by disrupting tubulin dynamics (66). This study found that low doses of paclitaxel 

could cause retraction bulb formation and modest decreases in neurite length in primary mouse 

neurons, without causing axonal fragmentation. This toxicity was also observed with other 

microtubule stabilizing agents, and the amount of toxicity correlated with the degree of 

stabilization. Thus, the investigators proposed that the stabilization of microtubules blocks 

growth cone extension and that in the context of the remodeling epidermis, this decrease in 

growth capacity leads to loss of the terminal IENFs.  

This study, however, did not address whether a similar mechanism could explain the 

IENF loss caused by other chemotherapeutic agents. Despite having an effect on microtubule 

stability opposite to that of paclitaxel, microtubule destabilizers like vincristine have been shown 

to block axonal outgrowth and cause growth cone collapse (103). Thus, it may be that a balance 
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of microtubule stability and instability is necessary for proper growth cone function. The effect 

of other non-microtubule targeting agents on microtubule stability and growth cone function is 

less well defined. There are reports that proteasome inhibitors, like bortezomib, increase tubulin 

stability in human neuroblastoma cells and primary mouse neurons and, thus, could have effects 

on microtubules similar to those of paclitaxel (48, 104). Conversely, there is also data to suggest 

that platination of tubulin by cisplatin and other platinating agents may disrupt the incorporation 

of tubulin into microtubules, thus having an effect similar to vincristine (105). Additional 

investigation into the effects of diverse classes of chemotherapies on growth cone dynamics and 

microtubule stability is necessary to define the mechanism of IENF loss in response to 

chemotherapy and establish the relative importance of terminal arbor degeneration in the 

development of CIPN. 

 

1.7 Human cellular models of CIPN 

 Animal model systems have provided significant insight into the potential mechanisms of 

CIPN and their utility is irrefutable. However, there are limits to what an animal model can teach 

us about human disease. First, there may be significant differences between species in the 

pathobiology of a disease, especially when studying the human nervous system in non-primates. 

This could be part of the reason that no effective treatments for preventing CIPN have been 

discovered. There have been reports of fewer pain-related phenotypes or decreased nerve 

degeneration in mice treated with acetyl-L-carnitine (ALC) and vitamin E, but these agents did 

not alleviate the symptoms of CIPN in patient (106). A recent meta-analysis of randomized 

clinical trials for CIPN modifying therapies identified 38 trials between 1990 and 2015, none of 

which demonstrated clinical benefit of the compounds being tested (102). Second, non-human 
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model systems have limited application to the study of the genetics of CIPN in humans. While 

estimates vary, only 30-70% of chemotherapy patients develop the disease. By correcting for 

other risk factors for CIPN like age, race, diabetic status and prior treatment with neuropathic 

drugs, estimates have placed the genetic component of CIPN risk at 40% (16). Although animal 

models can be useful in validating the role of a specific gene in determining susceptibility to 

CIPN, often GWAS studies identify risk loci in non-coding regions of the genome, which are 

poorly conserved between species. In these cases, human cells must be used to identify the 

relevance of these regions to disease. Finally, animal models, including primary tissue studies, 

are often laborious to perform. Therefore, they have limited scalability with regard to high-

throughput screening 

For these reasons, there has been significant interest in a human cellular model for CIPN. 

Human embryonic stem cells (hESCs) and induced pluripotent stem cell (iPSCs) have the 

capability to form cells from any of the three germ layers and therefore provide the opportunity 

to study disease in human tissue and in an affected cell type. The utility of iPSCs to model 

chemotherapy-associated side effects has already been demonstrated in the context of 

doxorubicin cardiotoxicity. In approximately 11% of patients, doxorubicin is associated with an 

increase in adverse cardiac events (107). Cardiomyocytes derived from iPSCs from patients who 

demonstrated symptoms of toxicity showed an increase in contraction rate, a decrease in beat 

amplitude and a decrease in cell viability after doxorubicin exposure compared to iPSC-derived 

cardiomyocytes from iPSCs of patients who did not develop cardiotoxicity (108). This led to the 

discovery of a number of genes associated with increased doxorubicin-induced cardiotoxicity in 

iPSC-derived cardiomyocytes that are currently being evaluated for therapeutic potential. These 
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results also raised the question of whether similar iPSC-based approaches could be used to model 

other forms of chemotherapy-associated toxicity (109). 

The first demonstration of chemotherapy-induced neurotoxicity was performed using 

GABAergic cortical neurons derived from iPSCs. These cells displayed a decrease in neurite 

length in response to paclitaxel, vincristine and cisplatin, which was not attributable to apoptotic 

cell death (110). Given the limited clinical relevance of cortical neurons to evaluate CIPN, which 

is a disease of peripheral not cortical axons, a similar study was replicated in iPSC-derived 

peripheral neurons. This second study also displayed a dose-dependent decrease in neurite length 

in response to neuropathy-causing chemotherapeutics. The researchers determined that the 

reduced neurite length could be prevented by treatment with Goshajinkigan, an herbal extract, 

demonstrating the potential utility of iPSC-derived neurons for the identification of CIPN 

modifying therapies (111). 

The alterations in neurite length identified in these studies are reminiscent of the 

degeneration of peripheral axons in patients with CIPN. However, the mechanism by which 

these length deficits arise and their relationship to the pathobiology of CIPN have not been 

examined. A detailed understanding of the nature of chemotherapy-associated neurotoxicity in 

iPSC-derived neurons will help to determine the limitations of this model as a surrogate for 

CIPN and expand our understanding of the pathological effects of chemotherapy on human 

neurons. 

 

1.8 Specific Aims and Overview 

 This work examines the cellular mechanisms underlying chemotherapy-associated 

neurotoxicity in iPSC-derived human neurons with the goals of determining the extent to which 
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iPSC-derived neurons recapitulate the disease biology observed in CIPN patients and developing 

a foundation for future therapeutic interventions for the prevention of CIPN. First, we establish 

that the neurotoxic effects of chemotherapeutic agents are similar for iPSC-derived motor and 

sensory neurons. This allows us to develop novel methods for studying the effects of 

chemotherapeutic injury on the axons of iPSC-derived motor neurons in order to obtain a model 

system that will translate well to human CIPN. Previous studies observed a dose-dependent 

decrease in neurite length after chemotherapy exposure, but whether this was due to a 

degeneration of the axons was not established. We attempt to characterize the molecular 

mechanisms responsible for the defect in neurite length, with a focus on axon outgrowth and 

axon degeneration, distinguishing between the “terminal arbor” (inhibition of neurite outgrowth) 

and “dying back” (axonal degeneration) hypotheses for neuronal degeneration in CIPN. In the 

process, we identify methods to protect axons from chemotherapeutic insult. Finally, we perform 

proof of principle experiments to demonstrate the utility of iPSC-derived neurons for the 

unbiased identification of pathways involved in CIPN. 

  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 2 
Exploring the mechanism of chemotherapy associated 

neurotoxicity in human induced pluripotent stem cell-derived 
neurons 
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2.1 Attributions 

 All experiments and analyses presented in this chapter were performed by Mr. Andrew 

Snavely. Dr. Long Chen and Mrs. Ruth Kagan assisted in optimizing culture conditions used for 

spot cultures.  

 

2.2 Introduction 

Peripheral polyneuropathy is a dose-limiting side effect of multiple classes of 

chemotherapeutic agents. Patients with CIPN experience a variety of symptoms including loss of 

sensation, paresthesia, burning sensation, muscle weakness, muscle cramping and incontinence 

(11). These symptoms result from damage to peripheral nerves innervating the skin, muscle and 

autonomic organs.  There are currently no approved treatments for the prevention or amelioration 

of CIPN (112). As a result, patients are forced to delay or suspend chemotherapy treatment or 

risk worsening of neuropathic symptoms and potential irreversible damage. Numerous animal 

studies have identified affected pathways and potential therapeutic targets, but these findings 

have been difficult to translate to clinical benefit in humans. This raises the question of whether 

CIPN is faithfully recapitulated in rodents, flies or fish. A humanized model of CIPN, using 

induced pluripotent stem cells (iPSC), for example, may help researchers to better understand the 

human manifestations of disease, thus reducing the number of unfruitful clinical trials. 

iPSCs are revolutionizing disease modeling by providing the opportunity to study 

diseases in the affected human cell types. The use of iPSC-derived cells to study the side effects 

of chemotherapy was first demonstrated through the use of iPSC-derived cardiomyocytes for 

modeling doxorubicin induced cardiotoxicity (108, 109). Since that time, others have begun to 

examine whether iPSC-derived neurons can model the neuropathic effects of antineoplastic 
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agents. It has been reported that iPSC-derived neurons display decreased neurite lengths when 

treated with the chemotherapeutics paclitaxel, vincristine, cisplatin and thalidomide (111, 113). 

However, the mechanism underlying this change in neurite length, and thus its relevance to 

CIPN requires further study. Such characterization of the cellular and molecular phenotypes of 

chemotherapy induced neurotoxicity in human iPSC-derived neurons may provide additional 

insight into the pathobiology of CIPN.  

At the cellular level, CIPN is a disease of peripheral axons. Patients with CIPN have 

significantly decreased intra-epidermal nerve fiber (IENF) density in the epidermis of the hands 

and feet (38).There are several hypotheses as to why this occurs. Traditionally, this was taken to 

be the result of a progressive “dying back” of the peripheral nerve in which the axon begins to 

fragment and is shed starting at the distal terminal. Patients with CIPN were reported to have 

decreased sural nerve amplitude and conduction velocity, suggestive of axon degeneration with 

secondary demyelination. Similar conductance changes are observed in rodent models of CIPN 

and these changes correlate with the onset of mechanical and thermal allodynia (34). An 

alternative hypothesis has recently challenged this theory. Bennett et al. 2011 showed increased 

mechanical allodynia in rats following prolonged, low dose paclitaxel treatment in the absence of 

any evidence of dying back degeneration of the sural nerve (88). He found that instead of dying 

back degeneration, the lesion leading to increased mechanical allodynia was specific to nerve 

endings that failed to re-innervate regenerating layers of the epidermis. Bennett and colleagues, 

therefore, proposed a “terminal arbor degeneration” model in which the loss of innervation of 

peripheral targets was felt to be the result of a decrease in re-innervation of these highly plastic 

tissues rather than degeneration of the axon itself. Supporting this, there are also cases of human 

patients with CIPN, but without evidence of dying back axonal degeneration (84, 88). We 
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attempted to carefully characterize the effects of chemotherapy on iPSC-derived neurons in order 

to determine the extent to which the reported deficit in neurite length is consistent with the dying 

back and terminal arbor theories of degeneration. 

If degeneration of axons does occur in the human neurons, as postulated by the dying 

back hypothesis, the mechanism of this degeneration must be explored.  Two distinct pathways 

of axonal degeneration have been implicated in various animal models of CIPN and it is unclear 

which, if either of these pathways contributes to the human disease. Caspase-dependent 

degeneration, was first described in developing embryos as the basis of axon pruning after 

trophic factor withdrawal, but has since been implicated in a variety of post-development 

neurodegenerative diseases such as Alzheimer’s, Huntington’s and CIPN (114–117). Arguably, 

however, there is more evidence for the involvement of caspase-independent degeneration 

pathways in CIPN (40). Wallerian degeneration, a caspase-independent process, was first 

described in the context of nerve injury (73). While the exact cascade connecting axonal injury to 

degradation is still being determined, the hallmark of Wallerian degeneration is characterized by 

a local decrease in the levels of the protective metabolite NAD+ causing activation of calpain 

proteases which degrade the structural components of the axon (118). A number of methods of 

delaying Wallerian degeneration following nerve injury, such as the use of WLDS mice or 

deletion of SARM1, have been shown to also prevent chemotherapy-induced hyper-analgesia in 

mice and degeneration of primary neuron cultures from mice (40, 52, 81). Assessing whether 

caspase dependent degeneration or Wallerian-like degeneration contributes to chemotherapy-

associated neurotoxicity in humans was a major aim of this study and will be an important step 

towards developing therapies for the prevention of CIPN. 
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If growth arrest consistent with the terminal arbor hypothesis is observed, there are two 

pathways that have been proposed to cause this deficit. Bennet et al 2011 proposed that terminal 

arbor degeneration was a consequence of mitochondrial damage. They hypothesized that the 

resulting energy deficit would prevent the energy-costly process of axon extension. Consistent 

with this theory, mitochondrial depolarization, vacuolization and fragmentation have all been 

reported to occur in the nerves of animals treated with paclitaxel, vincristine and bortezomib (93, 

95, 119, 120). Another theory was put forward by Gornstein et al. 2016, who proposed that 

stabilization of microtubules was the primary cause of paclitaxel induced growth arrest and 

terminal arbor degeneration. Stable microtubules accumulate a number of post-translational 

modifications (PTMs) of tubulin which seem to have important functions in modulating axonal 

transport and cytoskeletal remodeling in neurons (121, 122). The importance of these PTMs in 

outgrowth is evidenced by the drastic developmental and regenerative deficits observed when the 

enzymes which deposit or remove these PTMs are deleted (123–125). Alterations in the 

complement of microtubule PTMs have been observed in rodent neurons treated with vincristine, 

bortezomib and paclitaxel induced CIPN (35, 48, 126). Here we examined mitochondrial 

function and tubulin modifications in human neurons to determine whether they may contribute 

to terminal arbor degeneration or dying back. 

Using neurons derived from iPSCs we examined the cell-intrinsic neurotoxic effects of 

the most common chemotherapies causing neuropathy, including microtubule stabilizing agents 

(taxanes), microtubule destabilizing agents (vinca alkaloids) and proteasome inhibitors. The 

diverse antineoplastic mechanisms of these drugs raise the question of whether the same or 

different mechanisms underlie the observed neurotoxicity. Our findings suggest that there are 

two separable mechanisms by which paclitaxel, vincristine and bortezomib negatively impact the 



26 
 

axon: the blockade of axonal growth and initiation of axonal degeneration. The former is 

governed predominately by microtubule dynamics at the growth cone, but does not correlate with 

any specific tubulin PTM and precedes any evidence of mitochondrial dysfunction. The latter 

involves signaling pathways similar to those of the Wallerian degeneration occurring after nerve 

injury and is common to diverse classes of drugs. We use these findings to identify compounds 

which can efficiently protect the axons of iPSC-derived human neurons from chemotherapeutic 

insult. 

 

2.3 Results:  

2.3.1 Chemotherapy-induced morphological changes in iPSC-derived sensory neurons 

Existing studies on the neurotoxic effects of chemotherapies in iPSC-derived neurons 

utilize commercially available peripheral neurons for which there is no published protocol and 

little available validation of cell identity (111, 113). Thus, we first set out to confirm these results 

in sensory neurons generated using an established small molecule-based differentiation protocol 

(127, 128). Single-cell RNA-sequencing of the cells generated using this protocol has previously 

demonstrated that the resulting neurons are a homogeneous population of peripheral neurons 

expressing markers of large-fiber mechanoreceptors, such as NF200 and PIEZO2 (129, 130). 

Bulk RNA-sequencing confirmed that, in our hands, induced sensory neurons express many 

markers concordant with large-fiber mechanoreceptor fate, including, SCN9A, NTRK2 and 

PIEZO2 (Figure 2.1A) (131). We also confirmed peripheral identity of these neurons by staining 

for peripherin and Brn3a, which labeled almost all βIII-tubulin positive cells (Figure 2.1B). We 

feel that these neurons are a better potential model of CIPN than those used in previous studies, 

since large-fiber sensory neurons are affected by most classes of chemotherapeutics. However, it 
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should be noted that bortezomib displays some selectivity for small-fiber neurons relative to 

other chemotherapies (21, 22, 34). Markers of small fiber neuros such as TRPV1, TRKA and 

SCN10A were largely absent from our sensory neuron cultures. Whether other protocols for 

sensory neuron differentiation could generate small-fiber neurons, and thus serve as a better 

model for bortezomib-induced CIPN, remains to be determined. 

 

Figure 2.1: Chemotherapy-associated axon toxicity in iPSC-derived sensory neurons.  
A) Total RNA harvest from iPSC-derived sensory neurons after 8 weeks of maturation was 
sequenced and examined for expression of markers genes for peripheral neurons. n=5 replicates 
B) Immunostaining for peripheral neuron markers peripherin (Prph) and Brn3a. C) 
Representative images of iPSC-derived sensory neurons treated with four classes of 
chemotherapeutic agents for 24 hours. Neurons were labeled with β-III-tubulin.  D) 
Quantification of neurite length 24 hours after iPSC-derived sensory neurons were exposed to 
varying doses of four chemotherapeutic agents. Total neurite length was normalized to the 
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Figure 2.1 (Continued) number of neurons imaged. For vehicle (DMSO), paclitaxel, vincristine 
and bortezomib three independent experiments were performed with 6 wells per condition. For 
cisplatin two independent replicates were done. *p<0.05, ***p<0.0005; Dunnett’s post-hoc test.  
 

Having confirmed the identity of these iPSC-derived neurons, we next treated dissociated 

cultures of the neurons with varying doses of one of four different chemotherapeutic agents: 

paclitaxel (3nM-2uM), vincristine (100pM-100nM), bortezomib (1nM-30nM) or cisplatin 

(50nM-10uM). Given we did not know what effect these chemotherapeutics would have on 

neurite structure, if any, we utilized the Arrayscan XTi high content imager and Thermo Fischer 

Cellomics imaging suite to quantify various measures of neurite health such as neurite number, 

neurite length, neurite width and branch point number. We evaluated the cells after 24 hours of 

treatment, given this is a common timepoint used for mouse models of axotomy and vincristine 

induced degeneration (52, 132). After 24 hours of treatment, cisplatin displayed no adverse effect 

on the neurons up to a concentration of 10uM, well above the highest serum level of cisplatin 

recorded in patients (133). Therefore, we did not examine the drug further in this study. Similar 

to what has been previously reported in iPSC-derived cortical and non-DRG peripheral neurons 

(111, 113), paclitaxel, vincristine and bortezomib all caused dose-dependent effects on a variety 

of neurite parameters including increased branching, decreased neurite number and decreased 

neurite length. The most significant effect was a decrease in neurite length (Figure 2.1C). 

Neurons treated with 1µM paclitaxel or 100nM vincristine displayed a 48% and 57% decreases 

in neurite length relative to vehicle treated controls, respectively (both p<0.0005; Dunnett’s post 

hoc test). Bortezomib had a smaller, but statistically significant effect on neurite length as well 

(p<0.002; Kruskal-Wallis test). This effect was maximal at 20nM, which resulted in a 18% 

decrease (p<0.03, Dunnett’s post hoc test). These decreases in neurite length were not simply 

due to the death of neurons, since neurite lengths were normalized for neuron number.  
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The dose ranges over which a dose-dependent effect was observed (20nM-3µM 

paclitaxel, 0.3-10nM vincristine and 5-15nM bortezomib) fell within the plasma levels of each 

drug observed in patients (Table 1). Although these levels may not be representative of the 

concentrations of these drugs in peripheral nerve targets or in peripheral nerves themselves, they 

demonstrate that the concentrations over which neurite length defects are observed are similar to 

what a neuron may be exposed to in vivo. Additionally, the rank order of toxicity for the three 

drugs correlated with the cumulative doses at which patients become at risk for neuropathic 

symptoms, with paclitaxel showing about 100 to 1000-fold less toxicity than the other two drugs 

(11, 106). Again, this indicates that the exposures used are not unreasonable proxies for what 

occurs in human patients. 

Table 1: Comparative doses of toxicity for four major classes of chemotherapy 

Drug Plasma Levels Cumulative dose for 
neuropathy 

Bortezomib 40-115ng/mL (105-300nM) (134) 16 mg/m2 (106) 

Cisplatin 0.45-2.25mg/L (1-6nM) (135) 400 mg/m2 (136) 

Paclitaxel 195-3650 ng/mL (228-4300nM) (26) 275  mg/m2 (137) 

Vincristine 919-1720ng/mL (1.1-2µM) (138) 12 mg/m2 (139) 

 

Our results confirmed that iPSC-derived sensory neurons respond to multiple classes of 

chemotherapeutics with a decrease in length and arborization when using a well-characterized 

protocol for sensory neuron differentiation. We decided to focus on neurite length as a 

phenotypic readout of chemotherapy-associated neuropathy because of the parallels between 

neurite length and axon degeneration seen in patients. 
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2.3.2 Chemotherapy’s similar effects on iPSC-derived sensory and motor neurons 

Though we confirmed that iPSC-derived sensory neurons responded to multiple classes 

of chemotherapeutics, we also wanted to determine whether another neuronal subtype affected 

by chemotherapy, motor neurons, would respond similarly to chemotherapies. In patients, not all 

axons are equally susceptible to chemotherapeutic injury (140). The relative likelihood of 

sensory, motor and autonomic involvement in CIPN varies depending on the specific 

chemotherapy, with some causing a purely sensory neuropathy and others causing a combination 

of sensory, motor and autonomic symptoms (6). The root of this cell-type selectivity of the 

neuropathic effects of chemotherapeutic agents remains unclear and could involve either 

differences in susceptibility to chemotherapeutic injury intrinsic to the neurons themselves or 

factors extrinsic to the cells such as the bioavailability of the drug.  

To determine whether neuronal identity had an effect on the susceptibility of cells to 

chemotherapeutic insult, we examined the response to the three chemotherapeutic agents in 

motor neurons. We used a 2-dimensional dual-SMAD inhibition protocol to differentiate human 

iPSCs into lower motor neurons (141). This protocol consistently generated neurons with 

morphological characteristics distinct from those of sensory neurons. Cell identity was confirmed 

by both immunostaining and RNA-sequence quantification of markers for sensory (CGRP, 

BRN3, DRGX, PIEZO2)  and motor (HB9, HOX2, CHAT) neurons (142–144) (Figure 2.2A). 

Similar to sensory neurons, motor neurons displayed a dose-dependent decrease in neurite length 

when treated with each of the three drugs, indicating that they too are susceptible to 

chemotherapy-induced neurotoxicity (Figure 2.2B&C). Relative to sensory neurons, the dose 

response relationship for motor neurons treated with vincristine was shifted to the left, indicating 

that it took smaller doses of the drug to lead to decreased neurite length (p<0.00005; two-way 
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ANOVA). The dose response curve for motor neurons treated with paclitaxel was similarly 

shifted leftward relative to sensory neurons (p<0.00005 for paclitaxel; two-way ANOVA). There 

was no detectable difference between bortezomib-treated motor and sensory neurons (p>0.1; 

two-way ANOVA), but there was minimal decrease in neurite length in bortezomib-treated 

cultures, making it difficult to determine if there was any difference between the two cell types. 

Thus, while the dose at which toxicity was observed in each cell type differed slightly, this same 

difference in susceptibility was evident across chemotherapies. This indicated there is no cell-

type selectivity for these three compounds in iPSC-derived neurons.  

Figure 2.2: Chemotherapy-associated neurotoxicity is not selective for specific subtypes of 
iPSC-derived neurons.  
A) RNA-seq quantification of pan-neuronal, sensory-neuronal, motor-neuronal, glutamatergic 
and GABAergic marker gene expression in induced motor neurons. n=5 biological replicates. B) 
Representative image of the responses of iPSC-derived motor and sensory neurons to the 
chemotherapy paclitaxel. C). Comparison of neurite length in motor and sensory neurons treated 
with varying doses of paclitaxel, vincristine, or bortezomib for 24 hours. n=12 wells from 2 
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Figure 2.2 (Continued) experiments for sensory and 18 wells from 3 experiments for motor. 
****p<0.00005 interaction between cell type and dose by two-way ANOVA. 
 

Having demonstrated that there are no differences between cell types in the susceptibility 

of iPSC-derived sensory and motor neurons to chemotherapeutic insult, we decided that iPSC-

derived motor neurons provided the best model system for future study. The existing protocols 

for generation of motor neurons are far more robust in terms of their yield, purity and 

consistency than those used to generate sensory neurons (129). High yield is especially important 

for the biochemical characterization of chemotherapy-induced neurotoxicity, making it much 

more difficult to use sensory neurons. Thus, the remainder of this study was carried out in iPSC-

derived motor neurons. 

 

2.3.3 Chemotherapy-induced axonopathy in iPSC-derived motor neurons 

 CIPN is described as an axonopathy meaning that the degeneration initiates in the axon 

itself and only later is the cell body affected (145). This is in contrast to neuronopathies like 

Sjögren syndrome in which degeneration begins in the cells bodies of the dorsal root ganglion 

and causes axon degeneration secondary to cell body loss (146, 147). To determine whether the 

observed effects of chemotherapeutics on the axons of iPSC-derived neurons were the result of a 

direct insult to the axon or secondary to cell body death, we examined the viability of iPSC-

derived motor neurons after chemotherapy treatment. Motor neurons were treated with 

chemotherapy for 24 hours, fixed, and neuron number quantified based on the number nuclei 

staining positive for βIII-tubulin. After 24 hours, there was no change in cell body number in any 

of the conditions tested (Figure 2.3A). To confirm that the cell body number is reflective of cell 

survival after treatment with chemotherapy, we calculated the ratio of live versus dead cells 

using Calcien AM and ethidium homodimer, which label live and dead cells respectively. We 
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observed no change in the percent of viable cells at any concentration of chemotherapy (Figure 

2.3B).  

 

Figure 2.3: Chemotherapy-induced axon toxicity is independent of cell death.  
A) iPSC-derived motor neuron number per well after 24 hours of chemotherapy treatment 
quantified based on overlapping β-III-tubulin and DAPI staining. n=8 wells from 2 experiments 
B) Cell viability based on live cell imaging of Calcien AM and ethidium homodimer staining 24 
hours after chemotherapy treatment. n=12 wells from 3 experiments C) Demonstration of axon 
re-extension after 24 hours of chemotherapy exposure followed by varying times of recovery in 
the absence of chemotherapy. n=8 wells from 2 experiments.  
 

Further confirmation that cell bodies remain viable after axonal degeneration has 

initiated, is demonstrated by the neurons’ abilities to extend processes when a chemotherapeutic 
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agent is removed. Induced motor neurons were treated with varying doses of paclitaxel, 

vincristine or bortezomib for 24 hours, after which time the media was exchanged for culture 

media without chemotherapeutics. In the case of paclitaxel, axon regrowth was evident after 24 

hours and 72 hours of recovery (Figure 2.3C). For bortezomib, after 24 hours of recovery we 

observed a slight decrease in neurite length at high doses. This may be the result a loss of axons 

which have already begun to degenerate before the removal of bortezomib, but are still intact at 

24 hours after treatment. Such a latency in degeneration has previously been described in the 

case of Wallerian degeneration (148). However, after 72 hours of recovery, there was an increase 

in axon length at all doses. Finally, after removal of vincristine we observed progressive 

regrowth at all but the highest doses of chemotherapy (>10nM). This finding mirrors what has 

been observed in patients. If chemotherapy treatment is halted soon after the onset of the 

neuropathy, when cumulative doses are still low, the symptoms often resolve over time. 

However, at higher cumulative doses irreversible damage is likely to occur (106). It is possible 

that lack of regrowth at high doses may indicate that irreparable damage has been done to the 

cell by high dose vincristine.  It is also possible that the lack of regrowth at high concentrations 

is due to residual vincristine after media replacement. Two washes were performed prior to 

media replacement. However, since not all of the media could be removed from the cells with 

each wash, there may not have been sufficient dilution to overcome the effects of 10nM or 

100nM vincristine. In either case, based on these findings, it is clear that the effects of 

chemotherapeutics on iPSC-derived neurons are the result of direct action on the axon and not on 

the cell bodies. Therefore, CIPN as modeled in iPSC-derived neurons shows many 

characteristics indicative of an axonopathy. 
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2.3.4 Growth arrest and dying back degeneration both contribute to the neurotoxicity of 

chemotherapeutic agents 

We next examined the nature of the axonal dysfunction induced by exposure to 

chemotherapy. Two models have been proposed to explain the loss of peripheral nerve fibers in 

CIPN. In the dying back neuropathy model of CIPN, nerve fibers fragment starting at the distal 

end and proceeding back along the nerve towards the cell body in a progressive fashion (44). 

Conversely, in the terminal arbor degeneration model, only the most distal tips of peripheral 

axons, those which invade the epidermis, are lost due to an inability to remodel in the dynamic 

environment of the epidermis (88). In this model, the nerve itself remains unaffected. 

To differentiate between these two possibilities, we tested whether the deficit in neurite length 

observed was the result of decreased axonal growth, as would be predicted by the terminal arbor 

degeneration theory, or rather the consequence of dying back degeneration. We quantified 

neurite length and neuron number after 24, 48 or 120 hours of chemotherapy exposure to observe 

the progression of the axonopathy over time. Motor neurons were treated with chemotherapy for 

the desired amount of time and neuron number quantified based on the number nuclei staining 

positive for βIII-tubulin. There was a significant decrease in neuron number between 24 and 120 

hours (p<0.05 by two-way ANOVA), but this decrease was uniform across all concentrations of 

drug tested (Figure 2.4A). Normalizing each timepoint to its vehicle control showed no change in 

cell number in any condition, even after 120 hours of treatment with concentrations of 

chemotherapy 10-100 fold higher than those needed to induce axon loss (Figure 2.4B). Thus, we 

hypothesize that the observed decrease in cell number over time is the result of the general stress 

of cell culture and not effect of the chemotherapies.  
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Paclitaxel and vincristine displayed two distinct phases of neurotoxicity. At low doses 

(20-300nM paclitaxel and 0.1-1nM for vincristine), axon length continued to increase from one 

time point to the next (Figure 2.4C). However, the rate of growth decreased in a dose-dependent 

manner over this range. A similar phase of slowed growth was apparent with bortezomib 

concentrations from 1nM-7.5nM after 48 hours. However, between 48 hours and 120 hours, the 

rate of growth of the bortezomib cells increased dramatically to control levels. We suspect that 

this transient growth inhibition is a result of the short half-life of bortezomib in cell culture, 

which is estimated to be less than 24 hours (149). Even after 120 hours of chemotherapy 

treatment, axons treated with low to moderate doses of all three drugs appeared morphologically 

normal (with the exception of the increased width and staining intensity previously noted for 

paclitaxel treatment (113)) and there was no evidence of axonal fragmentation. This is consistent 

with the hypothesis that low to moderate doses chemotherapy treatment may alter the ability of 

neurons to remodel as the cells of the epidermis turn over, leading to terminal arbor loss.  
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Figure 2.4: Growth arrest and axon loss both contribute to the decrease in neurite length in 
iPSC-derived neuron models of CIPN.  
Dose response curves (A) and bar graphs (B) showing the number of β-III-tubulin positive cell 
bodies after 24, 48 or 120 hours of chemotherapy treatment. Dose response curves (C) and bar 



38 
 

Figure 2.4 (Continued) graphs (B) showing the change in neurite length per neuron as a 
function of time after the addition of chemotherapeutic. For all panels, n=32 well from 2 
experiments except for 1000nM paclitaxel for which n=16 well from one experiment. *p<0.05, 
**p<0.005, ***p<0.0005. Kurskal-Wallis test with Dunnett’s post-hoc test. 
 

At higher doses (>1000nM paclitaxel, >3nM vincristine, > 10nM bortezomib), neurite 

lengths decreased progressively over time. In the case of vincristine, this decrease in length was 

at its maximal level by 24 hours. For paclitaxel and bortezomib treated cells, a progressive 

degeneration was observed between 24 and 120 hours of treatment. In all three cases there was 

an increase in β-III-tubulin positive cellular debris at these higher concentrations, indicating 

possible axonal fragmentation, consistent with the dying back process. 

Our results, therefore, demonstrated that both dying back degeneration and growth arrest 

consistent with Bennet et al. 2011’s model of terminal arbor degeneration contribute to the 

axonal dysfunction induced by chemotherapy. Dying back degeneration seems to occur later and 

with higher doses of chemotherapy while growth arrest occurs earlier, at low to moderate doses. 

This was consistent for all chemotherapy types, though the rates at which these processes 

occurred did differ. 

 

2.3.5 A spot culture method for studying neurodegeneration 

A number of factors made the study of degeneration in dissociated cultures of iPSC-

derived neurons challenging. We determined that it was necessary to treat the cultures with 

chemotherapeutics early after re-plating, otherwise the neurites quickly grew too dense to be 

quantified accurately. However, this had the negative trade-off that the neurites were still 

relatively short when exposed to chemotherapy and therefore provided limited signal with regard 

to degeneration. Indeed, analysis of the time course of chemotherapy exposure demonstrated 

how the difference between control- and drug-treated wells was dominated by differing rates of 
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outgrowth, rather than by degeneration of axons. Additionally, the complex intersecting network 

of neurites in dissociated culture made it impossible to determine axonal polarity. Therefore, no 

claims could be made as to whether degeneration begins at the distal end of the nerve fiber as 

would be expected of chemotherapy-induced neurotoxicity.  

We sought to develop a model for CIPN using human iPSC-derived neurons that could 

address these shortcomings and help determine whether the behavior of iPSC-derived neurons 

treated with chemotherapy is consistent with dying back or terminal arbor degeneration. Previous 

work on axon growth and regeneration utilized a technique termed spot culture, in which a high 

density of embryonic mouse neurons were deposited on a glass cover slip in a small droplet 

(150). The cells were allowed to adhere to the area of the glass in contact with the droplet before 

the entire cover slip was submerged in culture media. The cell bodies remained concentrated in 

the region of the initial spotting while axons grew outward radially. The highly organized axons 

emanating from the spot maintained distal/proximal polarity and allowed for neurite length to be 

tracked over long periods of time.  

We successfully adapted this technique for the culture of human iPSC-derived motor 

neurons (Figure 2.5A). Cell bodies remained localized in the center of the spot up to two weeks 

in culture. During this period, axons extended radially out from the center of the spot in a halo 

pattern (Figure 2.5B). The extent of axonal growth in these cultures could be quantified using a 

modified version of Sholl analysis (Figure 2.5C). The boundary between the cell body and 

axonal regions of the culture was manually delineated. Then this boundary was expanded at 

fixed intervals to form concentric rings around the cell bodies. The number of times each ring 

intersected an axon was counted, giving a distribution of the number of axons present at various 

distances from the cell bodies. Plotting the change in this distribution over time provided a visual 
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representation of axon growth as axons extend into areas further and further from the cell bodies. 

Using this analysis to examine untreated motor neurons, we were able to observe the progressive 

growth of iPSC-derived motor neurons over a period of at least 11 days (Figure 2.5D). The rate 

of axon growth was not uniform over time, but rather slowed as axons increased in length. This 

decrease in axon extension over time appeared to be due to both a slowing of axon growth and an 

increase in axon bending and curving. Therefore, we decided to focus on the period between 

days in vitro (DIV) 4 and DIV 11. This period is late enough that the cells have established 

axons a few millimeters in length, but early enough to reliably quantify axon growth. 

 

Figure 2.5: A spot culture method for studying axon growth and retraction.  
A) Bright field image of a spot culture four days after plating. B) Bright field images showing 
the progressive, radial growth of spot cultures over time. C) Schematic representation of the 
modified Sholl analysis used for spot culture quantification with black lines representing neuron 
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Figure 2.5 (Continued) cell bodies and axons, dashed red lines representing the concentric 
circles used for Sholl analysis and numbers representing the number of times each ring is 
intersected by an axon. D) Results of a Sholl analysis of an untreated spot culture over seven 
days. Lines represent the number of axons detected as a function of distance from the cell body 
at various times after plating. 
 

We predicted that this culture system would provide an increased sensitivity for the 

detection of growth arrest versus axon degeneration compared to dissociated cultures, because of 

the ability to track axon length over extended periods of time rather than a single, fixed timepoint 

(Figure 2.6). Using Sholl analysis, degeneration of axons will result in a collapsing of the 

intersection-distance curve towards the y-axis over time, as the distal portion of axons are 

progressively lost. Conversely, growth inhibition will result in reduced change in the 

intersection-distance curve over time compared to control, but without any movement towards 

the y-axis.  

 

Figure 2.6: Advantage of spot cultures and Sholl analysis for the study of degeneration and 
growth arrest.  
A schematic showing the differences between growth arrest and axon degeneration when 
examined using either dissociated cultures compared to a vehicle control or Sholl analysis of spot 
cultures over time. 
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To confirm our hypothesis that low doses of paclitaxel, vincristine and bortezomib inhibit 

growth without causing overt degeneration (consistent with the terminal arbor theory of 

degeneration), we treated spot cultures with 30nM, 0.3nM or 7.5nM of the drugs respectively. 

Examining spots treated on DIV4 at DIV4, 5, 7, 9 and 11 revealed similar results to the more 

short-term dissociated cultures. Despite continued growth of the spot, paclitaxel and vincristine 

had a dramatic inhibitory effect on growth relative to DMSO throughout the assay period (Figure 

2.7A&B). Bortezomib also displayed decreased outgrowth relative to vehicle-treated cells 

between DIV4 and DIV7, but the spots resumed normal growth from DIV7 on (Figure 2.7C). 

However, the new neurite growth appeared thinner and less organized than that of untreated 

neurites of a similar length. This again supports the hypothesis that the short half-life of 

bortezomib caused transient effects, lasting somewhere between 24 and 48 hours.  
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Figure 2.7: Low to moderate concentrations of chemotherapeutics cause growth arrest in 
iPSC-derived neurons.  
Growth arrest in spot cultures after treatment with A) 30nM paclitaxel, B) 0.3nM vincristine or 
C) 7.5nM bortezomib. Representative images are shown before (DIV4), 3 days after (DIV7) and 
7 days (DIV11) after chemotherapy treatment. Representative plots from Sholl analysis show 
axon growth (DIV4), 24 hours after (DIV5), 3 days after (DIV7), 5 days after (DIV9) and 7 days 
(DIV11) after chemotherapy treatment. 
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We then examined the effects of exposure to high concentrations of chemotherapeutics 

(3µM paclitaxel, 1nM vincristine, 15nM Bortezomib) to confirm our finding in dissociated 

culture that a dying back degeneration process occurs at these doses. Comparing the cultures 

before treatment on DIV4 to the same culture on subsequent days we observed an obvious 

degeneration of the axons back toward the cell bodies (Figure 2.8 A-C). Sholl analysis revealed a 

progressive degeneration over time, both in terms of the extent and the density of the axons 

surrounding the cell bodies.  
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Figure 2.8: High concentrations of chemotherapeutics cause progressive axon loss in iPSC-
derived neurons.  
Axon degeneration in spot cultures after treatment with A) 3000nM paclitaxel, B) 1nM 
vincristine or C) 15nM bortezomib. Representative images are shown before (DIV4), 3 days 
after (DIV7) and 7 days (DIV11) after chemotherapy treatment. Representative plots from Sholl 
analysis show axon growth (DIV4), 24 hours after (DIV5), 3 days after (DIV7), 5 days after 
(DIV9) and 7 days (DIV11) after chemotherapy treatment. 
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We were then curios how replicable these phenotypes were. To quantify growth and 

degeneration of axons over time, we calculated the area under the curve (AUC) formed by 

plotting the number of intersections against distance. Thus, the AUC represents the total “mass” 

of neurite present in a culture. Although this analysis abolished any information regarding the 

lengths of neurites (it could not, for example, differentiate between many short processes and a 

few long ones), it allowed us to perform statistical analysis of axon growth and degeneration 

across replicate spot cultures. Quantification of the AUC for vehicle treated cells showed a 

significant increase in neurite mass over time (Figure 2.9A; 3.4 fold increase at DIV7; 

p<0.00005; Dunnett’s post-hoc test).  

As expected, for spot cultures treated with 30nM paclitaxel, 0.3nM vincristine or 7.5nM 

bortezomib, we observed no significant change in axon mass over the seven-day time period 

(p>0.1 in all cases; Kruskal-Wallis test) (Figure 2.9B). However, bortezomib did show a trend 

towards growth. The increase in AUC after one weak of treatment with 7.5nM bortezomib was 

significant if multiple comparison correction was not performed (1.6 fold; p<0.005; Dunnett’s 

post-hoc test). However, this 1.6 fold increase was less than the 3.4 fold increase observed in 

vehicle treated cells over the same time period. Thus, low doses of chemotherapy reproducibly 

inhibit neuronal outgrowth without causing axon loss.  

The AUC analysis also confirmed the axon degeneration phenotype observed after 

treatment with higher concentrations of chemotherapy. Spot cultures treated with 3000nM 

paclitaxel, 1nM vincristine or 15nM bortezomib displayed a progressive decrease in AUC over 

time (Figure 2.9C). This analysis revealed subtle differences between chemotherapies. 

Vincristine and bortezomib both had a delayed effect on neurite length, showing no change in 

AUC after one day. However, once a decrease was observed, degeneration progressed rapidly. 
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Conversely, paclitaxel caused a significant decrease AUC after just one day (0.79 fold; p<0.005; 

Dunnett’s post-hoc test). However, the degeneration progressed at a slower rate than did 

vincristine- or bortezomib-induced degeneration. These data raise the question of whether all 

three drugs induce degeneration through similar or distinct mechanisms. 

 

Figure 2.9: Spot cultures give reproducible measures of growth arrest and axon 
degeneration after chemotherapy treatment  
Area under the curve (AUC) quantification of axon mass in spot cultures treated with (A) 
vehicle, (B) low-dose chemotherapy, or (C) high-dose chemotherapy. N=3 biological replicates 
per condition. *p<0.05, **p<0.005, ***p<0.0005, ****p<0.00005, one-way ANOVA with 
Dunnett’s post-hoc test. 
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2.3.6 Treatment with chemotherapeutics causes rapid growth cone stalling and collapse 

Based on the dramatic slowing of neurite growth we observed with low doses of 

chemotherapy, we hypothesized that these agents might be acting on growth cones. Retraction 

bulbs are rounded structures of disorganized microtubules which form at the distal tips of axons 

in place of a growth cone (151). Their formation is associated with growth arrest and has 

previously been described in rodent neurons treated with paclitaxel and other microtubule 

stabilizing agents (66, 151). Although there have been no reports of retraction bulbs in the 

context of vincristine- or bortezomib-induced CIPN, based on the growth arrest phenotype we 

observed, we suspected that retraction bulb formation and subsequent stalling of growth cones 

may be a common response of human neurons to chemotherapeutic insult.  

To determine whether the growth deficit we observed with these drugs was due to the 

formation of retraction bulbs, we examined the distal ends of spot cultures treated with 

chemotherapy. To avoid confusing retraction bulbs with blebbing or axon fragmentation, we 

used low doses of each drug which caused growth inhibition, but not degeneration. We observed 

a significant increase in the number of rounded axonal endings 24 hours after treatment with 

100nM paclitaxel (880% increase; p<0.005; student’s t-test) and 1nM vincristine (700% 

increase; p<0.05; student’s t-test), but only saw a trend towards significance for 10nM 

bortezomib (Figure 2.10A&B). These bulbous structures at the ends of axons displayed many of 

the markers of retraction bulbs. The microtubules within the bulbs displayed disorganization of 

tubulin and an enrichment of glutamylated tubulin compared to the parallel bundles in the 

adjacent axon (Figure 2.10C). Both of these traits have been previously reported for retraction 

bulbs induced by nerve injury and paclitaxel treatment (66, 151). Retraction bulbs are also 

known to accumulate mitochondria, presumably due to disrupted transport in the tangle of 
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microtubules (151). Indeed, labeling mitochondria using RFP fused to the Cox8 localization 

sequence showed a dramatic enrichment of mitochondria in the swellings formed after treatment 

with paclitaxel (Figure 2.10D). This provides strong evidence that both paclitaxel and 

vincristine, despite their distinct effects on microtubule stability, cause an increase in retraction 

bulb formation in neurons.   

Given the observed growth defects and the appearance of retraction bulbs after treatment 

with paclitaxel and vincristine, we predicted that growth cone dynamics may also be altered by 

chemotherapy exposure. To correlate these phenotypes with one another, we performed live 

imaging of growth cones in spot cultures treated with chemotherapy. The organized, radial 

outgrowth of the spot culture allows many unobstructed growth cones to be visualized in a single 

microscopic field. Images were acquired at 0.33Hz over a 1.5-hour period 0, 6, 24 and 72 hours 

after treatment with varying doses of chemotherapeutic agents. Based on the average 

displacement of the growth cone over the imaging period, we classified growth cones as either 

growing, retracting or stalled (Figure 2.10E). Bortezomib had no effect on growth cone dynamics 

relative to vehicle-treated cells immediately after treatment. Vincristine produced a modest 22% 

increase in retracting growth cones only at the highest doses. This was in contrast to paclitaxel, 

which rapidly induced growth cone collapse and retraction with 55% and 69% of growth cones 

retracting at doses of 100nM and 1µM respectively compared to 4% for vehicle-treated cells. 

This retraction was short-lived, however, and by 24 hours all three drugs displayed a dramatic 

increase in the number of stalled growth cones relative to vehicle. At 24 hours the only 

treatments inducing retraction were the highest doses of vincristine and paclitaxel, and even in 

those cases the increase in retracting growth cones compared to control was small compared to 

the dramatic increase in stalled growth cones. By 72 hours of treatment, almost all growth cones 
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treated with paclitaxel or vincristine had stalled, independent of the dose of the drug. In contrast, 

outgrowth resumed after 3 days exposure to bortezomib such that there was no distinguishable 

difference between vehicle and bortezomib treated cells. This is consistent with the observation 

that re-growth begins between 24 and 72 hours after bortezomib’s addition in spot cultures and 

provides further evidence that bortezomib’s effects are short lived in-vitro. Our finding of growth 

cone arrest confirms previous findings in chicken and mouse primary sensory neurons treated 

with paclitaxel, and extends this phenotype to vincristine and bortezomib treatments (35, 152). 

However, to our knowledge we are the first to observe the rapid onset growth cone retraction in 

human iPSC-neurons induced by paclitaxel treatment, possibly because previous studies have not 

looked soon enough after treatment. These findings point to a clear toxic effect of 

chemotherapeutics on the growth cones of human neurons. 
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Figure 2.10: Multiple classes of chemotherapeutics induce growth cone stalling:  
A) Representative images of retraction bulbs detected in spot cultures stained for α-tubulin. B) 
Quantification of retraction bulbs in fixed and stained spot cultures 24 hours after chemotherapy 
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Figure 2.10 (Continued) treatment. n=3 replicates per condition, with 47-69 growth cones per 
condition. **p<0.005; student’s t-test C) Representative image of mitochondria localized to 
retraction bulbs. Mitochondria were labeled by infecting cells with LV- Mito-dsRed-IRES-GFP. 
D) Immunostaining for α-tubulin and glutamylated tubulin demonstrating an enrichment of 
glutamylated tubulin in retraction bulbs formed after chemotherapy treatment. E) Quantification 
of live growth cone imaging of chemotherapy treated growth cones. n=3 movies per condition, 
growth cone number ranges from 30-52 per movie; *p<0.05, **p<0.005, ***p<0.0005 for of the 
most significant difference from vehicle, whether in number of growing, stalling or retracting 
growth cones; student’s t-test. 
 
2.3.7 Microtubule PTMs are modified by chemotherapy treatment 

Microtubules play a key role in growth cone dynamics, leading us to suspect that a defect 

in microtubule function may underly the growth defect and retraction bulb formation we 

observed at low concentrations of chemotherapy. Post-translational modifications of tubulin 

influence a variety of microtubule-associated processes, such as axonal transport and cytoskeletal 

rearrangement, which can affect axon growth (121). Therefore, we asked whether treatment with 

chemotherapeutics altered these modifications in iPSC-derived neurons.  

We evaluated the relative levels of these modifications after 24-hour treatment with 

paclitaxel, vincristine or bortezomib by western blot. We chose this timepoint because it is 

sufficient to observe growth cone stalling, but not long enough to initiate the confounding effect 

of axon degeneration. There was no significant change in total alpha tubulin under any of the 

treatment conditions, supporting the fact that relatively little degeneration occurs within the first 

24 hours of chemotherapy treatment. However, to obtain the most accurate possible measure of 

the amount of tubulin modification, all modifications were normalized to the total alpha tubulin 

for that sample. Consistent with previous findings in mouse DRG cultures, paclitaxel treatment 

led to a dose-dependent increase in glutamylation and acetylation, while causing a decrease in 

tyrosination (Figure 2.11A-C) (66, 153). These changes are all in line with the action of 

paclitaxel as a microtubule stabilizing agent, since glutamylation, acetylation and detyrosination 
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are all markers associated with stable microtubules (121). Vincristine had the exact opposite 

effect, increasing tyrosinated tubulin while decreasing acetylated and glutamylated tubulin. 

Again, this is the expected result given vincristine’s known role in destabilizing microtubules.  

Most surprisingly, we observed a significant increase in acetylated tubulin and decrease in 

detyrosinated tubulin after bortezomib treatment. There was also a small but significant decrease 

in glutamylated tubulin after 24-hour treatment with 15nM bortezomib (6.3%; p<0.05; student’s 

t-test). These findings demonstrate that post-translational modifications of microtubules in 

human neurons are altered by both microtubule-targeting chemotherapies as well chemotherapies 

which act through targets other than microtubules.  
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Figure 2.11: Stability-associated tubulin modifications are dysregulated by chemotherapy 
treatment. Western blot quantification of the ratio of total α-tubulin to A) acetylated tubulin, B) 
detyrosinated tubulin and C) glutamylated tubulin in iPSC-derived motor neurons after treatment 
with chemotherapy for 24 hours. Mean and error bars represent n=4 biological replicates per 
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Figure 2.11 (Continued) condition. *p < 0.05, **p < 0.005, and ***p < 0.0005; student’s t-test. 
D) Representative images from tubulin extracted spot cultures co-stained for α-tubulin and 
specific tubulin modifications to confirm the western analysis. 
 

Tubulin can exist as either a soluble monomer or as insoluble polymers in microtubules. 

Since it is the polymerized tubulin that influences cellular processes like axonal growth and 

intracellular trafficking and may contribute to the pathogenicity of CIPN, we wished to confirm 

that the changes in tubulin modification observed by western blot were representative of what 

occurs with the tubulin incorporated into microtubules. Moreover, since tubulin modifications 

are not necessarily uniform throughout the cell, it was important to confirm that the western blot 

analysis was reflective of what was occurring in neuronal processes.  

To accomplish this, we utilized mild detergents to extract the soluble tubulin from spot 

cultures, thus leaving only the insoluble microtubules. We then immunostained using PTM-

specific antibodies. The staining intensity of the PTMs was normalized to alpha tubulin to 

correct for any changes in tubulin abundance from the treatment. The distribution of the different 

tubulin modifications along the axon in the vehicle-treated cells confirmed the specificity of the 

antibodies. Acetylation and glutamination, both known to be markers of stable microtubules, 

were enriched in the proximal axon (Figure 2.11D). We were not able to confirm the co-

localization of tyrosinated tubulin due to difficulties staining. 

Thus, we observed significant changes in tubulin post-translation modifications in iPSC-

derived neurons following chemotherapy treatment. These changes were incorporated into 

microtubules of the axon, especially near the distal tips. However, these changes appear to be 

drug specific, and do not provide a single, unified picture of how chemotherapeutics alter 

microtubule stability or function. 
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2.3.8 Chemotherapy-induced axon loss by fragmentation 

We next focused on understanding the mechanisms of the dying back axon degeneration 

observed when neurons were treated with high doses of chemotherapy. Detailed examination of 

the axon structure over time revealed a stereotypical series of events leading up to the decrease in 

axon length detectable by Sholl analysis. Initially, high doses of chemotherapy caused a dramatic 

increase in dark round protrusions within the axon shaft, even before a decrease in axon length is 

apparent (Figure 2.12A&B). Similar structures have been described previously in the context of 

axon degeneration, including neurodegenerative disease, axonal injury, animal models of CIPN 

and in intra-epidermal nerve fibers (IENF) of patients with CIPN (24, 44, 132, 154). Then, over 

time the axon begins to break, leaving behind fragments. Finally, these fragments resolve, 

leaving little evidence of the axon.  

 

Figure 2.12: A stereotyped timing of axon fragmentation after chemotherapeutic insult 
indicative of active axonal degradation.  
Representative images showing the distal to proximal polarity of degeneration and the timing of 
the process.  
 
2.3.9 Mitochondrial dysfunction  

Due to the energetic costs of maintaining long processes, neurons are highly 

metabolically active cells. Maintenance of cellular energy levels is important for axon function 

and integrity. Alterations in cellular energetics seem to be a common feature of multiple axon 

degeneration pathways and a deficit in cellular respiration has been proposed to cause growth 
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arrest and retraction bulb formation (88, 155). Mitochondria are the primary source of energy in 

healthy neurons. Mitochondrial dysfunction has also been reported in animal models of CIPN for 

multiple classes of chemotherapeutics, including taxanes, vinca alkaloids and proteasome 

inhibitors (93, 95, 119). Moreover, treatment with acetyl-L-carnitine, a mitoprotectant, has been 

shown to reduce paclitaxel-, vincristine- and bortezomib-induced neuropathic symptoms in 

rodents (95, 99, 156). The hallmarks of mitochondrial dysfunction are depolarization of the 

mitochondria, decreased cellular respiration, decreased ATP production and increased generation 

of reactive oxygen species (ROS). To determine whether the mitotoxicity of chemotherapeutic 

agents might contribute to the growth arrest or axon degeneration phenotypes, we examined 

indicators of mitochondrial health in our iPSC-derived motor neurons after 24 or 72 hours of 

exposure to chemotherapeutic agents. We selected 24 and 72 hours because at the 24-hour 

timepoint we observe robust growth arrest with little evidence of degeneration, while at the 72-

hour timepoint axons are in the early stages of axon degeneration. Thus, we any changes 

occurring early might explain growth arrest, while those occurring later are more likely to be 

related to degeneration phenotypes. 

 We used a luminescent ATP assay to study mitochondrial function in neurons treated 

with paclitaxel, vincristine or bortezomib. While this assay is most commonly used to detect cell 

death, our previous findings demonstrated there was no significant change in cell number even 

after 72 hours of chemotherapy treatment. Therefore, we felt that the assay should reflect 

changes in the ATP content of cells and not a change in cell number. There was a minor, but 

significant decrease in ATP after 24 hours for all three chemotherapies (Figure 2.13A). After 72 

hours there was an even more dramatic decrease in steady state ATP with increasing 

concentrations of all three chemotherapies. The magnitude of the decrease was smaller for 
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paclitaxel than for vincristine or bortezomib. The doses at which the decrease in ATP relative to 

vehicle treated controls became significant were 100nM paclitaxel, 1nM vincristine and 10nM 

bortezomib, which correspond roughly with the doses that led to degeneration in spot culture. 

 

Figure 2.13: Mitochondrial dysfunction is a late event in chemotherapy-associated 
neurotoxicity.  
A) Measurement of chemotherapy induced energy deficit in iPSC-derived neurons using Cell 
Titer Glo. Measurements were made at 24 and 72 hours after chemotherapy addition. n=3 
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replicates of Figure 2.13 (Continued) greater than 5 wells; **p<0.0005, ***p<0.0005; 
****p<0.00005; student’s t-test with Bonferroni correction B) Oxygen consumption profile 
generated by Agilent Seahorse measurement of mitochondrial respiration after treatment with 
300nM paclitaxel, 1nM vincristine or 15nM bortezomib. Relevant measures of mitochondrial 
dysfunction and ATP generation taken at 24 C) and 72 D) hours of exposure.  n=5; *p<0.005, 
**p<0.005; student’s t-test with Bonferroni correction 
 

We wanted to confirm that the delayed ATP deficit observed in cells treated with 

chemotherapy was not due to a lack of sensitivity given the relative abundance of ATP in the 

cell. Therefore, we directly measured mitochondrial respiration using the Agilent Seahorse. 

Cultures of iPSC-derived motor neurons were treated with 300nM paclitaxel, 1nM vincristine or 

15nM bortezomib for 24 or 72 hours. We first measured basal respiration rate followed by the 

addition of oligomycin, FCCP and rotenone to measure non-mitochondrial respiration, maximal 

respiration and mitochondrial proton leak, respectively. At 24 hours none of the chemotherapies 

differed from the vehicle control in any of these parameters of mitochondrial health (Figure 

2.11B&C). After 72 hours, cells treated with paclitaxel, vincristine or bortezomib showed 

decreased basal respiration and maximal respiratory rate, but no change in proton leak, coupling 

efficiency or non-mitochondrial respiration (Figure 2.13B&D).  

 Together these data suggest that there is a delayed decrease in cellular respiration and 

ATP production after iPSC-derived neurons are exposed to chemotherapeutic insult. That the 

deficit is small to non-existent after 24 hours implies mitochondrial function may not be a driver 

of the rapid growth arrest phenotype, but could contribute to the degeneration process. For the 

changes in both ATP and mitochondrial respiration, the effects of paclitaxel are smaller and 

delayed relative to bortezomib and vincristine. These data are consistent with our observations in 

spot cultures, where paclitaxel induced a slower, more mild degeneration phenotype compared to 

vincristine and bortezomib.  
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2.3.10 Chemotherapy-induced axonal degeneration in human neurons does not require 

caspase-3 activity 

One possible cause of degeneration is the activation of caspases (157). Caspases play an 

important role not only in apoptosis, but also in axon pruning during development and possibly 

in neurodegenerative disease (115, 158). In mouse models of vincristine- and paclitaxel-induced 

neuropathy, inhibition of caspases has been reported to reduce neuropathic symptoms in-vivo and 

block degeneration in-vitro (54, 116). We hypothesized that the axon degeneration we observed 

in human neurons was similarly due to the activation of a caspase cascade. 

 Western blotting of whole cell lysates from induced motor neurons revealed a significant 

increase in the 19kD cleaved caspase-3 after 24-hour treatment with 300nM paclitaxel, 3nM 

vincristine and 15nM bortezomib (Figure 2.14A-B). However, quantification of cleaved caspase-

3 was variable due to the low abundance of the protein, even after chemotherapy treatment. 

Therefore, we examined a more abundant indicator of caspase activation, the caspase target poly-

ADP ribose polymerase (PARP). Cleaved PARP increased significantly after 24-hour treatment 

with high doses of any of the three chemotherapies. There was also a small but significant 

increase in the amount of cleaved PARP after 24 hours of treatment with 30nM paclitaxel (1.8 

fold; p<0.005; student’s t-test). 
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Figure 2.14: Activation of cellular caspases in human neurons after exposure to 
chemotherapy.  
A) Representative western blots for the cleaved capsase-3 and one of the products of caspase-3 
activity, cleaved PARP. GAPDH served as a loading control. B) Ratiometric quantification of 
cleaved caspase-3 and cleaved PARP using GAPDH as a standard. n=4; **p<0.005, 
***p<0.0005; student’s t-test with Bonferroni correction C) Validation of the finding that 
caspases are activated in repose to chemotherapy using a luminescent caspase reporter. 
 

To better understand the kinetics of caspase activation following chemotherapy 

treatment, we used a caged luciferase substrate, which is available to the luciferin enzyme only 

after cleavage by active caspases-3 or -7. Thus, luminescence serves as an indicator of caspase 

activity. All three chemotherapeutics induced a dose-dependent increase in luminescence after 
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both 24 and 72 hours of treatment (Figure 2.14C). At concentrations of chemotherapeutics where 

axon degeneration becomes apparent (300nM paclitaxel, 1nM vincristine, 10nM bortezomib), 

the increase in caspase activity was similar for each of the three drugs after 24 hours (1.4-fold, 

1.6 fold and 1.4 fold respectively). However, while the effects of paclitaxel and bortezomib 

reached a plateau at a level of caspase activity around 1.5-fold greater than vehicle treated cells, 

increasing doses of vincristine led to an increase in caspase activity up to 3-fold greater than that 

of control cells. After 72 hours of treatment with vincristine or bortezomib there was no 

significant change in caspase activity relative to the 24-hour timepoint. There was, however, an 

increase in caspase activity after 72 hours of paclitaxel treatment at all concentrations. 

To determine whether the observed caspase activation was important for the pathogenesis 

of axon degeneration, we employed the irreversible pan-caspase inhibitor Z-VAD-FMK (159). 

Treatment of cells with 10µM Z-VAD-FMK blocked vincristine-induced caspase activation 

completely (Figure 2.15A).  However, addition of 10µM Z-VAD-FMK to cultures 4 hours 

before chemotherapy had no effect on deficit in neurite length caused by paclitaxel, vincristine or 

bortezomib in dissociated cultures (Figure 2.15B). Since dissociated cultures are less sensitive 

for the detection of degeneration than for growth inhibition, we also tested the effect of Z-VAD-

FMK on spot cultures treated with 3000nM paclitaxel, 3nM vincristine or 15nM bortezomib. 

Caspase inhibition had no effect on the degeneration induced by any of the three drugs. 
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Figure 2.15: Caspase-3 activity is not required for chemotherapy-induced axon 
degeneration.  
A) Verification that the pan-caspase inhibitor Z-VAD-FMK is able to block chemotherapy-
induced caspase activation in iPSC-derived neurons. B) Assessment of the effects of caspase 
inhibition on the growth defect and degeneration induced by chemotherapy. Cells were pre-
incubated with the caspase inhibitor Z-VAD-FMK for 4 hours before and during a 72-hour 
treatment with chemotherapy. n=12 wells from 3 independent experiments 
 

Our findings suggest that although the caspase cascade is initiated in induced human 

motor neurons early after treatment, this caspase activity is not correlated with the axon 

degeneration observed in neurons treated with chemotherapy. We were determined, therefore, to 

discover a different pathway by which axon degeneration might occur. 
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2.3.11 Wallerian degeneration contributes to the neurotoxicity of bortezomib and 

vincristine 

 An alternative, caspase-independent mechanism for axon degradation is the process of 

Wallerian degeneration (160, 161). Chemical and genetic manipulation of various steps of the 

Wallerian degeneration signaling pathway have been shown to reduce vincristine and paclitaxel-

induced axonal degeneration and neuropathic pain phenotypes (40, 83, 162, 163). Given our 

finding that axonal degeneration was not blocked by caspase inhibitors, we were interested to 

determine if Wallerian degeneration is important in the pathogenesis of chemotherapy 

associated-neurotoxicity in human iPSC-derived neurons. 

Although the exact mechanism by which NAD+ regulates axonal degeneration is actively 

being investigated, it is clear that depletion of NAD+ is an important early step in the initiation 

Wallerian degeneration which precedes axon fragmentation (132, 164). Therefore, we examined 

whether NAD+ metabolism was altered in the presence of chemotherapy. A luminesce assay for 

NAD+ revealed a dose-dependent decrease in NAD+ following 24-hour treatment with 

vincristine or bortezomib, but not paclitaxel (Figure 2.16A). This decrease was observed only at 

concentrations of bortezomib above 7.5nM and vincristine above 1nM, doses similar to those 

where the transition from axon arrest to axon degeneration occurs. This decrease in NAD+ 

became more significant after 72 hours of vincristine or bortezomib treatment, with levels 

dropping to less than 30% of those observed in vehicle-treated control cells. Additionally, after 

72 hours, NAD+ also decreased in paclitaxel-treated neurons, although the magnitude of the 

effect is still significantly less than that observed with the other two chemotherapies. These data 

are consistent with a Wallerian-like degeneration occurring in response to chemotherapy 

treatment.   
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Figure 2.16: Depletion of NAD+ in chemotherapy-treated iPSC-derived neurons 
A) NAD+ depletion following 24-hour exposure to bortezomib and vincristine as measured by 
NAD Glo luminescent assay. n≥3; *p<0.05, ***p<0.0005; one-way ANOVA with Dunnett’s 
post-hoc test. Bar graphs showing relative levels of NAD+ in cultures of iPSC-derived motor 
neurons after (B) 24 hours or (C) 72 hours of chemotherapy treatment. n=6 wells from two 
independent experiments; ***p<0.0005, ****p<0.00005; student’s t-test with Bonferroni 
correction. 
 

Previous studies of Wallerian degeneration in the context of axotomy have shown that 

application of exogenous NAD+ delays the onset of Wallerian degeneration after axon 

transection (165, 166). Based on this finding, we predicted that replacing the lost NAD+ could 

prevent chemotherapy-induced neurotoxicity in human neurons. To test this prediction, we pre-

incubated dissociated cultures with 5mM NAD+ for 4 hours prior to treating with varying doses 

of chemotherapy for 24 or 72 hours. This high concentration of NAD+ was necessary because 

the positive charge on the molecule prevents it from efficiently crossing the plasma membrane. 
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After 24 hours of treatment, neurite length did not change despite the addition of NAD+ for any 

of the three drugs. Given we previously demonstrated that the decrease in neurite length 

observable after 24 hours of chemotherapy treatment was the result of lack of neurite outgrowth 

and not degeneration, we also tested the effect of NAD+ in a 72-hour treatment paradigm. After 

72 hours of chemotherapy treatment, the addition of NAD+ caused a significant shift in the dose-

response characteristics of bortezomib treatment (Figure 2.17A). At a concentration of 10nM 

bortezomib, where the effect of NAD+ treatment was the largest, 5mM NAD+ increased neurite 

lengths by 73% percent (p<0.00005, Dunnett’s post-hoc test) over the cells treated with 

bortezomib alone (Figure 2.17B). There was also a trend towards a protective effect against 

moderate doses of vincristine, but the effect was not significant after multiple hypothesis 

correction. There was no observable effect of the addition of NAD+ in paclitaxel-treated 

neurons. To confirm that the effects of NAD+ on neurite outgrowth were due to a blockade of 

the degeneration and not a growth promoting effect, we verified the protective effect of NAD+ 

against bortezomib-induced neurotoxicity using spot cultures (Figure 2.17C). The addition of 

NAD+ completely blocked dying back in spot cultures treated with 10nM bortezomib. 
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Figure 2.17: NAD+ mediates bortezomib-induced degeneration in human neurons.  
A) The effects of 5mM NAD+ on chemotherapy-induced axon degeneration. iPSC-derived 
motor neurons were treated with 5mM NAD+ or vehicle for 4 hours prior to the addition of 
chemotherapeutic. Neurite length was quantified after 72 hours of chemotherapy exposure. n=16 
wells from 3 experiments; ****p<0.00005; Kurskal-Wallis test with Dunnett’s post-hoc test. B) 
Representative images of neurons treated with 10nM bortezomib for 72 hours either in the 
presence or absence of 5mM NAD+. C) Images of spot cultures treated with 10nM bortezomib 
either in the presence or absence of 5mM NAD+. 
 

To confirm that the observed protective effect of NAD+ against bortezomib-induced 

degeneration was due to blockade of the Wallerian degeneration cascade and not some other 

activity of NAD+ in the cultures, we used a small molecule inhibitor that targets a step of the 

Wallerian degeneration pathway downstream of NAD+. GNE-3511 is a competitive inhibitor of 

dual leucine zipper kinase (DLK) which has been shown to protect against Wallerian 

degeneration even more efficiently than NAD+ (118, 167). In preliminary experiments, pre-

incubation with 200nM GNE-3511 (a dose at which GNE3511 is selective for DLK and does not 

inhibit related MAP kinases) for 4 hours led to a marked protection of neurites for doses of 



68 
 

bortezomib greater than 10nM (data not shown). It also showed an effect for doses of vincristine 

greater than 1nM. Again, no effect of GNE3511 was observed for paclitaxel-treated neurons. 

Together, these data suggest that Wallerian degeneration is a key pathway in the 

development of vincristine- and bortezomib-induced neurotoxicity. Although there was a modest 

decrease in NAD+ following long-term exposure to paclitaxel, we were not able to detect any 

effect of blocking Wallerian degeneration on the deficit in neurite length induced by paclitaxel. 

 

2.3.12 Targeting growth arrest and degeneration enhances protection of chemotherapy-

induced neurotoxicity 

 Given our previous findings that chemotherapeutics cause both growth arrest and axon 

degeneration and that we saw no effect of compounds that block Wallerian degeneration at doses 

of chemotherapy which cause growth arrest, but not degeneration, we wondered if treating both 

the growth arrest and degeneration phenotypes would have a greater protective effect than 

treating degeneration alone. To test this hypothesis, we pre-treated cells with either a growth 

promoting compound identified in a phenotypic screen discussed in the next chapter, 

blebbistatin, NAD+, or a combination of both for 4 hours before exposure to varying doses of 

bortezomib (Figure 2.18A&B).  Treatment with the growth promoting compound alone resulted 

in an increase in neurite length at doses of bortezomib below 7.5nM, but not above. Treatment 

with NAD+ increased neurite length at doses above 10nM, but not below. Treatment with a 

combination of growth promoting compound and NAD+ lead to a significant increase in neurite 

length at all doses. Moreover, the effect at concentrations above 10nM was even greater than 

treatment with NAD+ alone (41% increase; p<0.007; a Mann-Whitney test). These data suggest 
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that the growth arrest and degeneration phenotypes observed are in fact separable processes and 

that targeting them both leads to greater neuroprotection than targeting either one alone.  

 

Figure 2.18: Drugs targeting growth and drugs targeting degeneration have additive effects 
on bortezomib-induced neurotoxicity.  
(A) Dose-response curve and (B) bar graphs showing the effects of blebbistatin (Bleb), NAD+, 
or both on bortezomib-induced neurotoxicity. Cells were pretreated with 10µM blebbistatin, 
5mM NAD+ or the combination of both for four hours before the addition of bortezomib. Cells 
were fixed and imaged 72 hours later. n=8 wells from 2 experiments; **p<0.007; Mann-Whitney 
test. 
 
2.4 Conclusions 

Polyneuropathy is a dose-limiting side effect of multiple classes of chemotherapeutics. 

With no available treatments to prevent the development of CIPN, patients are often forced to 

delay or cease their chemotherapy, which can negatively affect patient outcomes (168). Animal 

models of CIPN are highly variable across laboratories, and attempts to develop new treatments 

based on findings in these animal models have failed to translate to the clinic (21). A humanized 

model of CIPN, therefore, could be a useful preclinical tool to validate findings before moving 

into humans. 

We sought to develop such a model of CIPN using human iPSC-derived neurons. CIPN 

is traditionally characterized as an axonopathy (11). Therefore, we thought it was important that 
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any humanized model of CIPN be based on a defect in neurite health. We examined the 

morphology of iPSC-derived neurons following treatment with representatives of three distinct 

classes of neuropathy-causing chemotherapy: taxanes which stabilize microtubules, vinca 

alkaloids which destabilize microtubules and proteasome inhibitors. The neurons showed dose-

dependent changes in a variety of parameters such as neurite width, branching and tubulin 

staining intensity, but we decided to focus on a dose-dependent decrease in neurite length as the 

primary indicator of toxicity given the parallels between this phenotype and the dying back 

previously reported in CIPN (169).  

By comparing the responses of iPSC-derived motor and sensory neurons to 

chemotherapeutics, we established that the change in neurite length is independent of neuronal 

subtype. We elected to use induced motor neurons in our work because they provided an optimal 

mix of abundance, consistency and disease relevance. First, we found that the defect in neurite 

length occurred in the absence of any evidence of cell death, which mimics the axonopathy 

observed in individuals with CIPN (25). Additionally, the concentrations at which the deficit 

occurred, corresponded well to the concentrations of the drugs in the plasma of patients receiving 

them and to the cumulative doses at which patients begin to experience neuropathy (26, 134, 

138). Therefore, changes in neurite length in iPSC-derived motor neurons appeared to be an apt 

model for the chemotherapy-induced neurotoxicity underlying CIPN. 

Most often, neurite growth in iPSC-derived neurons is measured based on the length of 

processes in dissociated cultures. However, we recognized that this approach has a number of 

shortcomings with regard to the study of degeneration, including a lack of proximal-distal 

polarity and difficulties in extending experiments over long periods of time. To address these 

issues, we used a spot-culture technique pioneered for the study of axon growth in embryonic 
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mouse cultures, and adapted this technique to iPSC-derived neurons. Using this approach, we 

were able to observe the degeneration of established neurites in chemotherapy-treated cultures 

over a period of days.  

The spot culture method revealed that the deficit in neurite length observed in dissociated 

cultures was in fact the result of two separable processes—growth arrest and axon degeneration 

(Figure 2.19). Early on, and at low doses of chemotherapy, we observed a slowing of neurite 

outgrowth in the absence of degeneration, which was common to paclitaxel and vincristine 

treatment, but was not evident for bortezomib. This decreased outgrowth was associated with the 

formation of large, round inclusions at the distal tips of axons which displayed many of the 

markers previously described for retraction bulbs (151). In fact, the bulbous endings and 

decreased outgrowth have previously been implicated in paclitaxel induced neuropathy based on 

findings in mouse models (35). Based on these results, Bennet et al. 2006 put forward a model in 

which a loss of reinnervation of the constantly regenerating epidermis was the primary driver of 

CIPN (which he termed terminal arbor degeneration), rather than degeneration of axons.  

 

Figure 2.19: Model of the two phases of chemotherapy-induced neurotoxicity observed in 
iPSC-derived motor neurons.  
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Tubulin posttranslational modifications (PTMs) are known to play an important role in axon 

growth, maintenance and regeneration (121). This motivated us to examine changes in tubulin 

PTMs following chemotherapy treatment. We observed changes in tubulin glutamylation, 

acetylation and tyrosination after treatment with all three chemotherapeutic agents. However, 

despite all causing retraction bulb formation, growth arrest and degeneration, paclitaxel, 

bortezomib and vincristine each caused distinct changes in microtubule PTMs. Paclitaxel and 

bortezomib caused an increase in markers associated with stability, while vincristine reduced 

them. Thus, it seems highly unlikely that the chemotherapy’s effects on PTMs are the basis of 

the observed neurotoxicity. Indeed, others have demonstrated that restoring the balance of these 

modifications in primary mouse neurons treated with paclitaxel does not alter the expression of 

chemotherapy induced neurotoxicity (66). These results still need to be replicated in human 

neurons and for vincristine- and bortezomib-treated cells. 

At high doses, all three drugs caused axonal degeneration. This was characterized by 

axonal blebbing and fragmentation starting at the distal ends of the processes and progressing to 

more proximal regions. This degeneration took place over the course of days until nearly all 

neurites had degenerated back to the cell bodies. In terms of morphology and timing, this 

degeneration resembled previous reports of conserved axon degeneration pathways (158). 

 Given the convergence of multiple degeneration pathways on mitochondria, we asked 

whether mitochondrial function was compromised during the initiation of degeneration. 

Depolarization of mitochondria and aberrant respiration have been observed in neurons from 

rodents treated with paclitaxel, vincristine or bortezomib (88, 163, 170). In our model, there was 

evidence of altered mitochondrial activity with regard to ATP production and respiratory 

function. These defects correlated well with the severity of the chemotherapeutic insult, as 
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paclitaxel treatment caused both the slowest onset of degeneration and the mildest effects on 

mitochondrial function. Thus, we conclude that mitochondrial dysfunction is likely involved in 

the degeneration processes initiated by the chemotherapies we tested. Further studies will need to 

be performed to determine if this mitochondrial damage is the cause of the degeneration, or just a 

step in a degeneration cascade initiated by another insult. 

Finally, we asked whether known mechanisms of axon degeneration were active in the 

iPSC model of CIPN. Reports primarily from paclitaxel models have implicated a caspase 

cascade in the degeneration of the axon and have shown a protective effect for caspase inhibitors 

(44, 54). Activation of caspases 3, 6 and 9 is known to be an important step in axonal pruning 

during development, so it is plausible that the same mechanism may play a role in degeneration 

(115, 158).  We did observe an early, dose dependent increase in caspase activity correlating 

with the doses of paclitaxel, vincristine and bortezomib at which degeneration began to be 

apparent. However, inhibition of caspase activity had no observable effect on deficits in neurite 

outgrowth or degeneration caused by any of the three drugs. These data suggest that caspases are 

not responsible for chemotherapy-induced neurotoxicity in the context of this human iPSC-based 

model. 

    Given that we found that caspases were not responsible for the axonal degeneration, 

we wanted to determine what could be. There is growing evidence that Wallerian degeneration 

may play a key role in the pathogenesis of CIPN (40, 83, 86). Wallerian degeneration is a 

caspase-independent process first described as the pathway responsible for the degeneration of 

the distal axon following nerve transection (75). Wlds mice, which display extremely delayed 

Wallerian degeneration in response to nerve transection, are also resistant to vincristine and 

paclitaxel induce neuropathy (81, 82). A variety of chemical and genetic manipulations have 
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been performed to demonstrate that blocking Wallerian degeneration at any one of multiple steps 

is able to delay vincristine induced axon loss (53, 118, 162). However, there is not yet evidence 

to support the involvement of this pathway in human neurons. 

To test the involvement of Wallerian degeneration in the growth cone stalling and axon 

degeneration phenotypes we observed in human iPSC-derived motor neurons, we examined the 

effects of exogenous NAD+ in both dissociated and spot cultures. Depletion of NAD+ is an 

important first step in Wallerian degeneration and addition of exogenous NAD+ has been shown 

to delay its onset. In our study, while NAD+ had no effect on the outgrowth deficit caused by 

paclitaxel, it was able to significantly delay the degeneration of neurons treated with vincristine 

or bortezomib. An inhibitor of DLK, a kinase downstream of NAD+ depletion in the Wallerian 

degeneration cascade, had a similar protective effect. These data suggest that in human neurons 

Wallerian degeneration is the mechanism by which vincristine and bortezomib induce axonal 

degeneration. We suspect that a similar mechanism is responsible for paclitaxel-induced 

degeneration, but its onset is delayed relative to the other two drugs. Therefore, further 

experiments at additional timepoints will be necessary to determine if paclitaxel induced 

degeneration is Wallerian-like. 

Our findings establish and characterize a human cellular model for multiple aspects of 

CIPN. This model will provide an important tool for advancing our mechanistic understanding of 

chemotherapy-associated neurotoxicity and for developing novel treatments for the prevention of 

CIPN. 
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2.5 Methods 

2.5.1 iPSC culture 

 iPSCs were maintained on Geltrex LDEV-free matrix (ThemoFischer) in StemFlex  

(ThermoFischer). Cells were passaged at a ratio of 1:12 every four to six days, when at 

approximately 80% confluence, using ReLeSR (Stem Cell Technologies) enzyme free passaging 

reagent. After 10 passages, a new vial of iPSCs where thawed or the established culture 

karyotyped. Human iPSC line SAH-0047 was graciously provided by the Sahin laboratory, 

Boston Children’s Hospital, Boston MA. This line was used for all experiments except for the 

patient lines described in Chapter 3. 

 

2.5.2 Sensory neuron differentiation 

 iPSCs were differentiated into motor neurons as previously described (128). Briefly, 

iPSCs were split to single cells using Accutase (Stem Cell Technologies) and plated at a density 

of 2x105 cells per mL in a 10cm Geltrex coated plate in StemFlex media with 1µM Y-27632. 

After the first day, cells were switched to hESC media (DMEM-F12, 20% knockout serum 

replacement, 1x Glutamax (ThermoFischer) and 1x Non-essential amino acids) containing 

SB431542 (10μM) and LDN (100nM) to neutralize the cells. After five days, CHIR (10μM), 

SU5402 (4μM) and DAPT (5μM) were added to specify sensory identity. After an additional 5 

days, the media was changed to neuronal maturation media (DMEM-F12, 10% heat-inactivated 

FBS, 35μg/mL Ascorbic acid, 10ng/mL recombinant human BDNF, 10ng/mL recombinant 

human GDNF, 10ng/mL recombinant human NT-3, 10ng/mL mouse NGF). On the 14th day of 

culture, the culture was treated with a pulse of 10μg/mL Mitomycin C to remove proliferative 

cells. During the maturation phase, media was replaced every other day for 6 weeks, at which 
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time the cells were dissociated by incubation with papain for 6 minutes at 37oC. Papain was 

removed by two PBS washes, after which cells were mechanically triturated with a 5mL 

serological pipette to break apart any clumps and filtered through a 100μM cell strainer. Cells 

were counted manually using a hemocytometer, so that only large cells reminiscent of primary 

mouse DRG were included in the count, before plating in maturation media with growth factors 

at the desired density on poly-D-lysine and laminin. 

 

2.5.3 Motor neuron differentiation 

 iPSCs were differentiated into motor neurons as previously described (141). Briefly, 

iPSCs were split to single cells using Accutase (Stem Cell Technologies) and plated at a density 

of 5x105 cells per mL in a 10cm Geltrex coated plate in StemFlex media with 1µM Y-27632. 

After the first day, cells were maintained in motor neuron media, a 50/50 mixture of DMEM F12 

(ThermoFischer) and Neurobasal media (ThermoFischer) supplemented with B27 

(ThermoFischer), N2 (ThermoFischer), Glutamax (ThermoFischer) and Non-essential amino 

acids (Corning) as per the manufacturer’s recommendations. For the first five days, motor 

neuron media as supplemented with SB431542 (10μM) and LDN (100nM) to neutralize the cells 

and Retinoic acid (1μM) and SAG (1μM) to posteriorize and ventralize the cells. On the sixth 

day, SB43152 and LDN were replaced with SU5402 (4μM) and DAPT (5μM) to specify motor 

neuron identity. After an additional 10 days, the cells were harvested by incubation with 

Accutase at 37oC for 45 minutes. The detached cells were washed twice with DMSO and filtered 

through a 70μM cell strainer before freezing in a 1:1 mixture of motor neuron media and 

Cyrostor CS10 (Stem Cell Technologies) in liquid nitrogen for future use.  
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 Before each assay, motor neurons were thawed and sorted for CD56 (NCAM) expression. 

The thawed cells were resuspended at 1x108 per mL in MACS buffer (0.5% BSA, 1mM EDTA 

in PBS) with 1/10th volume PE-conjugated anti-CD56 antibody (BD Bioscience #555516). Cells 

were incubated with antibody on ice for 30 minutes before washing once with MACS buffer and 

resuspending in MACS buffer with 1/10th volume Anti-R-Phycoerythrin Magnetic Particles (BD 

Bioscience #557899). Cells and secondary antibody were incubated at room temperature for 45 

minutes. Bead-cell conjugates were captured by flowing the cell suspension through large cell 

MACS columns (Miltenyi Biotech #130-042-202). After elution from the columns, cells were 

counted and plated in motor neurons media supplemented with growth factors (35μg/mL 

Ascorbic acid, 10ng/mL recombinant human BDNF, 10ng/mL recombinant human GDNF, 

10ng/mL recombinant human CNTF) on plates coated with poly-D-lysine and laminin at a 

density appropriate for the assay. 

 

2.5.4 Compounds: 

All compounds except for NAD+ were resuspended as stocks according to Table 2 and 

stored frozen in single use aliquots. Compounds were thawed and diluted to working 

concentrations the day of the experiment. NAD+ was stored as a powder at -20C and prepared 

fresh the day of the experiment. 
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Table 2: Compounds for studying CIPN in iPSC-derived neurons 

Compound Supplier Ref. Num. Stock 
Concentration 

Solvent 

Bortezomib Selleck S1013 10mM DMSO 
Vincristine 
Sulfate 

Selleck S1241  10mM DMSO 

Paclitaxel Sigma 580555 10mM DMSO 
Cisplatin Selleck S1166 10mM DMF 
Z-VAD-FMK Selleck S7023 10mM DMSO 
GNE3511 Cayman 19174  10mM DMSO 
Menadione Selleck S1949 100mM DMSO 

 

2.5.5 Viral infection 

Mito-dsRed-IRES-GFP was a gift from Dr. Thomas Schwarz, Boston Children’s Hospital 

and has been previously described (35). The virus was packaged and purified by the Boston 

Children’s Hospital Viral Core according to their standard operating procedures. Viral titer was 

estimated based on genomic copies per µL determined by qPCR. Neurons were infected with 

1000 genomic copies per cell the day of plating. Media was replaced 12-16 hours later to avoid 

toxicity. 

 

2.5.6 Dissociated neurite length assay 

Induced motor neurons were plated at a density of 2000 cells per well in 384 well plates 

and induced sensory neurons at a density of 2000 cells per well in 96 well plates. For protection 

assays, protective compounds were diluted to a 10X working solution and added to each well 20 

hours after replating. Chemotherapeutics were diluted to a 10X concentration and added 24 hours 

after replating. Cells were fixed with 4% PFA for 25 minutes at room temperature either 24 or 72 

hours after chemotherapy addition. Fixed cells were then blocked in blocking buffer (1% 
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blocking reagent [Sigma #110961760010], 0.1% triton-X in PBS for 30 minutes and stained 

overnight at 4oC with anti-βIII-tubulin (Sigma# T8660) diluted 1:1000 in blocking buffer.  

Secondary antibody (AlexaFluor-488 anti-mouse) was diluted in block and incubated for 2 hours 

at room temperature. Images were captured and analyzed with the ThermoFischer XTi Arrayscan 

high content imager, using the neuronal profiling plugin form neurite quantification. Briefly, the 

software takes a two-channel image, one channel for DAPI-labeled nuclei and the other for 

neuron cell bodies and neurites labeled with βIII-tubulin. The DAPI channel is used to segment 

the βIII-tubulin channel into individual neurons. Then, neurites are automatically traced from the 

βIII-tubulin-positive cell bodies using a combination of signal intensity over background, width 

and directionality. Most data were reported in terms of neurite-length per neuron, in which the 

total length of neurite in a well is normalized to the total number of neurons detected. 

 

2.5.7 Spot cultures 

 Induced motor neurons were resuspended at a density of 16,000 per μL in growth media 

supplemented with growth factors. 6μL spots were placed in the center of each well in a 

completely dry poly-D-lysine and laminin coated glass bottom 6-well plate (Mattek P06G-1.5-

20-F) and incubated in a humidified 37oC degree incubator for 45 minutes. Growth media was 

then added stepwise around the spot to fill the well, with care being taken not to disrupt the cell 

bodies. With the exception of the live imaging experiments, spots were treated with 

chemotherapy four days after plating to allow time for the neurites to establish. For live imaging 

of growth cones, the spots were treated after three days because the tighter grouping of axons 

allowed more growth cones to be imaged in a given field.  
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 For Sholl analysis of spot cultures, spots were placed in a CO2 and temperature-

controlled housing, and phase contrast images were acquired at 10x magnification using a Nikon 

TI Eclipse inverted microscope. Images where acquired just prior to chemotherapy addition and 

24, 48, 120 and 168 hours thereafter. In each case, an image encompassing the entire cell body 

spot and neurite halo was constructed using the optimal patch stitching algorithm in NIS 

Elements with 10% overlap. Images were then imported to ImageJ where rolling ball background 

subtraction, contrast enhancement and image thresholding were performed to create binary 

masks of images. Finally, the cell body region was manually defined and Sholl analysis 

performed using a Fiji macro gifted from Dr. Long Chen. For detailed description of the method 

of Sholl analysis and the base code for the Fiji macro, see Ferreira et al. 2104 (171). Briefly, the 

macro takes as input a binarized image in which axons are white and background black. The user 

then manually defines the cell body region and the macro uses this outline to generate concentric, 

one pixel-wide rings at defined distances. The number of contiguous white regions on this ring 

(representing the points at which an axon intersects it) are then counted in an automated manner. 

A ring size of 60 pixels was used for the data presented. 

 For live growth cone analysis, spots were placed in a CO2 and temperature-controlled 

housing and imaged using a 20x magnification phase contrast on a Nikon TI Eclipse inverted 

microscope. For each imaging session, images were captured at 0.33hz for a duration of 1 hour. 

The same cultures were used for imaging 0, 24 and 72 hours after chemotherapy exposure. 

Growth cones were scored as either extending, stalled or retracting by a blinded observer. The 

average from three independent wells was used for each condition.  

Immunostaining of spot cultures for tubulin modifications was performed by extracting 

soluble tubulin in PIPES extraction buffer (25 mM HEPES, 10 mM EGTA, 2 mM MgCl2, 
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0.1%Triton X-100, pH 6.9) at 37oC for 2 minutes. Cells were then prewarmed 0.25% 

glutaraldehyde/PHEM at 37oC for 10 minutes. Glutaraldehyde was removed by washing cells 

twice with PBS and then quenching in 1mg/ml sodium borohydride for 30 minutes. The fixed 

cells were blocked for 30 minutes at room temperature using blocking buffer (PBS, 5% Goat 

Serum, 1% BSA, 0.1%Triton-X) and then stained with tubulin modification specific antibodies 

overnight at 4oC. Antibodies and dilutions are provided in Table 3. 

 

2.5.8 Western Blotting 

Protein from 1x106 induced motor neurons was harvested in 50uL lysis buffer (50mM 

Tris-HCL ph7.4, 100mM NaCl, 1mM EDTA, 0.5% NP-40, 10% glycerol) for each sample. 

Relative protein concentration for samples within an experiment was determined by Bradford 

Assay and samples were diluted according with lysis buffer to normalize protein concentrations. 

Lysates were separated on 4-12% Bis-Tris SDS-PAGE gels and blotted with the primaries in 

Table 3 for 1 hour and 20 minutes at room temperature. GAPDH and α-tubulin (raised either in 

rat or mouse depending on the primary) were blotted on every gel for normalization. Licor 

fluorescent secondaries were used to probe bands. Gels were imaged and bands quantified on the 

Licor Odessey CLX imager.    
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Table 3: Tubulin antibodies for western blotting and immunofluorescence 
 
Target Manufacturer Ref. 

Num. 
Species Immuno 

Dilution 
Western 
Dilution 

Anti-α-Tubulin  Sigma T6199 Mouse 1:1000 1:10,000 
Anti-α-Tubulin  Abcam AB6161 Rat 1:1000 NA 
Anti-Tyronated-
Tubulin antibody  

Abcam AB6160 Rat 1:1000 1:12,000 

Anti- Detyrosinated 
-Tubulin Antibody,  

Millipore AB3201 Rabbit 1:100 1:2,000 

Anti- δ 2-Tubulin 
Antibody 

Millipore AB3203 Rabbit 1:50 1:2,000 

Anti-
Polyglutamylated-
Tubulin 

Adipogen AG-20B-
0020-
C100 

Mouse 1:200 1:2,000 

Anti-Acetylated-
Tubulin 

Sigma T7451 Mouse 1:1000 1:20,000 

GAPDH Abcam ab181602 Rabbit NA 1:1000 
 

2.5.9 Luminescence assays 

 Cells were plated at a density of 10,000 per well in a 384 well format and treated with 

chemotherapy 3 days later. Cellular ATP, ROS, NAD+ or caspase activity were assayed at 24 

and 72 hours using Promega Cell Titer Glo, ROS Glo, NAD Glo or Caspase Glo respectively. 

For Cell Titer Glo, ROS Glo and NAD Glo, treatment with 50µM medadione for 6 hours prior to 

the assay was used as a positive control. For Caspase Glo, no positive control was necessary 

given the dramatic increase in caspase activity after vincristine treatment. 

 

2.5.10 Seahorse assay 

 Induced motor neurons were plated at a density of 100,000 per well in a Poly-D-lysine 

and laminin coated Agilent Seahorse XFe24 assay plate. After four days, the cells were treated 

for 24 hours with vehicle, 300nM paclitaxel, 3nM vincristine or 15nM bortezomib. 
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Mitochondrial respiration was then quantified 24 and 72 hours after chemotherapy addition as 

previous described for primary mouse neurons (172). Briefly, oxygen consumption was read 

three times three minutes apart for each of four conditions. 1) baseline, 2) 1µM of the ATP 

synthase inhibitor oligomycin to measure oxidative phosphorylation 3) 1µM of the uncoupler 

FCCP to measure maximal respiratory capacity 4) 1µM of the complex I inhibitor rotenone to 

proton leak. Data were analyzed using the Agilent Seahorse analysis software. Averages and 

errors were calculated from five or six biological replicates per condition. 

 

2.5.11 Statistics  

All data are expressed as mean ± SEM. Statistical analysis was performed using 

GraphPad Prism. For experiments in which neurite outgrowth was the readout, we observed 

significant differences in variance between conditions. This is likely because shorter neurites 

were more reliably traced by the automated software used. Therefore, all statistical analyses of 

neurite length measures were performed using non-parametric tests. For instances with just two 

groups, a Mann-Whitney test was used. For instances with greater than two groups a Kruskall 

Wallis test was performed to determine if the groups differed significantly from one another and 

a Dunnett’s post-hoc analysis was then performed to compare differences between subsets of the 

groups. For all other experiments a Brown-Forsythe test was first performed to determine if 

groups had equal variance. If the was no difference in variance, ANOVA or student’s t-test were 

used for experiments with more than two or two groups respectively. In cases with more than 

one group, the ANOVA was followed by a Dunnett’s post-hoc test. Alternatively, if the samples 

had unequal variances, a Kruskal-Wallis test was performed. In all experiments p<0.05 was 

considered significant. 



 

 

 

 

 

 

 

 

 

CHAPTER 3 
Translational applications of a human iPSC-derived neuronal 

model for CIPN 
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3.1 Attributions 

 The screening data presented in this chapter was the result of a collaborative effort 

between Mr. Andrew Snavely and Dr. Bhagat Singh. Mr. Snavely was responsible for executing 

the screening workflow. Dr. Singh was responsible for the selection and acquisition of 

compound libraries. Data analysis was a combined effort between Mr. Snavely and Dr. Singh. 

 The analysis of CIPN patient-derived iPSC lines described here was a collaboration 

between Mr. Andrew Snavely, Drs. Eileen Dolan and Shannon Delaney at the University of 

Chicago and the New York stem Cell Foundation (NYSCF). Drs. Dolan and Delaney performed 

all clinical aspects of the project, including patient enrollment and sample collection. NYSCF 

reprogrammed the patient samples to iPSCs. Mr. Snavely performed all differentiations of these 

iPSC into neurons and all downstream studies on these iPSC-derived neurons. 

 

3.2 Introduction 

In the previous chapter we evaluated potential mechanisms underlying CIPN using 

hypotheses formulated from existing knowledge from animal models of the disease. However, it 

should be noted that rodent models of CIPN, replicate some but not all aspects of the disease 

(21). For example, rats and mice treated with paclitaxel demonstrate mechanical allodynia, but 

often do not show any signs of the hypersensitivity to cold or heat observed in human patients. 

This, along with the failure of findings in animal models to translate into viable treatments for 

CIPN raises the questions of whether or not animal models faithfully recapitulate the 

pathobiology of CIPN in humans (7). Because of this lack of translation between animal models 

of CIPN and patients, we felt it was important to apply the human cellular model developed here 

to the unbiased identification of pathways mediating chemotherapy-associated neurotoxicity. 
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Here we will present the logic and proof of concept results for two ongoing studies to address 

this goal. 

First, we used our model based on human cells to perform a chemogenomic screen to 

identify pathways involved in CIPN. Historically, high throughput screens have been done based 

on a readout of a specific molecular target. However, these target-based screens are limited by 

prior knowledge of the disease mechanism. To avoid making any assumptions regarding the 

mechanisms underlying CIPN, we instead set out to perform a phenotypic screen, using neurite 

length as our readout of compound efficacy. Previous work in the fields of axon regeneration and 

Alzheimer’s disease have validated the utility of neurite length as a readout for screens 

performed in iPSC-derived neurons, but phenotypic screens have not yet been utilized for the 

study of CIPN (173, 174). The results of such a screen would both further our understanding of 

the molecular underpinnings of the disease and provide targets for therapeutic intervention. 

In characterizing the effects of chemotherapy on iPSC-derived neurons, we identified 

both an outgrowth deficit and axonal degeneration in response to chemotherapy. We decided to 

focus our screen on identifying the growth arrest phenotype we observed at moderate doses of 

chemotherapy rather than the degeneration phenotype observed at high doses. This decision was 

motivated partially by practicality. The throughput of the spot culture system for observing 

degeneration was too low to be used as the readout of a screen. In dissociated cultures, the 

contribution of neuron degeneration to the length defect was too small, even after extended 

culture, to provide a reliable readout for screening. However, it was also motivated by the 

clinical relevance of better understanding the growth defect induced by chemotherapy. There is 

evidence to support the fact that CIPN is mediated by subtle defects of the distal axon, such as 

outgrowth deficits, rather than overt degeneration (88). Even if degeneration is the primary cause 
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of CIPN in human patients, a method of overcoming the growth inhibiting effects of these 

chemotherapies may be useful to promote re-innervation of peripheral targets by partially 

degenerated axons. Therefore, we designed a screen to probe the mechanisms of axon growth 

arrest by vincristine. 

Another way to gain insight into the disease is to leverage the natural genetic variation 

among individuals. Although a number of environmental factors such as age, prior exposure to 

neuropathic agents and diabetes can affect an individual’s chances of developing CIPN, it is 

estimated that 40% of the risk is genetic (1). This is supported by findings in mice which 

demonstrated a replicable difference in susceptibility to paclitaxel-induced mechanical allodynia 

between inbred mouse strains (46). Understanding which genes make human patients more or 

less likely to develop CIPN will provide additional insight into the genetic basis of CIPN and 

potentially aid in the discovery of new CIPN-modifying therapies.  

A number of groups have attempted to address this question using genome-wide 

association studies (GWAS). However, GWAS studies in CIPN have proven especially 

challenging for two reasons. First, the personalization of treatments with regard to factors like 

dose regimen and combination therapies have made it difficult to identify a large cohort of 

individuals with a similar exposure to chemotherapy. Second, there is a need for more reliable 

methods of quantifying CIPN. Traditionally, CIPN has been evaluated using the four point NIH 

“criteria of adverse events” scale which suffers from poor resolution and errors inherent in 

subject self-reporting of symptoms (175). While a number of GWAS studies have been 

performed on paclitaxel-, vincristine- and bortezomib-induced peripheral neuropathy, only one 

study has identified variants reaching genome-wide significance and this variant failed to explain 

most of the patient to patient variability in CIPN (1, 176). 
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 A human cellular model like the one we have described here may provide an alternative 

method of uncovering alleles that put humans at risk for CIPN that will overcome some of the 

barriers faced by traditional GWAS studies when studying CIPN. Most importantly, if genetic 

susceptibility to CIPN is recapitulated in our model system, we can carefully control the 

exposures of the cells to overcome the heterogeneity inherent to personalized cancer treatment. 

In support of this approach, recent studies have shown that iPSC-derived cardiomyocytes from 

breast cancer patients who experienced doxorubicin-induced toxicity were more susceptible to 

doxorubicin exposure in-vitro than were cardiomyocytes from patients who had no cardiotoxicity 

in response to doxorubicin and a number of genes were identified that mediated this sensitivity 

phenotype (109). We aimed to determine whether our cellular model of CIPN similarly reflects 

the likelihood of cancer patients to develop neuropathic side effects.  

 

3.3 Results and Discussion 

3.3.1 A phenotypic screen for CIPN modifying small molecules 

 A schematic representation of the screening paradigm is show in Figure 3.1A. We 

developed a semi-automated workflow to screen small molecule libraries for molecules which 

can overcome the growth inhibiting effects of vincristine on iPSC-derived motor neurons. We 

first identified the minimal concentration of vincristine that produced a deficit in neurite length 

robust enough to use for screening compounds. The Z’ factor is a widely adopted metric of the 

signal to noise ratio of an assay, quantifying the separation between a positive (no 

chemotherapy) and negative (no test compound) control relative to the variance in each mean 

(Figure 3.1A). A Z-factor greater than 0.1 is considered acceptable for a high-content screen and 

higher than 0.5 is exceptionally robust. Comparing a range of doses of vincristine from 0.3nM to 
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30nM to a DMSO-treated control, we determined that a dose of 3nM gave a Z’ of approximately 

0.5 (Figure 3.1B). Although higher doses of vincristine resulted in even higher Z’ factors, we 

believed that this slight increase in signal did not justify the potential increase in the risk of false 

negatives due to the growth inhibition effect being too strong to overcome. 

 

 

Figure 3.1: iPSC-derived motor neurons provide a robust, screenable model for 
chemotherapy induced growth arrest.  
A) Equation for the calculation of Z’-factor. B) Plot of the Z’-factor for neurite length per neuron 
as a function of vincristine concentration for iPSC-derived motor neurons treated with vincristine 
for 24 hours.  
 

Using a dose of 3nM vincristine to block neurite outgrowth, we screened 1920 small molecules 

from the Selleck Known Bioactives Library curated by the Institute for Chemistry and Cell 

Biology (ICCB), Harvard Medical School, Boston. A schematic overview of the screening 

process is presented in Figure 3.1A. We chose this library because it consists solely of 

compounds with known activities against biological targets. This not only increases the 

likelihood of finding hits relative to random chemical libraries, but also simplifies post-screen 

target identification and validation. Motor neurons were pre-treated with 10µM test compound 

for 4 hours. This concentration was selected based on previous screens performed at the ICCB, 
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which found 10µM to yield the greatest hit rate. We performed this pre-incubation step to allow 

time for the drugs to enter the cell, bind to their target and potentially alter transcription or 

translation if that is the mechanism through which they act. After the pre-treatment period, 3nM 

vincristine was added and the cells were incubated in the presence of vincristine and test 

compound for 24 additional hours before assessing neurite length and neuron number. 

 

Figure 3.2: A small molecule screen against chemotherapy-induced growth arrest.  
A) Schematic representation of the screening process and the number of compounds continuing 
through to the next step at each portion of the screening process. B) Plot of neurite length per 
neurons in independent replicates of experimental (orange), positive (green) and negative (reg) 
Figure 3.1 (Continued) controls using the screening platform established. Dashed line 
represents linear regression of the data. C) The average outgrowth for each of the 1920 
compounds screen. The dashed lines represent the average neurite length across all compounds 
(black) and the hit cutoff of 100% increase in outgrowth (red). 
 

 In total, the 1902 compound library was split over seven assay plates. Each plate 

contained positive and negative controls wells, which allowed us to calculate the Z’ factor for 
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each plate as a quality control measure. The Z’-factor for the plates screened ranges from -0.34-

0.48 with a median of 0.11. Based on the criteria that a high-content screen should have a Z’-

factor greater than 0, any plates which did not meet this criterion were replicated. However, both 

replicates were included for hit identification. While this likely increased the false-positive rate 

of our primary screen, we favored this approach because the high-throughput of the assay 

allowed for a larger number of compounds to be validated in our secondary assay than there were 

hits. For plates which met the Z’-factor criteria the well-to-well coefficient of variability (CV) 

ranges from 0.098-0.202 and the plate-to-plate CV was 0.259. Compounds screened in duplicate 

and were observed to have a high correlation between replicate wells (R2=0.88) (Figure 3.1B). 

 We identified hit compounds for further investigation based on two selection criteria. 

First, compounds were filtered out based on cytotoxicity. Because of the high plate-to-plate 

variability, hit identification was based on within-plate comparison between each test compound 

and the mean of the positive and negative control wells on that plate. Any compound which 

decreased cell number by greater than 25% was discarded. This eliminated 254 compounds from 

consideration. Second, we applied two metrics of growth promotion. We required that hits 

increase both the neurite-length-per-neuron and the neurite-length-per-well by greater than 50% 

relative to negative controls. The reason for gating on both per-well and per-neuron values was 

to filter out spurious results from wells where automated neurite tracing failed. Ultimately, this 

resulted in 35 hit compounds out of the initial 1920 (1.8%) (Figure 3.1C). Although compounds 

that exacerbate the vincristine phenotype may also be informative with regard to the mechanisms 

of vincristine-induced growth arrest and will be examined further in future studies, we wanted to 

focus on compounds which could serve as potential leads for therapeutic interventions to treat 

CIPN.  
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 A hit rate of 1.8% is high for a phenotypic screen. This is likely due to a combination of 

factors such as the inclusion of plates with poor Z’-factors and the decision to only require one 

replicate meet our inclusion criteria to be called a hit. Therefore, it was important to validate 

these hits and eliminate false-positives. To do this, we performed a secondary assay to determine 

which of the 35 hit compounds had a dose-dependent effect on neurite outgrowth. Compounds 

were tested at concentrations between 10µM and 10nM at 33% intervals. To determine the 

generalizability of the results of our hits to other microtubule targeting agents that cause growth 

arrest, they were assessed for both their ability to protect from 3nM vincristine and their ability 

to protect from 300nM paclitaxel. Each condition was tested in four replicate wells across two 

independent plates. Of the 35 hits, 6 showed dose-dependent protection against at least one 

chemotherapeutic agent (Figure 3.3A). Interestingly, not all of the protective compounds were 

effective against both drugs. Five showed activity in both paclitaxel- and vincristine-treated 

neurons, one showed activity in only paclitaxel-treated neurons and none showed activity in only 

vincristine-treated neurons. Examples of each class of hit are shown in Figure 3.3B&C. 
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Figure 3.3: Small molecules for the reversal of chemotherapy-induced growth arrest. 
A) Table summarizing the six compounds which caused a dose-dependent increase in neurite 
length in iPSC-derived motor neurons treated with chemotherapy. B&C) Dose-response 
relationship for two of the hit compounds from the screen in the presence of 100nM paclitaxel 
(blue) or 3nM vincristine (red). 
 
 We are currently performing secondary assays to validate the effects of these seven 

compounds. First, we are performing target validation to confirm that the compounds are acting 

through their annotated targets. When structurally distinct chemical modulators of the annotated 

target are available, these are being tested. In the absence of these chemical modulators, we are 

employing siRNA knockdown and overexpression of the predicted targets to determine their 

effects on chemotherapy-induced growth inhibition. Second, we are examining the activity of the 
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drugs in spot cultures to determine if their ability to increase neurite length in dissociated culture 

is solely due to reversal of outgrowth, or if they also have a protective effect against paclitaxel 

and vincristine-induced degeneration. Finally, we are testing whether these compounds alter the 

antineoplastic effects of the chemotherapeutics using a live/dead assay in cancer cell lines. 

Interestingly, two of the hit compounds, KW-2449, and pelitinib are under investigation as 

potential chemotherapies and may actually act synergistically with chemotherapeutics (177, 

178). Two complementary live/dead assays are being employed to determine the effects of each 

compound on cell survival either in the presence or absence of vincristine. Lactose 

dehydrogenase (LDH) is released into the media by dying cells. The activity of this enzyme can 

be easily linked to colorogenic reactions, allowing for quantification of cell death by absorbance 

changes. Live/dead staining using calcein AM and ethidium homodimer will be used as a 

commentary assay to validate the LDH results. Because vincristine is most commonly used for 

the treatment of acute myeloid leukemia and acute lymphoid leukemia, our initial assays will 

employ immortalized leukemia cell lines Kasumi-1 (179) and RS4;11 (180). In the future, these 

experiments will be expanded to examine cells from additional types of cancer and primary 

cancer cells. 

 Ultimately the completion of this study will help us to better understand the molecular 

basis of the growth inhibiting effect of paclitaxel and vincristine and potentially provide the basis 

for new therapies for the prevention of CIPN. Already it has yielded intriguing insight into the 

mechanisms of the growth arrest associated with chemotherapy. Given the opposing effects of 

vincristine and paclitaxel on microtubule dynamics, one might have expected that the 

mechanisms by which they block neuronal outgrowth would be distinct. However, the majority 

of compounds we identified are effective against both drugs. This indicates that the altering of 
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microtubule dynamics by the two drugs may converge on a common pathway regulating neurite 

extension  

 More broadly, this “first of its kind” phenotypic screen for compounds which can 

counteract the neurotoxicity of vincristine demonstrated the utility of iPSC-derived motor 

neurons for the identification of neuroprotectants against drug-induced neuropathy. While we 

have focused on chemotherapeutics, there are many classes of drug across multiple diseases that 

are associated with a debilitating peripheral neuropathy, including antibiotics (ex. isoniazid and 

levaquin) (181), anticonvulsants (ex. dilantin) (182) and anti-arrhythmics (ex. amiodarone) 

(183).  Future studies could use our iPSC derived motor neurons to identify neuroprotectants 

against these agents as well. 

 

3.3.2 Evaluating genetic risk factors for CIPN using patient iPSCs 

 To determine whether or not patient iPSC-derived neurons faithfully captured patients’ 

genetic susceptibility to CIPN we, along with collaborating physicians at the University of 

Chicago, established a cohort of six iPSC lines from CIPN patients and controls with no 

neuropathy that are well-characterized phenotypically. We recruited 40 breast cancer patients 

treated with paclitaxel to a clinical study with full consent and IRB review. Patients with other 

risk factors for neuropathy such as diabetes or HIV infection were excluded. For each patient, 

neuropathy was graded on a 4 point scale by an objective assessment using the self-reported 

FACT-GOG  and the physician-reported NCI-CTCAE version 4.0 (184). These neuropathy 

scores were recorded for four parameters: worst sensory neuropathy, current sensory neuropathy, 

worst motor neuropathy and current motor neuropathy. We also collected information related to 

patient age, height, weight, ethnicity, chemotherapy regimen, total chemotherapy dose 
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administered, amount of chemotherapy given per dose (mg/m2), date of last chemotherapy dose 

and tumor type. For this preliminary study, we selected from the larger cohort, three individuals 

who experienced severe, persistent sensory neuropathy at relatively moderate doses of paclitaxel 

and three paired control subjects who were of similar age, gender, race and cancer diagnosis, but 

who received a greater cumulative dose of paclitaxel and did not develop neuropathic symptoms 

(Figure 3.4A). By selecting patients and controls from the extremes of the sensitivity spectrum, 

we expect to maximize our power to detect differences between our test and control iPSC lines. 

 

Figure 3.4: Chemotherapy sensitivity of iPSC-derived neurons form CIPN patients and 
controls.  
A) Clinical data for patient iPSC lines. Neuropathy scores are presented for both the worst 
neuropathy experienced (worst) and the neuropathy at the time of sample collection (current). B) 
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Figure 3.4 (Continued) Representative bright field images of sensory neuron differentiations for 
four patient lines showing the variability in differentiation efficiency between lines. C) Plots of 
neurite length per neuron for iPSC-derived motor neurons generated from all three lines. n=32 
well from 2 biological replicates. 
 
 Patients’ peripheral blood mononuclear cells were reprogramed to iPSCs by Sendai virus 

transduction (185). The iPSCs were confirmed to be karyotypically normal by g-band 

karyotyping, devoid of Sendai virus expression by qPCR and pluripotent by a pluripotency 

scorecard assay (186). Since patients were selected based on their sensory neuropathy scores, we 

initially set out to differentiate these iPSCs into sensory neurons to evaluate their sensitivity to 

different chemotherapeutics. However, despite all of the iPSC lines meeting the criteria for 

pluripotency, we observed highly variable efficiencies of reprograming, with some lines forming 

predominately flat, fibroblast-like cells rather than neurons (Figure 3.4B). Given that three of the 

six lines failed to differentiate efficiently, we were unable to determine whether the response of 

patient-derived sensory neurons to chemotherapeutic insult is indicative of patient sensory 

neuropathy status. 

 We suspected that the three lines that failed to differentiate into sensory neurons were 

intrinsically biased against neuroectoderm generation. To test this hypothesis, we tried 

differentiating the iPSCs into motor neurons. Like the protocol for sensory neuron 

differentiation, this protocol uses the dual-SMAD inhibition method of neuralizing the cells prior 

to specification into motor neurons. Surprisingly, all lines were able to generate motor neurons 

with similar efficiency. Thus, the line-to-line variability in sensory neuron differentiation does 

not appear to be a general deficit in the ability of some lines to form neuroectoderm, but rather a 

deficit in the specification of sensory neuron fate. 

 Although patients were selected based on sensory neuropathy scores, we elected to 

examine whether patient iPSC-derived motor neurons mimicked the susceptibility to sensory 
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neuropathy seen in our patient cohort. This approach is supported by our previous findings that 

sensory and motor neurons from a given iPSC line responded similarly to treatment with 

chemotherapy. Two independent differentiations were performed and the effects of paclitaxel, 

vincristine and bortezomib on the neurite outgrowth of these cells were measured after 48 hours 

of treatment. We saw a clear dose-dependent decrease in neurite length for all six patient lines in 

both replicates, but we did not observe any clear grouping of patient lines based on their 

sensitivity to chemotherapy, either in terms of neurite outgrowth (Figure 3.4C). Despite our 

finding that there was no difference between patients despite their varying sensitivities to 

neuropathy, given the experimental limitations of our study, we are still hopeful that future 

experiments will demonstrate differences. From these differences, we hope to be able to predict 

patients’ genetic susceptibilities to neuropathy. Our current study’s limitations serve as examples 

of pitfalls, which should be considered when designing future experiments to address the 

question of genetic susceptibility and questions of iPSC disease modeling in general. These 

include the reliability of existing protocols in generating the cell type of interest and the sample 

size needed to detect significant phenotypic differences. 

 
 
3.4 Methods: 

3.4.1 Cell culture 

 iPSCs, iPSC-derived motor neurons and iPSC-derived sensory neurons were cultured 

according the protocols outlined in section 2.4. iPSC line SAH-0042, a gift from Dr. Mustafa 

Sahin, was used for all screening and downstream validation assays. 
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3.4.2 Patient iPSC lines 

 Patient peripheral blood mononuclear cells (PBMCs) were collected by our collaborator 

Dr. Eileen Dolan in accordance with her IRB protocol. PBMCs were reprogrammed to iPSCs by 

the New York Stem Cell foundation using the Sendai virus method. Immortalized clones were 

isolated and assessed for pluripotency using a gene-expression based pluripotency scorecard. For 

pluripotent clones, Sendai virus elimination was confirmed by qPCR and the karyotype was 

checked by SNP profiling. Only karyotypically normal cells with no evidence of Sendai viral 

gene expression were maintained for future use. 

One iPSC clone from each patient was assessed for susceptibility to chemotherapy. iPSCs 

were differentiated into sensory and motor neurons as described in section 2.4.2 and 2.4.3, 

respectively. Susceptibility of the motor neurons to chemotherapy was assessed in dissociated 

culture as described in section 2.4.6. 

 

3.4.3 Compound library 

 Screening was performed using the Selleck Bioactive Molecules library curated by the 

Institute for Chemical and Cellular Biology (ICCB) at Harvard Medical School, Boston, MA. 

The library consisted of 1902 small molecules selected based on their known biological activity. 

10mM stocks of compounds in DMSO were pin-transferred into a 384 well format for screening.  

 

3.4.4 Small molecule screening 

 Induced motor neurons were plated at a density of 2,000 cells per well in poly-D-lysine 

coated 384-well plates 20 hours before the beginning of the screening process. After 20 hours, 

test compounds were added to the cells by diluting the 5mM drug to 100uL with motor neuron 
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culture media and adding 1/5th volume to each well for a final assay concentration of 10µM. 

After 4 hours incubation at 37oC, 1/10th volume of 30nM vincristine sulfate (Table 3) in neuronal 

culture media was added to each well (expect for 16 control wells per plate which received an 

equivalent volume DMSO). Cells were then incubated at 37oC for 24 hours. Cells were then 

fixed in 4% PFA for 25 minutes and stained for β-III-tubulin as described in section 2.4. Imaging 

and neurite quantification were performed using the neuronal profiling module of the Thermo 

Fisher Arrayscan XTi. 

 

3.4.5 Dose-response validation 

 Induced motor neurons were plated in 384 well plates as they were for the screen. 20 

hours after plating, 10mM test compound in DMSO was added directly to the wells using the HP 

D300 digital liquid dispenser to achieve an in-well concentration of either 10µM, 3.3µM, 1µM, 

333nM, 100nM, 33nM, or 10nM. DMSO was then added to each well to bring the final DMSO 

concentration to that of the 10µM condition, 0.1%. Cells were incubated with test compound for 

4 hours at 37oC before the D300 was used to add 30µM vincristine or 1mM paclitaxel directly to 

the well for a final concentration of 3nM or 100nM respectively. For each combination of test 

compound concentration and chemotherapy, four replicate wells spread over two independent 

plates were assayed. After a 24-hour incubation at 37oC, cells were fixed and stained for β-III-

tubulin as described in section 2.4. Neurite length was again quantified using the Thermo Fisher 

Arrayscan XTi.  
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3.4.6 Statistics: 

All data are expressed as mean ± SEM. Statistical analysis was performed using 

GraphPad Prism. For analysis of whether dose-response relations were significant, a Brown-

Forsythe test was first performed to determine if groups had equal variance. If there was no 

difference in variance between two group a one-way ANOVA was used to determine if the dose 

had a significant effect on a measure. A Dunnett post-hoc test was then performed to identify 

significant doses. Alternatively, if the samples had unequal variances, a Kruskal-Wallis test was 

performed. p<0.05 was considered significant. 

 

  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 4 
Discussion 

  



103 
 

4.1 A human cellular model for CIPN 

Multiple classes of antineoplastic agents used to treat cancer cause debilitating peripheral 

neuropathy. Symptoms of this neuropathy include spontaneous burning pain, loss of sensation in 

the distal extremities, muscle cramping and weakness (11). These side effects pose major 

challenges to the field of oncology because they are often dose limiting, which can negatively 

affect the efficacy of treatment (187). These symptoms can also persist long after completion of a 

chemotherapy regimen, thereby decreasing the quality of life of an ever-increasing number of 

cancer survivors (3). The majority of our knowledge of the mechanism of CIPN comes from 

rodent models of the disease, but a long history of failures of CIPN-modifying therapeutics in 

clinical trials has called into question whether the pathobiology observed in animal models is the 

same as that occurring in humans. In the current study we developed, characterized, and applied 

a human cellular model of CIPN using paclitaxel, vincristine and bortezomib. These three drugs 

represent three of the most widely used classes of chemotherapeutics associated with neuropathy. 

We also tested a member of another class of neuropathy causing chemotherapeutics, cisplatin, 

but observed no effect of the drug on iPSC-derived neurons. For paclitaxel, vincristine and 

bortezomib, we observed two distinct phases of the response to chemotherapy: growth arrest and 

degeneration.  We identified changes in microtubule stability and Wallerian degeneration as the 

likely causes of these two toxicities. These processes have been of significant interest in mouse 

models of CIPN, but many of the details have not before been demonstrated in human neurons. 

Finally, to demonstrate the utility of iPSC-derived neurons in the study of CIPN we performed a 

high-throughput screen for compounds that can overcome vincristine-induced growth arrest. This 

screen identified a number of pathways that may be useful in overcoming the neuropathic effect 

of commonly used chemotherapeutics. In this way, our findings provide important validation that 
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the cellular and molecular changes observed in rodent models are, in large part, recapitulated in 

humans.  

 

4.2 Diverse neuronal subtypes respond similarly to chemotherapeutic injury 

In patients, different chemotherapeutic agents can cause different constellations of 

neuropathic symptoms, with vinca alkaloids tending to cause a polyneuropathy and taxanes and 

proteasome inhibitors most often leading to a pure sensory neuropathy. To determine whether the 

specific subtype of iPSC-derived neuron is important for the expression of chemotherapy-

associated neurotoxicity, we examined the response of two different types of iPSC-derived 

neurons (sensory and motor) to three classes of chemotherapeutic agents. In comparing the dose-

response relationship of iPSC-derived sensory and motor neurons to any single chemotherapy, 

we did observe a significant difference in sensitivity. In general, motor neurons were more 

sensitive than sensory neurons. This intrinsic difference in sensitivity between neuron subtypes 

has previously been reported in primary mouse neurons treated with paclitaxel (46). 

Though we identified a difference in sensitivity to the three chemotherapeutics between 

different neuronal subtypes, we were also curious whether there were differences in the toxicities 

of the chemotherapeutics themselves. For example, because vincristine is associated with a 

motor neuropathy, one might expect vincristine to display greater toxicity to motor neurons than 

paclitaxel or bortezomib, which are commonly associated with sensory neuropathies. 

Interestingly, however, we did not observe any difference between neuron subtypes when using 

the different chemotherapeutic agents. That is to say that iPSC-derived motor neurons were more 

sensitive to vincristine than were iPSC-derived sensory neurons, but the iPSC-derived motor 

neurons were also more sensitive to paclitaxel and bortezomib than the iPSC-derived sensory 
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neurons even though paclitaxel and bortezomib more classically cause sensory neuropathies. 

Therefore, our results suggest that neuronal identity does not mediate the subtype selective 

phenotypic effects of different chemotherapies.  

There are a number of possible explanations for why these chemotherapeutics would 

show such strong cell-type selectivity in patients, but not in iPSC-derived neurons. First, due to 

methodological challenges we were unable to examine the effects of prolonged chemotherapy 

exposure on iPSC-derived sensory neurons. Due to difficulties with cell attachment, sensory 

neurons proved recalcitrant to both extended dissociated culture and the spot culture technique. 

Thus, we were only able to assess the effects of chemotherapy in a 24-hour dissociated culture 

paradigm, which are less sensitive for detecting degeneration than either spot cultures or 

prolonged treatment in dissociated cultures. Therefore, there may be subtle differences between 

subtypes, which arise after prolonged exposure to chemotherapy, that we are unable to detect.  

It is also possible that factors unrelated to cell identity lead to the differing incidence of 

sensory, motor and autonomic neuropathies reported for each drug. Most obviously, the cell 

bodies of these two classes of neurons reside in different biological compartments. Sensory 

neurons reside in the periphery (in the DRG) while motor neurons reside in the central nervous 

system (in the spinal cord). Because neuropathy causing chemotherapeutic agents do not cross 

the blood-brain barrier, the cell bodies of sensory neurons are exposed to these drugs while those 

of motor neurons are not (20). It would be worth-while to determine whether different classes of 

chemotherapeutic have different potencies with regard to axon degeneration when only axons or 

axons and cell bodies are exposed. The neurotoxic effects of chemotherapeutics when added to 

exclusively axons or cell bodies have been probed using Campenot and microfluid chambers, 

which show that exposure of the axon is more deleterious than exposure of the cell bodies (54, 
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66). However, there has not been a careful side-by-side examination of the dose-response 

characteristic for different chemotherapies when added to distinct cellular compartments. If, for 

example, paclitaxel is more toxic when both the cell bodies and axons are exposed, while 

vincristine is equally toxic when only the axons or the axons and cell bodies are exposed, this 

might explain why vincristine is associated with a higher incidence of motor neuropathy.  

These agents may also have differing effects on non-neuronal cell types, which could 

mediate the type of neurotoxicity. As with many neurodegenerative diseases there is strong 

evidence for immune activation in CIPN, which may exacerbate the process of degeneration 

(188). Similarly, some chemotherapeutics have been shown to affect Schwann cells (189). The 

mechanism by which different chemotherapies interact with the immune and glial cells and how 

this may influence neurotoxicity is currently unknown.  

The distribution of different chemotherapeutics in the body may differ, influencing which 

neurons they affect. It has been reported that paclitaxel accumulates in dorsal root ganglia in 

rodent models of CIPN and that concentrations in the ganglia can be 5-10 times greater in the 

peripheral nerves and dorsal horn (190, 191). This may explain why paclitaxel selectively acts on 

sensory neurons. It is possible that other chemotherapeutics localize to regions that increase their 

toxicity to motor or autonomic neuron, although no conclusive evidence of this exists.  

Finally, it is possible that the iPSC-derived neurons used here to do not fully emulate the 

subtypes of neuron they are supposed to represent. While our RNA-seq confirmed a large 

number of cell-type specific markers for sensory and motor neurons are expressed in iPSC-

derived sensory and motor neurons, there were also a number of genes not expressed which one 

might expect in sensory or motor neurons. For example, the sensory neurons generated expressed 

very low levels of TRPV1, a sensory-neuron specific ion channel which has been implicated in 
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CIPN by a number of groups (192–194). Lastly, there is the potential caveat that stem cell-

derived iPSC neurons may not recapitulate the responses of primary neurons. Thus, while our 

data suggests factors other than cell-intrinsic differences drive the cell-type selectivity of some 

chemotherapeutic agents, we cannot definitely rule it out based on this model system.  

Beyond extending our understanding of the factors that govern susceptibility to 

chemotherapy-associated neurotoxicity, the finding that there is no neuron-subtype intrinsic 

difference in susceptibility to the different chemotherapeutics is an important result with regard 

to the downstream application of a human cellular model to the study of CIPN. Because all three 

chemotherapeutic agents demonstrated the highest sensitivity in motor neurons, we felt that 

induced motor neurons provided an apt model for CIPN. Additionally, the protocols for iPSC-

derived sensory neurons show high batch-to-batch variability and low yield, both of which 

limited their utility for high-throughput screening.  

However, the decision to use iPSC-derived motor neurons rather than sensory neurons as 

our model system is not without trade-offs. Given that CIPN is most commonly associated with a 

sensory neuropathy in patients, there is relatively little research into the effects of chemotherapy 

on motor neurons, either in patients or in model organisms. Thus, we cannot say with certainty 

that the response of both classes of neuron to chemotherapeutic insult are identical.  In some 

cases, motor nerve conduction studies in rats (195), mice (44) and humans (196, 197) have 

shown a decrease in motor nerve conduction velocity and compound motor action potential 

amplitude after prolonged paclitaxel or vincristine exposure. This, along with the progressive 

worsening of motor symptoms in patients, supports the notion that motor nerves can at least 

undergo a dying back degeneration similar to sensory nerves after chemotherapy treatment. 

There is no support, however, that motor neurons are subject to the same terminal arbor loss 
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observed for sensory neurons. Further study comparing the biochemical and cell-biological 

hallmarks of chemotherapy-induced neurotoxicity in sensory neurons and motor neurons from 

mice treated with chemotherapy would help determine the extent to which our findings in iPSC-

derived motor neurons might be generalizable to sensory neurons. 

In the current study, we were unable to detect an effect of the platinating agent cisplatin 

in either sensory or motor cultures. There are a number of potential explanations for this. It is 

possible that cisplatin’s neuropathic effect in vivo is due primarily to non-cell intrinsic 

mechanisms. For example there is evidence that platinating agents can damage Schwann cells 

(189, 198), and activate immune cells (199, 200), which could potentially cause damage to 

peripheral nerves. Another possibility is that the effect of cisplatin on neurons may take longer to 

develop than the other drugs tested. Because cisplatin showed no activity in dissociated cultures, 

its study was discontinued. However, these experiments only spanned 24-48 hours. Further 

examination in long term spot cultures may be able to uncover effects of cisplatin treatment not 

apparent in dissociated cultures. 

 

4.3 Chemotherapy-associated neurotoxicity and axon degeneration 

The presence of axon degeneration in CIPN is well established and the disease is 

traditionally described as a dying back neuropathy. Patients with CIPN often display decreased 

sural nerve amplitude and conduction velocity, indicative of a primary axonopathy with 

secondary demyelination (21, 25). Biopsy of the sural nerve has confirmed these 

neurophysiological findings (25). Similarly, animal models of paclitaxel-, vincristine- and 

bortezomib-induced CIPN display similar nerve conduction deficits and the appearance of these 

deficits is reported to correlate with the onset of neuropathy-associated behaviors (201). Thus, 
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we thought it was important that any human cellular model of CIPN also demonstrate axon 

degeneration. 

To study degeneration in iPSC-derived neurons, we developed a method of growing the 

cells in spot cultures, where the axons extend radially from a central regions of cell bodies. This 

allowed us to track the distal ends of thousands of neurites at a time. Using this system, we found 

that the neurite length deficits we observed in iPSC-derived neurons treated with paclitaxel, 

vincristine or bortezomib were actually the result of two distinct phenomena. Low dose 

chemotherapy induced growth arrest in the absence of axonal degeneration, while higher doses 

caused axon fragmentation and loss. These results suggest that caution must be exercised when 

examining axon length as a proxy for degeneration in cultured neurons, as in our system the 

majority of the axon length deficit observed in dissociated cultures was attributable to decreased 

axon growth and not degeneration. We propose that future studies use alternative means of 

quantifying axon degeneration, some of which (spot cultures, time-lapse imaging and 

degeneration index) were applied in the current study. 

We observed clear degeneration, both in terms of a decrease in axon length and increase 

in axonal blebbing/fragmentation, in response to all three chemotherapeutics. Therefore, we set 

out to determine the molecular basis of axon degeneration in iPSC-derived neurons. Previous 

studies demonstrate that WLDs and SARM1 knockout mice are resistant to vincristine and 

paclitaxel-induced hyperalgesia and that neurons from these mice are more resistant to 

chemotherapy-induced axon fragmentation (40, 81, 82, 202). This suggests a Wallerian-like 

degeneration in CIPN.  Consistent with this model, we find that there is a decrease in cellular 

NAD+ after treatment with all three chemotherapeutics tested. Loss of NAD+ is an early and 

necessary step in the initiation of Wallerian degeneration (75). Importantly, the decrease in 
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NAD+ we observed occurs only at concentrations of chemotherapeutic which lead to axon 

degeneration, and not at doses which only prevent neurite outgrowth. To demonstrate that this 

decrease in cellular NAD+ is relevant to the degeneration process, we tested whether exogenous 

NAD+ is able to block the degenerative effects of paclitaxel, vincristine or bortezomib, as has 

previously been observed in cases of Wallerian degeneration initiated by axon transection (203). 

NAD+ had no effect on neurite length after 24 hours of chemotherapy treatment. This is likely 

because the majority of the neurite length deficit observed at 24 hours is the result of a decrease 

in axonal outgrowth, not degeneration. We did not expect NAD+ to increase axonal outgrowth. 

Intriguingly, in a 72-hour chemotherapy treatment paradigm, exogenous application of NAD+ 

provided dramatic protection from bortezomib-induced degeneration, but not from paclitaxel or 

vincristine. Therefore, we hypothesize that Wallerian-like degeneration is the driving force 

behind axon loss in human neurons treated with bortezomib. To our knowledge, this is the first 

report of Wallerian-like mechanisms in the context of bortezomib induced CIPN, in either 

humans or mice. Further validation of this finding in mouse models and using alternative genetic 

or pharmacological methods of blocking Wallerian degeneration, such a knockdown of SARM1, 

overexpression of cytosolic NMANT1, or inhibition of the MAPK cascade, will be an important 

step in understanding the mechanism of bortezomib-induced axon loss. 

Given that Wallerian degeneration did not appear to be driving the axon loss observed in 

paclitaxel- or vincristine-treated neurons, we examined whether an alternative axon degeneration 

pathway could be responsible. Caspase-3-dependent axonal loss has been reported to occur in 

models of neurodegenerative diseases like Alzheimer's and ALS (204, 205). It has also been 

reported that DRG neurons from caspase-3 knockout mice are resistant to vincristine-induced 

axon degeneration (206). This pathway is distinct from apoptosis, as caspase activation occurs 
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locally in the axon and not the cell body. Therefore, such a mechanism would be consistent with 

the observation that CIPN is an axonopathy. Given our finding that bortezomib acts through a 

Wallerian-like degeneration pathway, we were surprised to see evidence of caspase-3 activation 

in iPSC-derived neurons after treatment with all three chemotherapeutic agents. We 

demonstrated that the pan-caspase inhibitor Z-VAD-FMK was able to block caspase-3 activity in 

vincristine-treated iPSC-derived neurons, reducing it to levels less than vehicle treated control 

cells. However, treatment with Z-VAD-FMK had no protective effect on neurite length for any 

of the three chemotherapeutics at either 24 or 72 hours.  

Thus, throughout our study we were unable to find an intervention that could ameliorate 

the neurodegenerative effects of paclitaxel or vincristine, which appear to be unaffected by 

blockade of either Wallerian degeneration or the caspase cascade. This is in contrast to previous 

findings in rodents, which found that Wlds mice were resistant to paclitaxel- and vincristine-

induced neurotoxicity (40, 81) and that caspase-3 knockout protects from vincristine-induced 

degeneration in mouse DRG cultures (206). One possible explanation is a species difference in 

the mechanism of paclitaxel induced axon loss. The human specific pathway would have to be 

independent of both caspase-3 activation and Wallerian degeneration. One such mechanism 

would be calpain mediated degeneration induced by calcium influx, as has been observed in the 

case of excitotoxicity (207). The use of calcium chelators and calpain inhibitors might provide 

insight into whether calpain activation is necessary for paclitaxel- or vincristine-induced axon 

degeneration in human neurons. Other forms of caspase-independent axonal loss have been 

described previously. Neurons can also degenerate through axon retraction and axosome 

shedding. There is little evidence to support a role for axosome shedding in paclitaxel-mediated 

neuropathy, given that this process is more commonly associated with microtubule 
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destabilization. Axon retraction is a possible explanation given our and others’ findings that 

paclitaxel induces the formation of retraction bulbs at the distal tips of peripheral axons. 

However, this mechanism is not consistent with the axonal fragmentation observed after 

paclitaxel treatment.  

If in fact paclitaxel and vincristine act through mechanisms distinct from Wallerian 

degeneration and caspase-mediated degeneration, why is it that we observe dramatic caspase-3 

activation and NAD+ loss that correlates with the onset of degeneration? It may be that these 

changes are a downstream effect of the degeneration process, but are not necessary for either the 

initiation or execution of axon degeneration. This sort of cross-activation of degeneration 

pathways is exemplified by the finding that caspases are activated following nerve injury, despite 

the resulting axon degeneration occurring through a caspase-independent Wallerian-like 

mechanism. This phenomenon occurs when the Wallerian degeneration cascade reaches the cell 

body and initiates apoptosis, a process referred to as sarmoptosis (208). Thus, it is also possible 

that the degeneration observed in paclitaxel and vincristine-treated cells is the result of another 

pathway to degeneration ultimately activating the Wallerian and caspase-dependent molecular 

machinery. 

Another possible explanation is that the timepoints selected were too early to observe 

degeneration induced by paclitaxel. We observed that the degeneration induced by paclitaxel 

typically lags behind that induced by bortezomib and vincristine. We selected a 72-hour 

timepoint for our assays to try and split the difference between these different treatments and 

catch all of the cells in the process of axon degeneration, but it is possible that 72 hours is too 

early to detect Wallerian degeneration, if it is just beginning to occur in the cells treated with 

paclitaxel. Indeed, paclitaxel showed many of the same trends in NAD+, ATP and ROS as 
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vincristine and bortezomib, but to a lesser and slower extent. Future studies will need to be 

performed either at later timepoints, or at supraphysiological concentrations of paclitaxel to 

confirm this hypothesis. 

Alternatively, it may be that paclitaxel and vincristine act through either a Wallerian-like 

or caspase-dependent mechanism, but that our assay was not sensitive enough to detect the 

protection produced by inhibiting these pathways. We believe the dissociated culture system is 

less sensitive to detecting degeneration induced by paclitaxel and vincristine compared to 

bortezomib because of their greater growth arrest effects. The results of Sholl analysis and live 

growth cone imaging in spot cultures suggest that bortezomib, unlike paclitaxel and vincristine, 

is unable to completely block neurite outgrowth. Therefore, blocking degeneration in 

bortezomib-treated cells should allow those protected neurons to grow, while blocking 

degeneration in paclitaxel- and vincristine-treated cells would not. In this way blocking 

degeneration in bortezomib-treated cultures would have a much greater effect on neurite length, 

making it easier to detect the effect of an anti-degeneration drug.  

This theory is supported by our results from bortezomib-treated spot cultures also treated 

with NAD+. Not only is degeneration prevented, but neurites continue to growth. If this theory is 

correct, spot cultures will provide a more robust method of identifying pathways relevant for 

paclitaxel- and vincristine-induced degeneration, since the long, established axons provide a 

more robust measure of degeneration which is independent of the growth effects which confound 

dissociated studies in dissociated cultures. Currently the primary roadblock to performing these 

types of assays in spot cultures is the limited throughput of the spot culture system. Developing 

methods of automating spot culture imaging and analysis should be a top priority as it will 

greatly facilitate the study of chemotherapy-induced degeneration in iPSC-derived neurons. 
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4.4 Growth arrest and terminal arbor degeneration 

The assumption that degeneration is required for CIPN has come under challenge. In 

human patients and in rodent models of neuropathy, sensory phenotypes and a decrease in 

intraepidermal nerve fiber (IENF) density has been observed in the absence of any 

neurophysiological or structural changes to the sural nerve (88). In rodent models of CIPN, 

prolonged exposure to low doses of chemotherapy was more likely to cause IENF loss without 

sural nerve degeneration than was exposure to high doses (97). Although the exact basis of this 

deficit in IENFs is not known, two hypotheses have been put forward. Bennet and colleagues 

propose that mitochondrial dysfunction in peripheral axons creates an energy deficit which 

precludes them from re-growing as the epidermis remodels. Conversely, Gornstein et al. 2017 

posit that the microtubule stabilizing effect of paclitaxel disrupts microtubule dynamics in the 

growth cone and similarly blocks re-innervation. Thus, while the basis of the growth deficit 

differs in these two models of terminal arbor degeneration, they both agree that growth arrest, 

similar to what is observed in human neurons at low concentrations of chemotherapy, is key in 

the development of CIPN. 

Paralleling the dose-dependent transition from distal fiber loss to nerve degeneration 

observed in human patients and rodent models, we also observed a dose-dependent transition 

from growth cone stalling and growth arrest at low concentrations of chemotherapy to axon 

degeneration at high doses in the human iPSC-derived neurons. The decrease in axonal 

outgrowth at the whole-axon level at low doses of chemotherapy, was accompanied by the 

stalling of axonal growth cones and the conversion of growth cones into retraction bulbs. A 

similar decrease in outgrowth and retraction bulb formation was previously reported in primary 

dorsal root ganglia neurons following paclitaxel treatment (35). In addition to confirming that 
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paclitaxel has this same effect on human neurons, our findings further this observation by 

showing that a similar growth arrest phenomenon happens after treatment with vincristine or 

bortezomib. More detailed examination of the axons and growth cones of cells treated with 

chemotherapy may be useful in understanding the molecular underpinnings of the observed 

growth arrest phenotype. A number of studies have examined axonal structure and contents in 

mouse models of CIPN using electron microscopy, uncovering disorganized microtubules and 

abnormal organelle morphology in axons from chemotherapy treated rats (40, 93, 209). 

However, no such studies have been performed with a specific focus on axon growth cones. One 

advantage of the spot culture system is the capability of capturing many growth cones in a small 

area. This may allow for the first robust analysis of the effects of chemotherapy on growth cone 

organization at the sub-cellular level. 

For paclitaxel and vincristine, this arrest of growth could be maintained for more than a 

week without any signs of axon degeneration. For bortezomib, the effects appeared more 

transient, lasting for 24 hours before the cells resumed growing at a normal rate. This same 

transient stalling followed by normal growth was also observed at the level of the growth cone in 

bortezomib treated cells. The transient effects of bortezomib that we observed, is likely a result 

of the short half-life of bortezomib in solution. Indeed, many of the phenotypes we observed in 

bortezomib-treated cells, with the exception of degeneration, were present after 24, but not 72 

hours of treatment. Further optimization of a dosing paradigm that can reliably maintain constant 

levels of bortezomib in culture will be necessary to study the effects of prolonged bortezomib 

exposure. Because of the transient effects we observed, our results more closely simulate a single 

bolus of bortezomib rather than a prolonged exposure.  
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Because vincristine and paclitaxel both effect microtubule dynamics, and because 

vincristine and paclitaxel both caused the formation of retraction bulbs in our study, we 

hypothesized that changes in microtubule dynamics were likely the cause of this outgrowth 

defect. The ability of vincristine and other microtubule destabilizers to cause growth cone 

collapse is a well-documented phenomenon. The situation is more complex for a microtubule 

stabilizer, like paclitaxel. In fact, low doses of paclitaxel have previously been shown to increase 

neuronal outgrowth after nerve injury (187, 210). In line with this, we observed a modest 

increase in neurite length in iPSC-derived neurons treated with very low doses of paclitaxel. Too 

much stability, however, appears to be problematic for normal growth cone function, since a 

variety of microtubule stabilizing agents are known to cause retraction bulb formation in rodent 

neurons (35).  

Given the strong correlative evidence that the microtubule targeting action of vincristine 

and paclitaxel were responsible for their negative effects on neurite outgrowth, we were curious 

why bortezomib, a proteasome inhibitor, would cause the same retraction bulb formation and 

growth arrest. It has been reported that bortezomib has a stabilizing effect on microtubules in 

cultured rat DRG neurons (48), raising the possibility that it is not the proteasome inhibition 

caused by bortezomib that is responsible for this growth phenotype. Therefore, we wanted to 

determine whether bortezomib had an effect on microtubule stability in humans as well. As 

expected, we observed a significant decrease and increase in stability-associated microtubule 

markers in neurons treated with vincristine and paclitaxel respectively. Some, but not all of these 

stability markers also increased with bortezomib treatment, though the magnitude of the increase 

in comparison to the effect of paclitaxel was small. Therefore, it is possible that bortezomib has a 

slight microtubule stabilizing effect and this is the basis of the growth cone stabilization we 
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observed. This would explain the relatively small increase in retraction bulbs observed in 

neurons treated with bortezomib compared to those treated with paclitaxel or vincristine. 

However, given the small size and mixture of stabilizing and destabilizing effects we observed 

with bortezomib treatment, it is impossible say for certain what effect bortezomib has on 

microtubule stability without extracting tubulin from these neurons and performing in-vitro 

stability measurements.  

Our findings show a correlation between changes in microtubule stability caused by 

chemotherapeutic agents and growth cone stalling. These results are an obvious extension of 

previous work in mouse neurons, which demonstrated growth arrest and retraction bulb 

formation in response to paclitaxel treatment (66).  However, to conclusively link the observed 

changes in stability and growth, experiments will need to be performed to correct for the 

stabilizing effect of bortezomib and paclitaxel or the destabilizing effects of vincristine. If such 

manipulation of microtubule stability rescues the growth defect, this would prove a causal 

relationship. 

Importantly, these findings would suggest that chemotherapeutics like cisplatin and 

thalidomide (which are not known to alter microtubule dynamics) would not have an effect on 

axon growth. Therefore, the neuropathy caused by these agents should be purely due to axon 

degeneration. Performing spot culture analysis of such chemotherapeutics would provide 

valuable supporting evidence for the hypothesis that microtubule modifications are the causes of 

the observed growth deficits exhibited by the chemotherapeutics used in the current study.  
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4.5 Mitochondrial dysfunction and chemotherapy-associated neurotoxicity 

The ATP generated from mitochondrial respiration plays a key role in maintaining axonal 

integrity (155, 211). Studies in rodent models of CIPN suggest that mitochondrial dysfunction 

and a depletion of cellular energy stores may be a common feature in CIPN caused by a variety 

of chemotherapeutic agents (94, 96, 97, 155, 212). We examined mitochondrial function and 

cellular energy at two timepoints to determine whether energy depletion correlated with either 

the growth arrest or the axon degeneration we observed in iPSC-derived neurons following 

chemotherapy treatment. 

We first examined cellular ATP levels in iPSC-derived neurons following chemotherapy 

exposure. For vincristine- and bortezomib-treated neurons, we observed a small decrease in ATP 

beginning at 24 hours post-treatment, which increased in magnitude after 72 hours. There was no 

significant difference in ATP levels after 24 hours in paclitaxel-treated cells, but there was a 

decrease after 72 hours. Why paclitaxel treatment leads to a more gradual decrease in cellular 

ATP is an outstanding question. We suspect that this difference reflects the slower degeneration 

process in paclitaxel-treated cells. Indeed, using spot cultures to measure axon loss over time, we 

observe that degeneration following paclitaxel treatment tends to take longer than it does for 

bortezomib or vincristine-treated cells. Thus, in the future a careful side-by-side analysis of 

degeneration and cellular energetics which will allow for correlation of the rate of degeneration 

with the extent of energy depletion may be useful. 

There are two mechanisms by which ATP depletion might occur, either through 

increased ATP consumption or through a decrease in ATP synthesis. Given the links between 

neurodegeneration and mitochondrial function, we suspected that a decrease in mitochondrial 

respiration might be responsible for the decrease in ATP observed after chemotherapy treatment. 
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Indeed, we detected decreased mitochondrial respiration after 72-hour treatment with each of the 

three chemotherapies. These data are consistent with the previous respirometry studies of rodent 

models of CIPN, which indicate mitochondrial damage and decreased cellular respiration in the 

sciatic nerve of chemotherapy treated rats (84, 94, 95).  

Both the time and concentrations of chemotherapy at which we observed changes in 

cellular ATP and mitochondrial function indicate that cellular energetics may play a role in 

degeneration, but are unlikely to be the cause of growth arrest. Our live imaging experiments and 

spot cultures indicate that robust growth arrest occurs well before 24 hours after treatment. 

However, we observed little decrease in ATP after 24 hours except at the highest concentrations 

of chemotherapy. Moreover, we saw no evidence of decreased cellular respiration after 24 hours. 

These data refute the hypothesis that mitochondrial dysfunction is the driver of chemotherapy-

induced growth defects and terminal arbor degeneration (88). Based on this finding and the 

results of our analysis of tubulin modifications, we instead favor the model that microtubule 

stability is the main driver of the growth arrest phenotype (66). However, we acknowledge that 

the techniques used here lack in the temporal and spatial resolution to rule out a rapid change in 

mitochondrial activity in specific regions of the axon, such as the growth cone. High-resolution 

imaging of mitochondrial polarity and calcium stores using dyes such as TMRE or calcium 

sensitive fluorophores like FURA-2 will be necessary to address this possibility. 

The observed defects in cellular energetics did, however, correlate with the chemotherapy 

doses and the timing of axon degeneration. This implies that mitochondrial health may contribute 

to the pathobiology of CIPN in humans and demonstrates the utility our human-cellular model 

for future studies of the relationship between mitochondrial function and chemotherapy-in 

induced axon degeneration in human cells. Although this conclusion is consistent with the 
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current understanding of Wallerian degeneration, in which SARM1-mediated NAD+ depletion 

leads to release of mitochondrial calcium stores and a decrease in ATP production (118), 

additional study will be needed to support this series of events. Two important questions remain 

to be resolved regarding the relationship between altered mitochondrial function and 

chemotherapy-induced neurotoxicity in human cells. The first is whether the decrease in ATP 

and mitochondrial respiration is upstream or downstream of axon loss. Previous findings that 

mitoprotectants such as acetyl-L-carnitine and pifithrin-µ can delay the onset of CIPN symptoms 

and nerve degeneration in rodents indicate that myotoxicity may play a causative role in CIPN 

(156, 213). However, especially given the failure of these compounds to produce clinical benefit, 

similar studies will need to be performed in human neurons (102). Second, it will be necessary to 

investigate the source of the mitochondrial dysfunction. Previous studies have suggested that 

taxane and platinum chemotherapies can induce mitochondrial depolarization through opening of 

the mPTP (98, 214, 215). Given these data, it would be prudent to investigate the role of the 

mPTP in our human model of CIPN using genetic (knockdown of cyclophilin D) and 

pharmacological (treatment with cyclosporin A) approaches (216). However there are a variety 

of other mechanisms by which mitochondrial respiration can be disrupted, including damage to 

mitochondrial DNA, alterations of mitochondria associated membranes and dysfunction of the 

electron transport chain leading to the generation of reactive oxygen species (217).  A better 

understanding of whether mitochondrial damage is upstream or downstream of 

neurodegeneration in chemotherapy-treated neurons, and the mechanisms underlying this 

damage could help in the development of novel therapeutics for CIPN. 
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4.6 Combating multiple axon defects in CIPN 

The observed growth arrest and the degeneration of axons, raise the question of which of 

the two processes is more relevant to CIPN in humans. It is likely that both of these processes 

contribute to symptoms of CIPN. Often the first symptoms patients report are a loss of sensation 

and burning in the distal extremities and they then later develop proprioceptive symptoms (20, 

106). This delayed onset of proprioception would fit with the fact that the deep tendons targeted 

by proprioceptors are relatively static compared to fibers innervating the skin. If the terminal 

arbor hypothesis is true, this may explain why there has been little success developing disease 

modifying therapies for CIPN, since treatments have traditionally focused on preventing 

degeneration of the nerve and not on promoting growth and reinnervation (7, 218). Treatment of 

neurons with antagonists of Wallerian degeneration rescued the degeneration phenotype, but did 

not appear to have any effect on the growth deficit. Thus, we attempted to identify compounds 

which could overcome the growth inhibiting effects of vincristine.  

We utilized neurite outgrowth as the basis for a phenotypic screen, which yielded seven 

hit compounds targeting multiple cellular pathways. Interestingly, we found a mix of 

compounds—some that protected from both vincristine- and paclitaxel-induced neurite 

outgrowth deficits and some that only protected against one of the two chemotherapies. 

Especially promising from a therapeutic standpoint are those compounds that increased 

outgrowth in neurons treated with both chemotherapeutics. Because of different 

chemotherapeutic agents’ opposing effects on microtubule stability, it unlikely that these 

compounds act through microtubule stabilization or destabilization. Therefore, they may provide 

a way to rescue the outgrowth deficit observed in neurons without affecting the antineoplastic 

efficacy of the chemotherapy. Further characterization of the targets identified by this screen will 
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likely help elucidate the differences in the molecular underpinnings of growth arrest in the 

context of microtubule stabilization or destabilization.  

We selected one of the compounds identified from our screen and examined whether it 

had any effect in protecting against axon degeneration in addition to its effect on outgrowth. 

Similar to our observation that anti-degenerative compounds did not rescue neurite outgrowth, 

this pro-growth compound did not rescue degeneration. However, combining pro-growth and 

anti-degenerative compounds significantly improved axon protection compared to either drug 

alone. These findings suggest that targeting both growth arrest and degeneration may be a viable 

strategy for the prevention and treatment of CIPN. Further validation of these findings will be 

necessary to determine whether the observed preservation of the axon of iPSC-derived translate 

to in-vivo efficacy. 

Although others have proposed the use of iPSC-derived neurons as a platform for 

screening for compounds that protect from chemotherapy-induced neurotoxicity, no one has 

demonstrated the feasibility of this approach (111, 219). These results represent the first 

phenotypic chemogenomic screen for neuroprotectants that can prevent vincristine-associated 

neurotoxicity in human neurons. This pilot screen was not intended as an exhaustive analysis of 

the pathways involved in chemotherapy-associated growth arrest, but rather as a proof-of-

concept demonstrating the utility of iPSC-derived neurons for the study of CIPN and detailing a 

feasible workflow for future screening efforts.  

From our pilot experiments, we identified six small molecules which increase neurite 

length in the presence of vincristine or paclitaxel in a dose-dependent manner. Many of these hit 

compounds have multiple targets. Ideally, we would have been able to deconvolute which targets 

where responsible for the growth promoting effects of hit compounds bioinformatically by 
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identifying those targets which were common among multiple hit compounds, as has been 

previously described (220). However, due to the small size of the pilot screen, this was not 

possible. There were no overlapping targets among the six validated hit compounds. It will be 

necessary to use alternative methods to determine which, if any, of the annotated targets of each 

drug are responsible for the observed growth promoting effect. This will be done by 1) testing 

additional small molecules with specificity against just one potential target of a hit compound, 2) 

using siRNA to knockdown each putative target of a hit compound, and 3) overexpressing each 

putative target and determining which are able to reverse the effects of the hit compound. 

Of the six compounds identified, one, blebbistatin, has previously been reported to 

promote axon growth after injury (221, 222). Thus, a significant amount is already known about 

the mechanism of blebbistatin’s action. Blebbistatin is an inhibitor of non-muscle myosin II, an 

ATPase responsible for organizing actin filaments (223). Inhibition of myosin II has been shown 

to increase filipodia extension and promote growth cone motility in DRG neurons (224). These 

findings fit nicely with our observation that vincristine disrupts growth cone extension and 

causes retraction bulb formation. It will be interesting to examine the effects of blebbistatin on 

growth cone dynamics and morphology in vincristine and paclitaxel-treated cells to determine if 

it directly reverses the growth cone defects caused by chemotherapeutics. 

The screen presented here bas by no means exhaustive. For a variety of reasons, there are 

likely many targets that mediate chemotherapy-induced growth arrest that were missed in this 

initial screen. First, the library was only screened at one concentration, 10µM. We selected this 

concentration based on the hit rate of previous screens we have performed, but such a high 

concentration may produce a large number of false-positives due to toxicity. Therefore, the six 

hits we identified may only be a subset of all potential hits in the 1,920-compound library and 



124 
 

screening at additional concentrations may be worth-while. Second, the compound library used 

was relatively small and limited in scope. In the future expanding to larger compound libraries 

with a greater diversity of targets, or to genome-wide CRISPR libraries, will likely yield 

additionally targets-of-interest. Third, we only screened against a single chemotherapy, 

vincristine. Other chemotherapeutics with distinct mechanisms of action may yield distinct 

targets. Such a complementary screen would be very informative with regard to the differences 

and commonalities in mechanism underlying the chemotherapy-associated neurotoxicity of 

different classes of chemotherapeutic.  

In addition to providing a platform to identify pathways mediating chemotherapy-induced 

growth arrest, the screen we performed also provides a basis for future screens probing the 

mechanisms of chemotherapy-induced axon degeneration. A similar screen for anti-degenerative 

compounds will likely pose considerable technical challenges, since we have shown that the 

neurite length phenotype observed in dissociated cultures is dominated by outgrowth defects. 

Thus, the signal to noise ratio for detecting compounds that prevent degeneration, but do not 

necessarily promote outgrowth, will be poor. One potential method of addressing this would be 

to use a growth-promoting drug, such as those identified here, to amplify the signal from anti-

degenerative compounds. This principle is similar in many ways to previous screens done for 

treatments for neurodegenerative disease, which have used stressors to exacerbate the disease 

phenotype (225, 226). Alternatively, it may be possible to perform a medium throughput screen 

using spot cultures. In this case both pro-growth and anti-degenerative compounds could be 

identified in a single screen.  
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4.7 Identifying genetic risk factors for CIPN using patient iPSC-derived neurons 

There is clear evidence of a genetic component to patient risk for CIPN. However, 

identifying genetic variants associated with this risk has been extremely challenging in the case 

of CIPN, due to heterogeneity in treatment regimens and poor diagnostic criteria. Here, we asked 

whether patient iPSC-derived neurons express differences in susceptibility to chemotherapy-

associated neurotoxicity and if that difference in susceptibility is reflective of patient outcomes. 

In support of this approach, recent studies have shown that iPSC-derived cardiomyocytes from 

breast cancer patients who experienced doxorubicin-induced toxicity were more susceptible to 

doxorubicin exposure in-vitro than were cardiomyocytes from patients who had no cardiotoxicity 

in response to doxorubicin (108, 109). We generated iPSC lines from three patients with severe 

paclitaxel-induced CIPN and three age, gender and paclitaxel dose-matched controls who did not 

develop a neuropathy. Our goal was to compare the dose-response characteristics of 

chemotherapy-induced neurite length deficits in sensory neurons derived from these patients, in 

order to determine if neurons from patients with CIPN were more sensitive to paclitaxel than 

neurons from control individuals. However, it was not possible to compare the susceptibility of 

iPSC-derived sensory neurons from these individuals as we had initially intended, due to 

inefficient differentiation of three of the patient lines into sensory neurons. A recent study 

attempting to identify expression quality trait loci in iPSC-derived neurons reported a similar 

line-to-line variability in sensory neuron differentiation, indicating that this is likely a problem 

intrinsic to the existing protocols. They were able to overcome this variability by differentiating 

over 100 different lines into sensory neurons. However, given the cost of iPSC generation, such 

numbers are not feasible for studies examining a specific patient phenotype. Further 
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development of an efficient, reproducible method of generating sensory neurons from iPSCs will 

be necessary to examine genetic susceptibilities to diseases using these cells.   

Because we were unable to compare sensory neurons between patient lines, we elected to 

compare motor neurons generated from these iPSCs given that all six lines efficiently 

differentiated into motor neurons. We did not observe any clear grouping of patient lines based 

on their sensitivity to chemotherapy, either in terms of neurite outgrowth or cell viability. It is 

difficult to determine the reasons for this negative result. One possibility is that the study was 

underpowered to detect differences between CIPN patients and controls given that we only had 

three lines for each group. Alternatively, the factors that predispose a patient to sensory CIPN 

may be cell-type specific. We were only able to generate motor neurons from patient lines, rather 

than sensory neurons, and if CIPN is sensory neuron specific, we may not have observed a 

difference for this reason. Finally, it is possible that iPSC-derived neurons do not recapitulate the 

genetic susceptibility of the patient they were derived from. For example, the genes governing 

CIPN risk may act through a non-cell autonomous mechanism. Indeed, some of the first risk 

factors for CIPN to be identified were metabolic enzymes such as CYP2C8 and CYP3A4, which 

are expressed highly in the liver and are known to play an important role in paclitaxel clearance 

(176). While these cell non-autonomous effects may explain CIPN risk in some patients, there is 

also strong evidence for genetic factors intrinsic to neurons. A meta-analysis of GWAS studies 

of CIPN showed significant enrichment in variants near neuronal genes, suggesting that at least 

some of the risk alleles are expressed in the affected cells (227). Thus, it may be the case that 

iPSC-derived neurons only capture some aspects of the population at risk for CIPN.  
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4.8 Limitations of iPSC-derived neurons as a model for CIPN 

 In this study we examine the effects of chemotherapy on human iPSC-derived neurons 

and demonstrate how these neurons can be used as an in vitro model of CIPN. We believe that 

this model has a number of advantages over existing animal models of the disease, including 

increased translational potential, increased scalability (both logistically and ethically), and the 

ability to study human genetics. However, there are a number of limitations inherent to iPSC-

based disease models which must be considered when deciding which model to use.  

 As previously discussed, the use of iPSC-derived cells is limited by the differentiation 

protocols which exist to generate the cell type of interest. Because the existing protocol for the 

generation of sensory neurons from iPSCs suffers from low yields and high batch-to-batch 

variability, we had to use iPSC-derived motor neurons for the majority of the experiments 

presented here (129). The extent to which cell-intrinsic differences between sensory and motor 

neurons contribute to CIPN is still unclear and will require further investigation. Further 

complicating this issue is the fact that there are limitations with regard to how well iPSC-derived 

neurons mimic specific neuronal subtypes found in vivo. In general, iPSC-derived neurons are 

thought to more closely resemble embryonic neurons than the mature neurons that would be 

exposed to chemotherapy in patients (228). Whether the maturity of the cells alters how they 

respond to chemotherapy will need to be studied. It is also clear that, while iPSC-derived 

neurons often express markers consistent with a particular type of neuron, they do not perfectly 

recreate the gene expression profiles of the cells which they are meant to model (129, 229). It is 

possible that specific genes important in determining a peripheral neurons response to 

chemotherapy are missing in our iPSC-derived neurons. Fortunately, rapid advances in the 
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protocols for generating neurons from iPSCs and in the technologies available for the 

characterization of iPSC-derived neurons will continue to improve upon these issues.  

 As with any in vitro system, iPSC- based models are also limited in that they cannot fully 

recreate complex tissues. This is especially true in the case of sensory neurons, which derive 

support from a variety of different cell types in distinct regions of the body. Within the DRG, 

neurons interact closely with specialized support cells called satellite cells. Although limited 

research has been done regarding the contribution of satellite cells to CIPN, there is evidence to 

suggest that oxaliplatin, taxol and bortezomib can alter satellite cell function (230, 231). Our 

model also cannot account for the contribution of Schwann cells, the cells which myelinate 

peripheral axons, to CIPN. Mutations in genes associated with primary demyelinating Charcot-

Marie-Tooth syndrome, a disease of Schwann cells, are one of the primary genetic risk factors 

for the development of severe CIPN, suggesting that Schwann cells are important mediators of 

chemotherapy-induced neurotoxicity (60, 232, 233). Additionally, there is direct evidence that 

chemotherapeutics can damage myelinating Schwann cells in rodent models of CIPN (189, 198). 

Finally, sensory neurons derive trophic support from their target tissues which are necessary for 

axon maintenance (234). This is not the case in culture, where the axons and cell bodies are 

uniformly bathed in trophic factors. It has been hypothesized that a loss of target-derived trophic 

support may play a role in the pathogenesis of CIPN (44). This is especially intriguing in the 

context of terminal arbor degeneration, as a decrease in re-innervation could potentially lead to 

overt degeneration due to a loss of support from epidermal targets. Thus, in vivo growth arrest 

and the resulting terminal arbor loss may be inseparably linked to axon degeneration, unlike our 

iPSC model in which growth arrest can be maintained without any overt effects on axon 

integrity. 
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 Beyond the support cells which interact directly with peripheral neurons, there are other 

cell types which may alter the local environment of these neurons in patients receiving 

chemotherapy treatment. For example, the cancer itself may influence peripheral neuron biology 

and affect the sensitivity of peripheral neurons to chemotherapeutic insult. There is growing 

focus on tumors a systemic disease, rather than a focal lesion. It is well documented that cancer 

causes a systemic inflammatory response and alters global metabolism (235–237).  These 

changes could affect peripheral neuron health and increase their susceptibility to chemotherapy. 

Since studies of CIPN are typically performed in healthy, cancer-free animals, there is little data 

regarding the role cancer plays in the disease pathogenesis. 

Thus, while iPSC-derived neurons undergo degeneration following chemotherapy 

exposure in vitro, it is important to realize that in vivo there may be other cell types which 

modulate this degeneration process. Such cells could have important effects on the disease 

pathobiology, which patients are at risk for CIPN or effective treatment for CIPN. One way to 

address the interactions between specific cell types and peripheral neurons in the context of 

chemotherapy-induced neuropathy would be to use a co-culture system. In these systems, iPSC-

derived neurons are mixed with the cell type of interest, either also derived from iPSCs or 

isolated from primary human or rodent tissue. This approach has already been utilized to study of 

the effects of taxanes and platinating agents on Schwann-cell/DRG neuron interactions in 

primary mouse cell culture and could easily be adapted to study interactions between Schwann 

cells and iPSC-derived neurons (189). Even more promising is the potential to recreate complex 

tissues in vitro by 3D tissue models and organoid generation. Such models already exist for the 

human skin and could be modified to accommodate iPSC-derived sensory neurons (238, 239). 
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 Another consideration with iPSC models of CIPN is the relative scale of iPSC-derived 

neurons in culture compared to human biology, both in terms of physical distance and time. 

CIPN is a length-dependent neuropathy, preferentially affecting the longest axons in the body, 

those which innervate the hands and feet (18). These neurons are meters long, while the process 

of an iPSC-derived neuron is on the order of micrometers to millimeters. There are a number of 

ways that this difference in process length could be problematic for the study of CIPN. First, the 

energetic demands of maintaining a meter-long axon are drastically greater than those of 

maintaining a millimeter-long axon. As previously discussed, mitochondrial damage and energy 

deficit may play a role in the pathogenies of CIPN (92, 93, 95). Because of differences in the 

amount of axon each must maintain, any effect of chemotherapies on cellular metabolism and 

mitochondria will likely be more deleterious to peripheral neurons in vivo than iPSC-derived 

neurons in vitro. Second, altered axonal transport has been used as an explanation for molecular 

basis of CIPN, especially CIPN induced by microtubule targeting agents, although reports vary 

as to the extent of the defect and which cellular cargos are effected (240). In the shorter 

processes of iPSC-derived neurons, these transport defects may be less deleterious. Although 

also not on the same order of magnitude as human peripheral neurons, peripheral neurons in 

rodent models would be better suited to model the extreme lengths a peripheral neuron must 

span. 

 Finally, in vitro models cannot recapitulate the time scales on which patients develop 

CIPN. While neuropathy has been reported to occur after single, high dose chemotherapy 

exposures, more cases of CIPN develop weeks to months after treatment (16, 21). In contrast, we 

begin to see degeneration in iPSC-derived neurons after just 24 hours of chemotherapy 

treatment. How this accelerated degeneration process relates to the protracted degeneration 
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observes in humans and rodent models will need to be investigated further, potentially through 

electron microscopic analysis of changes in axon structure. 

 With these limitations in mind, we believe that this human cellular model can be applied 

to the discovery of novel targets relevant to CIPN through approaches like high-throughput 

screening. However, when possible, it will be important to validate findings in iPSC-derived 

neurons using animal models.  

 

4.9 Concluding remarks 

In this study we present a detailed characterization of the neurotoxic effects of 

microtubule stabilizing, microtubule destabilizing and proteasome inhibiting chemotherapeutics 

on human iPSC-derived neurons. Our findings support a model of CIPN in which two distinct 

mechanisms contribute to the loss of nerve fibers innervating peripheral targets: growth arrest 

and axon degeneration (Figure 4). We propose that the growth arrest is an early event in the 

disease, when cumulative doses are low.  At these doses the chemotherapeutics alter tubulin 

stability, with either too much or too little stability preventing proper outgrowth. This loss of 

outgrowth may prevent some level of constant reinnervation of peripheral targets which occurs 

due to tissue remodeling over time, resulting in the loss of the very distal ends of these axons. 

This form of de-innervation, called terminal arbor degeneration, was formulated by Bennett et al 

2006. Since the damage to the nerve is localized to the distal tip, termination of chemotherapy 

treatment allows for a full recovery. This phase of CIPN can be models with iPSC-derived 

neurons treated with low doses of chemotherapy, which induce growth arrest, but not 

degeneration. When cumulative doses cross a certain threshold though, degeneration begins. This 

degeneration occurs through a Wallerian-like mechanism and ultimately leads to the altered 
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nerve conductance and abnormal nerve structure observed in patients with CIPN. Regeneration 

at this stage of the disease is slow, resulting in a persistent neuropathy. This phase of CIPN can 

be models with iPSC-derived neurons treated with high doses of chemotherapy for extended 

periods of time, which causes axon degeneration.  

 

Figure 4.1 Putative model of phenomena contributing to the development of CIPN in 
humans and how they are recapitulated in iPSC-derived motor neurons. A) Graphical 
representation of the relationship between cumulative dose of chemotherapy and severity of 
neuropathic symptoms. B) Representation of nerve fiber loss during the progression of CIPN. 
Nerve fibers (black) are initially lost from the epidermis only (orange). As cumulative dose 
increases, nerve degeneration begins in the dermis (pink) and deeper tissues. C) Phenotypes in 
iPSC-derived neurons proposed to model different stages of CIPN progression.   
 

There are still many questions that need to be answered regarding the nature of 

chemotherapy-associated neurotoxicity in humans. Perhaps most important, is determining what 

it is about these drugs that leads to degeneration. A number of theories have been proposed 

including disruption of axonal trafficking, altered ion homeostasis and opening of the 

mitochondrial permeability transition pore. The human neuronal model we developed here will 

be a valuable tool in evaluating whether these processes occur in human neurons treated with 
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chemotherapies and in identifying new ways to prevent these changes from occurring through 

phenotypic screening.  
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