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Abstract

Charcot-Marie-Tooth disease (CMT) encompasses a set of genetically and clinically 

heterogeneous neuropathies characterized by length dependent dysfunction of the peripheral 

nervous system. Mutations in over 80 diverse genes are associated with CMT, and aminoacyl-

tRNA synthetases (ARS) constitute a large gene family implicated in the disease. Despite 

considerable efforts to elucidate the mechanistic link between ARS mutations and the CMT 

phenotype, the molecular basis of the pathology is unknown. In this work, we investigated the 

impact of three CMT-associated substitutions (V155G, Y330C, R137Q) in the cytoplasmic 

histidyl-tRNA synthetase (HARS1) on neurite outgrowth and peripheral nervous system 

development. The model systems for this work included a nerve growth factor stimulated neurite 

outgrowth model in rat pheochromocytoma cells (PC12), and a zebrafish line with GFP/RFP 

reporters of sensory and motor neuron development. Expression of CMT-HARS1 mutations led to 

attenuation of protein synthesis and increased phosphorylation of eIF2α in PC12 cells and was 

accompanied by impaired neurite and axon outgrowth in both models. Notably, these effects were 

phenocopied by histidinol, a histidyl-tRNA synthetase inhibitor, and cycloheximide, a protein 

synthesis inhibitor. The mutant proteins also formed heterodimers with wild-type HARS1, raising 

the possibility that CMT-HARS1 mutations cause disease through a dominant negative 

mechanism. Overall, these findings support the hypothesis that CMT-HARS1 alleles exert their 

toxic effect in a neuronal context, and lead to dysregulated protein synthesis. These studies 
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demonstrate the value of zebrafish as a model for studying mutant alleles associated with CMT, 

and for characterizing the processes that lead to peripheral nervous system dysfunction.

Abstract

Peripheral neuropathy associated histidyl-tRNA synthetase (HARS) variants form heterodimers 

with wild-type HARS and disrupt peripheral nervous system structure and function. Defects in 

neurite outgrowth are linked to attenuation of protein synthesis and induction of eIF2α 
phosphorylation. The cellular effects of mutant HARS were phenocopied by inhibition of HARS 

activity (histidinol) or protein synthesis (cycloheximide). These results suggest that HARS 

inhibition and dysregulated protein synthesis may be key pathogenic processes in peripheral 

neuropathy.
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INTRODUCTION

Charcot-Marie-Tooth disease (CMT) is a clinically and genetically heterogenous collection 

of inherited peripheral neuropathies with a worldwide prevalence of 1 in 3,300 [1]. CMT is 

commonly characterized by length-dependent dysfunction of the sensory and motor 

components of the peripheral nervous system (PNS), often resulting in muscle weakness and 

atrophy in the distal extremities as well as sensory disturbances such as hypoesthesia and 

neuropathic pain [2]. CMT is divided into two principle subtypes, demyelinating (CMT1) 

and axonal (CMT2), which differ with respect to clinical electrophysiology and nerve biopsy 
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findings [3]. Clinically, CMT1 patients exhibit sharply reduced nerve conduction velocities 

arising from myelination defects, while CMT2 patients typically present with axonal 

degeneration. Some 80 different genes have been linked to CMT via mutations that have 

been demonstrated to be pathogenic [4]. While CMT1 genes are commonly related to 

Schwann cell biology [5], genes that are linked to CMT2 span a wide range of functions, 

including axonal transport, mitochondrial dynamics and turnover, vesicular transport, and 

protein homeostasis [6, 7].

Aminoacyl-tRNA synthetases (ARS) represent a particularly large gene family linked to the 

disease [8, 9]. ARS catalyze the attachment of amino acids to their cognate tRNAs in an 

early reaction of protein synthesis that is universal in all kingdoms of life [10]. The human 

nuclear genome encodes 37 ARS enzymes, including 18 cytoplasmic, 17 mitochondrial, and 

2 dual compartment enzymes [8, 11]. While ARS are best known for their role in protein 

synthesis, non-canonical functions that have been reported include the regulation of 

transcription [12], translation [13], angiogenesis [14], and immunity [15]. Owing to the 

essential nature of the aminoacylation reaction in translation, the association of mutations in 

ARS genes with a broad spectrum of human diseases is unsurprising [8]. Nevertheless, ARS 

mutations often preferentially affect the nervous system, which has not been explained [11, 

16]. While ARS mutations exhibit a variety of inheritance patterns and can influence the 

nervous system in different ways, the autosomal dominantly inherited CMT mutations have 

received considerable research attention [8, 9]. Thus far, mutations in the cytoplasmic 

glycyl- (GARS1) [17–19], tyrosyl- (YARS1) [20, 21], alanyl- (AARS1) [22–25], histidyl- 

(HARS1) [26–28], and tryptophanyl- tRNA synthetases (WARS1) [29] have all been 

convincingly linked to CMT. Notably, all ARS genes associated with CMT encode enzymes 

that function as dimers.

The association of CMT with multiple structurally diverse ARS raises the question of 

whether a pathogenic mechanism common to multiple enzymes may be involved [8, 9]. 

Currently, the extent to which pathogenesis involves loss of ARS canonical function in 

protein synthesis, versus other potential functions, is unresolved [8, 9, 17, 30]. While most 

mutant alleles confer loss-of-function effects, some ARS variants that appear to retain 

significant levels of aminoacylation function are nevertheless associated with CMT [20, 25, 

31]. In addition to impairing aminoacylation [18, 20, 23, 25, 28, 29, 32], ARS mutations 

linked to CMT have been reported to affect dimerization [33, 34] and localization properties 

[20, 32, 34, 35]. Those CMT-ARS variants that have been overexpressed in the Drosophila 
model have been shown to impair global cellular translation in neurons, including variants 

(GARS1 E71G & YARS1 E196K) that retain at least partial aminoacylation function [36]. 

These observation have led to proposals that inhibition of protein synthesis may be a 

common effect of CMT-ARS mutations [17, 20, 29, 32, 36].

An additional outstanding question is the specific nature of the insult to the peripheral 

nervous system caused by these mutant alleles. For example, the relative involvement of 

developmental defects, axonal degeneration, and neuronal apoptosis is unknown. CMT-ARS 

expression has been shown to alter neuronal morphology, but death of neurons has not been 

observed in a mouse model of CMT [37]. Despite the variable onset and apparent age-
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dependent axonal degeneration seen in many CMT patients, several animal models suggest 

that CMT-ARS mutants disrupt neuronal morphology during development [25–27, 38–40].

At present, the potential connection between decreases in aminoacylation function and the 

more complex phenotypes of peripheral nervous system diseases like CMT is unclear. In this 

study, we investigated this question through the analysis of HARS1 variants genetically 

linked to CMT [27, 28]. Eight different HARS1 alleles have been described, and those 

characterized in vitro behave as loss-of-function mutations [26–28, 41]. Here, we 

investigated three different CMT-HARS1 substitutions (V155G, Y330C, R137Q) proximal 

to the HARS1 active site [26, 28] for their impact on neuronal development. Differentiated 

PC12 cells expressing these mutants displayed diminished length of the longest neurite, 

decreased protein synthesis, and increased phosphorylation of eIF2α, a marker of the 

integrated stress response (ISR) [42]. The neurite shortening and protein synthesis defects 

were phenocopied by administration of the amino alcohol histidinol or subtoxic doses of 

cycloheximide. When injected into zebrafish embryos, the CMT-HARS1 mutants produced 

axonal defects and compromised swimming behavior, as indicated in a touch response assay. 

None of the mutants affected HARS1 localization, and all mutants readily formed 

heterodimers with wild-type HARS1. The implications of these results for our understanding 

of ARS-related CMT are discussed in light of current models.

RESULTS

Expression of CMT-HARS1 mutants disrupts neurite outgrowth in differentiated PC12 cells

Previous work in both cellular and animal models indicates that CMT-ARS alleles impair 

axon structure during development, leading to guidance defects and reduced formation of 

neuromuscular junctions. In particular, mutations in GARS1 [38, 39], YARS1 [36], HARS1 

[26, 27] and AARS1 [25] have been observed to disrupt axonal structure during 

development, whereas WARS1 and AARS1 mutations associated with CMT have been 

reported to impair neurite outgrowth in vitro [29, 43]. To investigate the impact of CMT-

HARS1 expression on cellular structure, we employed a nerve growth factor (NGF) induced 

neurite outgrowth assay in the immortalized rat pheochromocytoma line, PC12. This cell 

line represents a well-established model for studying neurite outgrowth and NGF signaling, 

as well as disease associated mutations that disrupt these processes [44, 45]. Among the 

HARS1 mutants in our collection, we focused first on the V155G and Y330C variants (Fig. 

1A) as they are genetically linked to CMT, substitute conserved active site residues (Fig. 

S1), and have been characterized in detail biochemically [28].

To determine the effect of CMT-HARS1 mutants on neurite outgrowth, cells were 

transfected with plasmids encoding GFP tagged wild-type or mutant HARS1 and then 

treated with NGF, causing cells to assume a neuron-like morphology (Fig. 1B) and 

upregulate the growth cone protein GAP-43 (Fig. 1C). Western blot and 

immunofluorescence imaging analysis of GFP indicated that GFP-tagged mutant and wild-

type proteins accumulate to comparable levels (Fig. 1D,E), consistent with previous reports 

that the mutations are not destabilizing [28]. In a comparison of PC12 cells transfected with 

either wild-type or mutant HARS1, the size of the cell body and the number of neurites was 

unchanged (Fig. 1D,F,G). By contrast, the length of the longest neurite process was 
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significantly decreased in the CMT mutant transfected cells, relative to wild-type (Fig. 

1D,H). To further validate this result, PC12 cells were transfected with the R137Q CMT-

HARS1 variant, and then allowed to differentiate. Previously, this mutant has been shown 

cause abnormal axon guidance and neurotoxicity during development in C. elegans [46]. 

Consistent with these earlier reports, R137Q HARS1 expression induced shortening of the 

longest neurite process (Fig. 1H), but left other parameters unaffected (Fig. 1F,G). As a final 

control to assess the impact of these mutants on cell viability, cells were stained for cleaved 

caspase-3 and imaged (data not shown). Based on the absence of a signal, none of the 

mutants appeared to promote apoptosis. In summary, the results of these experiments 

suggest that the principal phenotypic consequence of overexpression of CMT-HARS1 

mutants in the context of differentiating PC12 cells is shortening of the longest neurite.

In view of the conflicting models proposed to account for CMT-ARS pathophysiology, and 

the uncertain contribution of losses in aminoacylation function to pathology, we investigated 

whether neurite shortening could be induced by attenuating HARS1 aminoacylation function 

via a mechanism independent of CMT mutations per se. These experiments employed the 

amino alcohol histidinol, which binds to the histidine binding site in HARS1 but prevents 

the formation of histidyl adenylate [47]. In vitro, histidinol leads to the reversible arrest of 

protein synthesis by several different mechanisms, including decreasing the initiation of 

protein synthesis [48] and promoting ribosome stalling [49]. In contrast to the transfection 

process used to introduce CMT-HARS1 mutants, which only modifies a fraction of cells in 

the population (approximately 10%), histidinol treatment affects all cells in the culture. 

Histidinol treatment had a dose dependent effect on PC12 cells, such that cells receiving 0.5 

mM histidinol displayed normal neurite outgrowth, while cells treated with 1 mM and 2 mM 

histidinol exhibited significant decreases in average length of the longest neurite (Fig. 1I,J). 

In addition, decreased neurite outgrowth mediated by histidinol treatment was associated 

with reduced levels of GAP-43, which is normally upregulated in PC12 cells following NGF 

treatment [44] (Fig. 1K,L). Consistent with previous studies [50], viability was unaffected at 

the doses of histidinol tested (one-way ANOVA, p = 0.3497). In summary, decreases in 

HARS1 aminoacylation function linked to either CMT mutations or the competitive 

inhibitor histidinol produced similar impacts on NGF induced neurite outgrowth in PC12 

cells.

Neurite shortening caused by CMT-HARS1 variants is linked to attenuated protein 
synthesis and induction of eIF2α phosphorylation

Previous biochemical characterization of the HARS1 mutants investigated above 

demonstrate that each is associated with a significant decrease in aminoacylation function 

[28, 46]. However, questions remain regarding the potential impact of these catalytic defects 

on protein synthesis in various cell types. For example, characterization of fibroblasts from a 

CMT patient carrying a V133F HARS1 allele showed that despite a reduction in enzyme 

activity, there was no detectable effect on protein synthesis [41]. To determine if the effect of 

CMT-HARS1 alleles on protein synthesis is cell type specific, we analyzed protein synthesis 

in differentiated PC12 cells expressing CMT-HARS1. Previously, several GARS1 and 

YARS1 mutations associated with CMT were shown to reduce protein synthesis in 

Drosophila sensory and motor neurons [36]. We quantified protein synthesis in transfected 
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and differentiated PC12 cells by use of the puromycin analog, OP-puromycin, which is 

incorporated into nascent polypeptides and can be detected by use of a florescent probe. 

Transfection with each of the CMT-HARS1 variants led to reductions in OP-puromycin 

incorporation on the order of 20–30% relative to wild-type and untransfected cells, 

representing a significant impact on protein synthesis (Fig. 2A,B). Consistent with the 

previous neurite outgrowth results, treatment with 1 mM histidinol produced a decrease in 

protein synthesis similar to overexpression of the CMT-HARS1 alleles (Fig. 2A,B). To 

further validate the link between decreased protein synthesis and diminished neurite 

outgrowth, we also tested the effects of a low dose of the protein synthesis inhibitor, 

cycloheximide (CHX). At a concentration of 45 nM, CHX treatment reduced neurite length 

in differentiated PC12 cells (Fig. 2C,D) but did not affect cell viability as indicated by 

trypan blue staining (Fig. 2E).

Owing to the reduction in catalytic function associated with CMT-HARS1 variants, their 

overexpression might promote accumulation of uncharged tRNA leading to induction of 

integrated stress response pathways triggered by phosphorylation of eIF2α. To test this 

hypothesis, PC12 cells were transfected with CMT-HARS1, differentiated with NGF, and 

stained for phosphorylated eIF2α. Fluorescence intensity corresponding to p-eIF2α was 

increased 2 to 2.5-fold in cells transfected with mutant HARS1 compared to the wild-type 

control (Fig. 2F,G). To determine whether these effects are the result of reduced 

aminoacylation as opposed to other ARS functions, western blotting was used to assess the 

extent of eIF2α phosphorylation in differentiated PC12 cells treated with 1–2 mM histidinol. 

These experiments confirmed the results of immunofluorescence experiments, and showed 

that inhibition of HARS1 by a small molecule similarly induced eIF2α phosphorylation 

(Fig. 2H,I). Thus, the neurite outgrowth defects described earlier are likely to be the result of 

decreased protein synthesis, which appears to be linked to induction of the ISR.

CMT-HARS1 variants localize normally in PC12 and MN1 cells

The link between neurite outgrowth defects and the induction of translational stress seen in 

PC12 cells versus fibroblasts supports the hypothesis that a neuronal context is critical for 

understanding the consequences of CMT-ARS mutants. Previously, abnormal cellular 

localization of mutant ARS proteins has been invoked to explain the neuron specific 

phenotype observed in CMT patients [20, 32, 34], but the localization of CMT-HARS1 

mutants has not been assessed in prior reports [27, 28]. When GFP-tagged constructs 

encoding either wild-type or mutant HARS1 were overexpressed in differentiated PC12 

cells, GFP staining corresponding to HARS1 was observed diffusely throughout the 

cytoplasm and neurites, with a slight perinuclear enrichment (Fig. 3A, top row). Moreover, 

the ratio of HARS1 intensity in the neurites versus soma was similar between wild-type 

transfected, mutant transfected, and untransfected cells (Fig. 3B). Due to the fact that the 

longest neurites were shorter in mutant transfected cells (Fig. 1F), we correlated neurite 

staining intensity to neurite length to ensure that the localization did not appear to be 

unaffected due to fewer long neurites in mutant transfected cells. We found no correlation 

between neurite staining intensity and neurite length (Fig. 3C), indicating that HARS1 

localization in distal neurites is not affected by neurite length. As an additional confirmation 

of these results, we investigated the localization of HARS1 protein in the MN1 cholinergic 
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motor neuron cell line, and found that endogenous, wild-type, and mutant HARS1 all 

localize diffusely throughout the cytoplasm (Fig. 3A, bottom row), unlike wild-type GARS1 

[32]. Together, these data suggest that protein localization is not affected by CMT-HARS1 

mutations, indicating that any difference in this property is unlikely to explain the impact on 

neurite physiology.

Expression of Y330C and V155G-HARS1 impairs structure and function of motor and 
sensory neurons in developing zebrafish

While PC12 cells represent a tractable and high-throughput model for assessing neurite 

outgrowth, they lack many features of neurons including dendrites, axons, and other 

physiological characteristics. Moreover, critical aspects of neuronal physiology provided by 

the context of neighboring cell types are lacking in in vitro systems. To address these 

limitations, we sought an animal model where neuronal structure and function could be 

followed over time in a developmental context. Accordingly, we employed a transgenic 

zebrafish line in which sensory and motor divisions of the PNS are selectively visualized via 

expression of fluorescent reporter proteins under the control of sensory (ngn1:GFP) and 

motor neuron (mnx1:RFP) specific promoters [51, 52]. Consistent with observations in vitro, 

the overexpression of human CMT-HARS1 mutants disrupted axonal morphology of dorsal 

root ganglion cells (DRG) (Fig. 4A-C). Specifically, axons were shorter (Fig. 4D) and had 

misguided ventral projections (Fig. 4E) in fish injected with Y330C and V155G HARS1 

mRNA. Additionally, the ventrally projecting CaP motor axons were shorter in CMT-

HARS1 overexpressing embryos than controls (Fig. 4A’-C’,F). The observed changes in 

axon length were not a result of decreased body size, as the overall body length of wild-type 

and CMT-HARS1 injected fish was similar (Fig. 4G).

To investigate the functional consequences of abnormal PNS morphology observed in CMT-

HARS1 expressing zebrafish, we performed touch evoked escape assays in which fish are 

stimulated with forceps and swimming behavior is monitored. Due to the PNS mispatterning 

observed, it is unsurprising that CMT-HARS1 injected fish did not respond consistently to 

mechanical stimuli. Not only did the Y330C and V155G expressing fish respond less 

frequently to touch stimuli (Fig. 4H), but the percentage of normal swimming responses was 

also decreased, and often resembled a twitch rather than a coordinated swimming response 

(Fig. 4I).

We hypothesized that the effect of the CMT-HARS1 mutations on axon outgrowth and 

guidance in zebrafish might be a consequence of the impact of these mutants on protein 

synthesis [36]. To test this hypothesis, zebrafish embryos were treated with sub-toxic 

concentrations of cycloheximide (CHX) (Fig. 4G,H). Previous studies reported that 10 μM 

CHX disrupts neuromuscular junction morphology and decreases body size in zebrafish 

[35]. When zebrafish embryos were treated with 2.5 μM CHX at 24 hours post-fertilization 

(hpf), we observed a striking reduction in DRG axon length at 48 hpf (Fig. 4L), while body 

length and survival were unaffected (Fig. 4 M,N). Together, these results indicate that 

subtoxic doses of CHX disrupts neurite morphology, further suggesting that neurons are 

particularly sensitive to protein synthesis inhibition during the process of neurite outgrowth. 

The effects on neurite outgrowth observed in PC12 cells were faithfully recapitulated in a 
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zebrafish model of neuronal development, where environmental cues that regulate axon 

guidance from various cell types are present.

CMT-HARS1 variants dimerize with wild-type HARS1

One hypothesis to account for the toxic gain-of-function associated with CMT-ARS alleles 

is that the mutant proteins interfere with wild-type ARS function via a dominant negative 

mechanism [17, 53]. Since all of the ARS-CMT alleles are associated with dimeric enzymes, 

we considered the hypothesis that mutant HARS1 interferes with wild-type function by 

forming heterodimers with wild-type subunits, compromising their protein synthesis 

function. In line with this hypothesis, we previously reported that the V155G and Y330C 

mutant proteins exhibit sedimentation behavior identical to the wild-type protein, consistent 

with formation of stable homodimers [28]. Because the R137Q substitution alters a highly 

conserved dimer stabilizing interaction at the dimer interface, we used analytical 

ultracentrifugation to test the possibility that this variant cannot form stable dimers. 

Surprisingly, the sedimentation velocity of R137Q was similar to that of wild-type (Fig. 5A), 

indicating that R137Q forms a stable homodimer. To investigate the possibility that one or 

more of the HARS1 mutants are able to dimerize with wild-type HARS1, HEK-293 cells 

were co-transfected with FLAG-tagged wild-type HARS1 and either wild-type or mutant 

(V155G, Y330C, R137Q) GFP-tagged HARS1. Extracts from these cells were 

immunoprecipitated with an anti-FLAG antibody, and then probed for the presence of GFP- 

conjugated subunits. Consistent with our hypothesis, wild-type and mutant HARS1 were 

both immunoprecipitated by wild-type HARS1, providing evidence that the substitutions 

characteristic of CMT-mutant HARS1 variants do not reduce the ability to dimerize with 

wild-type HARS1 (Fig. 5B). Additionally, when the same experiment was performed with 

GFP-tagged human HARS1 and FLAG-tagged zebrafish hars, human HARS1 was observed 

to immunoprecipitate zebrafish hars (Fig. 5C).

DISCUSSION

In this study, we demonstrate that overexpression of a subset of HARS1 mutants linked to 

CMT causes neurite shortening and defects in axonal guidance in differentiated PC12 cells 

and zebrafish, respectively. The mutant proteins accumulated to wild-type levels, reduced 

global protein synthesis, and induced phosphorylation of eIF2α, a marker of the ISR. 

Moreover, the effects of the mutants on neurite shortening were phenocopied by the specific 

HARS1 inhibitor (histidinol) and the protein synthesis inhibitor cycloheximide. At the 

organismal level, overexpression of CMT mutants in developing zebrafish caused 

abnormalities in touch response and swimming behavior. Finally, CMT-HARS1 mutants 

localized normally and were observed to readily form dimers with wild-type HARS1.

Neurological diseases caused by mutations in cytoplasmic ARS genes can be divided into 

two broad groups, dominantly inherited peripheral neuropathies and recessively inherited 

developmental encephalopathies [8, 11, 16]. The recessive genotypes typically cause drastic 

reductions in ARS levels and/or activity [54–57], leading to the general consensus that this 

group of diseases is associated with loss of aminoacylation function [8, 58]. By contrast, the 

relationship between aminoacylation and the dominantly inherited peripheral neuropathies is 

Mullen et al. Page 8

FEBS J. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



less clear. In the case of HARS1, the correlation between loss of aminoacylation and 

pathogenicity is suggested by the uniform localization of CMT mutations in close proximity 

to the active site, the strong reductions (100–1000 fold) in catalytic activity, and inability of 

mutant alleles to complement a haploid yeast hts1 deletion strain. In contrast, the link 

between loss of aminoacylation and pathogenicity is less clear for GARS1 and YARS1 

variants. GARS1 mutations are not uniformly located near the active site, and select GARS1 
and YARS1 alleles appear to retain aminoacylation activity [20, 31, 34]. Additionally, it has 

been argued in both systems that pathogenicity is at least partially due to the ability of the 

mutant proteins to engage in ectopic interactions with proteins outside of the translation 

apparatus [40, 59–64]. For HARS1, recent work suggests that the enzyme may act as an 

immunomodulator in the extracellular context [65], but there is as yet no reported evidence 

linking this activity to PNS pathology, and no evidence of ectopic interactions for the mutant 

enzymes. The contribution of putative secondary ARS functions to CMT pathology was not 

tested explicitly in our study, but other recent results bear on this question [66].

Cellular context has emerged as a critical factor that may influence the relationship between 

loss of aminoacylation and CMT pathology. As noted above, decreases in the ability of 

CMT-ARS alleles to complement the corresponding yeast knockout strain have been 

employed to identify putative loss-of-function mutations [8, 67]. While such experiments 

can provide a valuable initial view of a given allele’s ability to support eukaryotic protein 

synthesis, determining the consequences of expressing that same allele in different cell types 

in a multicellular organism can be particularly illuminating. For example, the E71G-GARS1 

mutation shown to complement a grs1 deletion in yeast was unable to complement gars 
deletion in Drosophila olfactory neurons [68]. For the CMT-HARS1 variants, weak 

complementation in yeast was only observed for a single allele (V155G), and all mutants led 

to decreased protein synthesis in NGF stimulated PC12 cells (Fig. 2B). In the context of 

mammalian cells, cell type specific impacts on protein synthesis were seen for the CMT-

HARS1 mutants. Overexpression of CMT-HARS1 alleles and administration of subtoxic 

doses of histidinol to NGF differentiated PC12 cells both led to essentially equivalent 

decreases in protein synthesis. In contrast, protein synthesis levels in dermal fibroblasts 

derived from a peripheral neuropathy patient with a HARS1 allele that substitutes an active 

site residue were unchanged relative to those of control fibroblasts, despite a ~25% decrease 

in aminoacylation activity [41]. The decreases in protein synthesis in NGF stimulated PC12 

cells observed in our study are consistent with the hypothesis that cell types with specialized 

protein synthesis requirements, such as neurons, may be particularly sensitive to the reduced 

function of CMT-ARS mutants [17, 69]. Notably, all CMT-ARS variants that have been 

studied in the Drosophila model have been shown to impair global cellular translation in 

neurons [36].

Models in which ARS-CMT pathology is linked to protein synthesis provide a rationale for 

the observation that many CMT associated mutations exhibit impacts on primary function 

but fail to account for the dominant nature of these alleles. Defects in aminoacylation and 

protein synthesis in vivo could result from haploinsufficiency or a dominant negative 

mechanism. Haploinsufficiency is unlikely to account for ARS-CMT pathology because 

heterozygous GARS1 knockout mice do not develop peripheral neuropathy [37], null ARS 

alleles have been identified in healthy individuals [69, 70], and heterozygous parents of 
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children with neurodevelopmental disorders caused by biallelic ARS mutations are 

phenotypically normal [55, 57]. In support of a dominant negative explanation, all ARS with 

definitive genetic linkage to CMT (GARS1, YARS1, AARS1, HARS1, and WARS1) 

function as dimers, indicating that interference with wild-type protein may be essential for 

pathology.

These observations suggest that a dominant negative mechanism may account for ARS-

CMT pathology [53, 69]. Among the criteria for a dominant negative effect are that (a) the 

protein typically functions as a dimer; (b) the mutated allele produces a protein that is 

expressed and is stable; (c) the mutated protein has reduced function; (d) the mutation(s) do 

not block the ability of the protein to form heterodimers with wild type; (e) the resulting 

wild type-mutant heterodimer has reduced function [53]. The data reported here and in prior 

studies suggest that in the case of HARS1 associated CMT, these criteria are fulfilled. 

Notably, we found that all CMT-HARS1 mutants tested were able to form heterodimers with 

wild-type HARS1 (Fig. 5). Heterodimers were also formed between human and fish 

enzymes, which would be necessary for dominant negative effects when the human alleles 

are introduced into zebrafish. Other CMT-ARS mutants also fulfill many of the requirements 

for a dominant negative mechanism. Multiple GARS1 and YARS1 mutants have been shown 

to form heterodimers with wild-type protein [20, 34], and YARS1 and WARS1 mutations 

have dominant negative effects on aminoacylation in yeast and mammalian cells, 

respectively [20, 29]. Finally, in vivo experiments suggest that the G526R GARS1 mutation 

impairs neuromuscular junction morphology through a dominant negative mechanism [35].

The experiments reported here do not specifically address the functionality of a CMT-

HARS1-wild-type heterodimer, one of the criteria for the dominant negative mechanism 

[53]. However, the fact that HARS1 inhibition by histidinol phenocopied the effects of 

CMT-HARS1 mutations suggests that results in mutant transfected cells are related to 

impaired aminoacylation. In previous work we investigated the activity of a mutant 

(R259H)-wild-type heterodimer of E. coli HisRS [71]. This heterodimer synthesizes 

histidyl-adenylate at precisely half the stoichiometry of the wild-type enzyme [71]. Owing to 

the close proximity of CMT-HARS1 mutant substitutions to the corresponding catalytic 

arginine (R326) in the human HARS1 enzyme, wild-type-CMT-HARS1 heterodimers are 

expected to behave in a fashion similar to wild-type-R259H heterodimers with respect to 

kinetics. Based on our model of alternating active site catalysis [72], the significantly 

reduced catalytic function of the mutant monomer is expected to prevent aminoacylated 

tRNA release by the heterodimer, a prediction readily testable by single turnover kinetics. 

Defects in product release resulting from heterodimer formation would be expected to cause 

a depletion of the histidyl-tRNA pool in vivo, with important downstream consequences.

A key finding of this study is that CMT-HARS1 overexpression and subtoxic treatments 

with histidinol and cycloheximide all produced similar effects with respect to reduced 

protein synthesis and inhibition of neurite outgrowth. The integrated stress response was 

induced by both CMT-HARS1 mutants and histidinol (Fig. 2). Notably, CMT-HARS1 

mutants and histidinol treatment both block aminoacylation at the adenylation step, likely 

producing the stalled complexes previously described [28, 47]. Histidinol is a known 

reversible inhibitor of protein synthesis [73], and has recently been shown to promote 
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ribosome stalling and induction of the ISR, likely via activation of GCN2 [49, 74]. Recent 

reports suggest that the P-stalk of stalled ribosomes potently binds and activates GCN2, 

thereby inducing the ISR [75]. In contrast, cycloheximide acts downstream of 

aminoacylation by binding to the ribosome E-site and blocking translocation, thereby 

promoting stalling of ribosomes [76]. Our observation that CMT-HARS1 mutant 

overexpression, histidinol, and cycloheximide treatment all produced similar impacts on 

protein synthesis and neurite extension while leaving viability unaffected highlights altered 

proteostasis and the ISR as key processes that are likely linked to CMT pathology. Other 

strong connections between perturbations in the ISR and neurological diseases have been 

reported [42], but are by no means fully understood. Clearly, this connection merits more 

detailed study.

Prior to this work, in depth characterization of CMT-ARS alleles in vivo has been performed 

in Drosophila, mouse, and C. elegans models. Use of zebrafish as a CMT model has been 

limited, but is increasing. Use of Drosophila benefits from highly developed genetics and the 

ability to interrogate mutant ARS function in a cell type specific fashion [36, 77]. Yet, the 

invertebrate nature and differences between and fly and human nervous systems is a 

limitation. While currently limited to GARS1 mutations, mouse models of ARS-CMT have 

been very useful in highlighting the abnormalities that lead to altered neuronal structure and 

function [78], and have also identified potential therapeutic strategies [64, 66]. Nevertheless, 

early neurodevelopmental events are not readily accessible in the mouse, and there is 

substantial time and cost associated with the production of mouse lines with individual 

mutations. While relatively few studies have made use of C. elegans, it remains an excellent 

system for following neuronal patterning during development, and assessing neurotoxic 

effects [46].

The work described here provides validation for use of PC12 cells and zebrafish as cellular 

and animal models for ARS-CMT, respectively. Although PC12 cells are a useful tool for 

overexpression studies, they are limited by their neoplastic origin and the lack of true 

dendrites and axons. Furthermore, protein overexpression in cells and zebrafish does not 

precisely model the genotypes that cause dominant peripheral neuropathies. While this 

limitation could be addressed using patient cells or CRISPR knock-in approaches, knock-in 

of mutant HARS1 mutations is made challenging by the fact that the zebrafish hars gene 

encodes both cytoplasmic and mitochondrial enzymes [79]. Our data highlight the fact that 

zebrafish are an ideal intermediate between mice and lower animals in that they develop 

rapidly and are genetically tractable but possess the benefit of having a spinal cord and PNS 

that is structurally analogous to humans [80]. Consistent with those strengths, knockdown of 

AARS1 and microinjection of mRNA encoding three different CMT-AARS1 mutants was 

shown to disrupt PNS structure in zebrafish, although the specific neuronal consequences 

were not investigated [25]. In this work, we found that deficiencies in neurite outgrowth in 

zebrafish paralleled those seen in PC12 cells and were directly linked to abnormal 

swimming behavior. The latter defects were highly reminiscent of those seen with the 

choline acetyltransferase mutant Bajan, which is associated with impaired synaptic 

transmission and motor function [81]. Going forward it will be essential to test whether 

zebrafish overexpressing CMT-ARS mutants exhibit the same types of neuromuscular 

junction deficits seen in mouse models [37, 38].
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MATERIALS AND METHODS

Cell culture, transfection, and neurite outgrowth assay

PC12, MN1, and HEK-293 cells were maintained under sterile conditions in a tissue culture 

incubator kept at 37˚ C and 5% CO2. PC12 and MN1 cells were kind gifts from Rae Nishi 

and Anthony Antonellis, respectively. MN1 and HEK-293 cells were cultured in high-

glucose DMEM (Corning, Tewksbury MA, USA) supplemented with 10% fetal bovine 

serum (Peak Serum, Wellington CO, USA), penicillin-streptomycin (Gibco, Gaithersburg, 

MD, USA), and L-glutamine (Gibco). PC12 cells were cultured in suspension using 

RPMI-1640 media (Corning) supplemented with 10% horse serum (Gibco), 5% fetal bovine 

serum, penicillin-streptomycin, and L-glutamine. Cells were adhered to a 6-well tissue 

culture plate coated with .25mg/mL poly D-lysine and then transfected with 5μg of plasmid 

DNA encoding wild-type or CMT-mutant HARS1 using lipofectamine 2000 (Invitrogen, 

Waltham MA, USA) diluted in OptiMEM (Gibco). The DNA/lipofectamine mixture was left 

on cells for six hours, after which full growth media was replaced and cells were allowed to 

recover overnight. Following transfection, PC12 cells were trypsinized and plated at low 

density on glass coverslips coated with 0.5 mg/mL poly D-lysine (Sigma, St. Louis MO, 

USA) and 0.02 mg/mL laminin. Differentiation was induced by treatment with 50 ng/μl β-

NGF (Alamone, Jerusalem, Israel) in RPMI-1640 media supplemented with B27 (Thermo 

Scientific, Waltham MA, USA). Cells were allowed to differentiate for three days. Following 

differentiation cells were washed with cold PBS and fixed for 15 minutes at room 

temperature with 10% formalin. Neurites were labeled by staining with a GFP antibody 

(Abcam Ab290, Cambridge, UK) as described below. After coverslips were stained for GFP, 

they were mounted to glass slides and imaged on an epifluorescence microscope. A random 

number generator was used to select images for analysis, after which images were blinded, 

and the size of the cell body and neurites were measured using SPOT software. To ensure 

that non-differentiated cells were not accounted for – no data was obtained from cells 

without neurites, and cells with a longest neurite less than 10 microns were also not 

analyzed.

Immunofluorescence microscopy and image analysis

Cells to be analyzed by immunofluorescence microscopy were grown on coated glass 

coverslips and transfected and differentiated as described above. Following differentiation, 

cells were washed with PBS and fixed with 10% formalin for 15 minutes at room 

temperature. After fixation, blocking and permeabilization was performed by treating cells 

with 0.1% Triton® X-100 in 5% BSA-PBS. Coverslips were then stained overnight in a 

humidity chamber at 4˚C with primary antibodies against GFP (Abcam ab290) or p-eIF2α 
(Ser51, Abcam ab32157). Imaging was performed on either a Nikon Eclipse 50i 

epifluorescence microscope, or Nikon Eclipse Ti confocal microscope. After imaging of 

coverslips, a subset of images was selected using a random number generator and these 

images were blinded prior to analysis. Fluorescence intensity was determined by manually 

tracing cells using the GFP channel and measuring mean intensity of the channel of interest 

with ImageJ. Background fluorescence was measured and subtracted from intensity of the 

region of interest. For in vivo imaging, zebrafish were lightly anesthetized with tricaine 

hydrochloride and immobilized in 1.5% low melting point agarose dissolved in E3 buffer. A 
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small amount (200–300 μl) of E3 buffer was pipetted onto the agarose to provide nutritive 

support to the zebrafish during imaging. Using a Nikon Eclipse Ti confocal microscope, 

optical slices were obtained from above and below the PNS neurons being imaged and 

reconstructed using ImageJ. Images were blinded prior to analysis and axon length of the 

eight most anterior segments was measured using SPOT software. For analysis of DRG axon 

morphology, the first eight segments of each fish were analyzed, and axons were considered 

to be misguided when they overlapped with DRG axons at surrounding segments, or when 

they projected in a non-ventral direction and failed to reach their target.

OP-puromycin assay

To determine the rate of protein synthesis in differentiated PC12 cells, the O-propargyl-

puromycin (OPP) click chemistry kit was used (Invitrogen). Differentiated PC12 cells were 

treated with 20 μM OPP for 30 minutes. Cells were washed with PBS, fixed with 10% 

formalin, and then permeabilized with 0.5% Triton® X-100 in PBS at room temperature. 

The click-chemistry reaction was performed as described in the product protocol, and cells 

were then mounted to glass coverslips using prolong gold (Invitrogen). Coverslips were 

imaged on a Nikon Eclipse Ti confocal microscope, and images were chosen for analysis 

using a random number generator. After images were blinded, cells were manually traced 

using the GFP channel and fluorescence intensity corresponding to OPP was measured using 

ImageJ. Treatment with 50 μg/mL of cycloheximide for thirty minutes was used as a 

negative control.

Western blotting

Prior to lysis, cells were washed twice on ice with cold PBS and then were scraped in m-cell 

lytic (Sigma) supplemented with protease inhibitor cocktail (Sigma), sodium pyrophosphate, 

and sodium orthovanadate. Lysates were then centrifuged at 15,000 rpm for 20 minutes at 

4˚C to pellet cell debris. Protein concentration was determined using standard Bradford 

assay (BioRad, Hercules CA, USA). Fifteen micrograms of total cell lysate were 

electrophoresed on a 10% TRIS-polyacrylamide gel and subsequently transferred to a 

nitrocellulose membrane (BioRad) in methanol containing transfer buffer. Blocking was 

performed at room temperature for one hour with 5% BSA (VWR life science, Radnor PA, 

USA) and blots were incubated overnight with primary antibody at 4˚C. Primary antibodies 

against p-eIF2α (S51 Cell Signaling 9721S, Danvers MA, USA), total eIF2α (Cell Signaling 

2103S), GFP (Abcam Ab290), β-actin (Proteintech 66009, Rosemont IL, USA), and 

GAP-43 (Abcam ab75810) were used at concentrations recommended by the supplier. 

Horseradish peroxidase conjugated secondary antibodies were diluted 1:5000 in 3% BSA 

and blots were incubated for 60–90 minutes at room temperature. Clarity western ECL 

substrate (BioRad) was used to visualize blots on an Amersham Imager 600. Densitometry 

was quantified using ImageJ. Representative western blots for GAP-43 (Fig. 1L), p-eIF2α 
(Fig. 2H) and total eIF2α (Fig. 1L and 2H) are from the same blot but are presented in 

different figures to enhance the flow of the manuscript.

Co-Immunoprecipitation

HEK-293 cells were co-transfected with 5 μg of plasmid DNA encoding FLAG and GFP-

tagged HARS1 as described above. Two days post-transfection, cells were washed twice on 
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ice with cold PBS and lysed using RIPA buffer supplemented with protease inhibitor 

cocktail, sodium pyrophosphate, and sodium orthovanadate. Immunoprecipitation of FLAG-

tagged constructs was performed by incubating 50 μg of lysate with anti-FLAG M2 

magnetic beads (Sigma) as described in the product protocol. Proteins were eluted by 

addition of Laemmli buffer and boiling at 95˚C for 10 minutes after which the eluted protein 

was subjected to western blotting as described above.

Analytical Ultracentrifugation

Analytical ultracentrifugation experiments were performed and the data analyzed essentially 

as previously described [82] [28]. Briefly, purified enzymes (WT, R137Q) were dialyzed 

into a buffer containing 10mM potassium phosphate buffer, 50 mM KCl, and no reducing 

agents. Protein concentration was adjusted to 0.9 OD units at 230 nm (2.1 μM). 

Sedimentation velocity experiments were performed by the Center for Analytical 

Ultracentrifugation of Macromolecular Assemblies at the University of Texas Health 

Science Center at San Antonio, and conducted at 20˚C, 35 K rpm, in a Beckman Optima 

XLI analytical ultracentrifuge using an An60Ti rotor and standard 2-channel epon 

centerpieces. All data were analyzed with UltraScan [83] as described in [84], with final 

refinement by the parametrically constrained spectrum analysis [85] and Monte Carlo 

analysis [86].

Zebrafish husbandry

All procedures were approved by the University of Vermont Institutional Animal Care and 

Use Committee Protocol Number: 14–053 and the University of Vermont Institutional 

Biosafety Committee Protocol Number: 14–024. Embryos were raised under standard 

conditions and staged as previously described [87, 88]. Strains used include: Tg(ngn1:GFP) 

to label sensory neurons [51] and Tg(mnx1:mCherry) to label motor neurons (provided by 

Christine Beattie, Ohio State University).

mRNA synthesis and microinjection

A plasmid encoding FLAG-tagged human HARS1 (pCAGIG) was kindly provided by 

Robert Jinks, and a T7 promoter was incorporated by polymerase chain reaction. mRNA was 

synthesized using the T7 message machine kit (Invitrogen) and poly A tailing was 

performed using the Invitrogen poly-A tailing kit. mRNA was isolated by lithium chloride 

precipitation and resuspended in nuclease free water. Quantification was performed by the 

UVM AGCT core using the Qubit bioanalyzer. Following zebrafish mating, 300 pg of 

mRNA was injected into zebrafish at the 1–2 cell stage using an Eppendorf Femtojet 4i 

microinjector.

Zebrafish Touch Response Assay

Two days after fertilization and mRNA microinjection, fish were assigned to a numbered 

petri dish such that the experimenter was blinded to the treatment condition. After the fish 

acclimated to their new environment for five minutes, they were mechanically stimulated 

using forceps, with stimuli being applied at one to two second intervals. Swimming behavior 

was video recorded and then analyzed. The sensory component of the touch response was 
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analyzed by quantifying the percentage of touches that elicited a swim response, and motor 

responses were categorized as absent, abnormal, or normal. Swimming behavior was 

considered abnormal when fish fail to display typical sinusoidal swimming pattern.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CMT Charcot-Marie-Tooth disease

ARS aminoacyl-tRNA synthetases

HARS1 cytoplasmic histidyl-tRNA synthetase

PC12 rat pheochromocytoma cells

GFP green fluorescent protein

RFP red fluorescent protein

eIF2α eukaryotic initiation factor 2 subunit α

CMT2 axonal Charcot-Marie-Tooth disease

CMT1 demyelinating Charcot-Marie-Tooth disease

tRNA transfer ribonucleic acid

GARS1 glycyl-tRNA synthetase

YARS1 cytoplasmic tyrosyl-tRNA synthetase

AARS1 cytoplasmic alanyl-tRNA synthetase

WARS1 cytoplasmic tryptophanyl-tRNA synthetase

NGF nerve growth factor

GAP-43 growth associated protein-43

CHX cycloheximide

PNS peripheral nervous system

ngn1 neurogenin 1
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mnx1 motor neuron and pancreas homeobox 1

DRG dorsal root ganglion

hars zebrafish histidyl-tRNA synthetase

hpf hours post-fertilization

HisOH histidinol

GCN2 general control nonderepressible 2

ISR integrated stress response

PBS phosphate buffered saline

CMT1B Charcot-Marie-Tooth disease type 1B

CMT2B Charcot-Marie-Tooth disease type 2B

HisRS E. coli histidyl-tRNA synthetase

hts1 Yeast histidyl-tRNA synthetase

grs1 Yeast glycyl-tRNA synthetase
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Figure 1. 
Expression of CMT-HARS1 and treatment with histidinol impairs NGF-induced neurite 

outgrowth in PC12 cells. (A) Schematic representation of human HARS1 with the location 

of CMT-HARS1 mutations indicated. (B) Application of 50 ng/mL β-NGF to the culture 

media of PC12 cells results in the elaboration of neurite processes, cells were stained with 

phalloidin-594. (C) Lysates from NGF treated PC12 cells were analyzed by immunoblotting 

for the differentiation marker GAP-43 and loading control, vinculin. (D) PC12 cells 

transfected with plasmids encoding GFP tagged HARS1 were differentiated with β-NGF, 

stained for GFP and imaged. (E) Lysates from transfected and differentiated PC12 cells were 

analyzed for levels of wild-type and CMT-HARS1 by immunoblotting for GFP. (F-H) PC12 

cells transfected with either wild-type or CMT-HARS1 expression plasmids were 

differentiated and SPOT software was used to measure cell body size (F), number of neurites 

per cell (G), and length of longest neurite (H). (I,J) Brightfield images of differentiated PC12 
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cells treated with 0–2 mM histidinol and measurement of the length of longest neurite (J). 

(K,L) Lysates from β-NGF stimulated PC12 cells treated with 0–2 mM histidinol were 

analyzed for GAP-43 levels by immunoblotting. Data represents mean +/− SEM from three 

separate experiments, * indicates significant difference from wild-type or control (p<.05) by 

one-way ANOVA. For neurite outgrowth assays, n=3 averages from separate experiments. 

Western blot n=3 blots with lysate from separate passages. Scale bar = 20μm.
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Figure 2. 
Expression of CMT-HARS1 attenuates protein synthesis and increases phosphorylation of 

eIF2α in differentiated PC12 cells. (A) Transfected and differentiated PC12 cells were 

treated with OP-puromycin and Alexa-594 was attached to puromycin by ‘click-chemistry’ 

reaction. (B) Quantitation of Alexa-594 intensity in differentiated PC12 cells expressing 

CMT-HARS. (C-E) Neurite outgrowth assay in PC12 cells treated with cycloheximide 

(CHX) and quantitation of cell viability by trypan blue staining (E). (F,G) Immunostaining 

for phosphorylated eIF2α (F) and measurement of fluorescence intensity (G) in 

differentiated PC12 cells expressing CMT-HARS1. (H,I) Western blot analysis of eIF2α 
phosphorylation in differentiated PC12 cells treated with 0–2 mM histidinol. Data represents 

mean +/− SEM from three separate experiments. * indicates significant difference compared 

to wild-type or control (p <.05) by one-way ANOVA or two-tailed unpaired t-test, 

respectively. For click-chemistry experiment, wild-type n=69 cells, V155G n=98, Y330C 

n=45, R137Q n=58, histidinol n=55, cycloheximide n=61. For p-eIF2α immunofluorescence 

imaging, wild-type n=42 cells, V155G n=50, Y330C n=44, R137Q n=31. Neurite outgrowth 
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assay n=3 averages from separate experiments. Viability was measured at three separate 

passages. Western blot n=3 blots with lysate from separate passages. Scale bar = 20 μm.
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Figure 3. 
Mutant HARS1 proteins localize normally in PC12 and MN1 cells. (A) PC12 (upper row) 

and MN1 (lower row) cells were transfected with GFP-tagged HARS1 and stained for GFP 

to analyze localization of mutant protein compared to wild-type. (B) Ratio of HARS1 

fluorescence intensity in the nerite to cell body of PC12 cells is consistent between wild-

type transfected, mutant transfected, and endogenous HARS1. (C) Correlation of intensity of 

HARS1 staining in neurites with neurite length in differentiated PC12 cells. Data represents 

mean +/− SEM from two independent experiments. B, wild-type n=43 neurites, V155G 

n=50, Y330C n=52, R137Q n=42, endogenous n=55.C, n=55 neurites. Scale bar = 20 μm.

Mullen et al. Page 26

FEBS J. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Expression of Y330C and V155G HARS1 disrupts structure and function of the peripheral 

nervous system in vivo. (A-C’) mRNA encoding human wild-type or mutant HARS1 was 

microinjected at the one-cell stage into transgenic zebrafish embryos expressing fluorescent 

proteins under the control of promoters specific to sensory (ngn1:GFP) (A-C) and motor 

(mnx1:RFP) (A’-C’) neurons of the peripheral nervous system. (D-F) Developing animals 

were imaged live at 48 hpf and axon length (D,F) and patterning (E) was analyzed following 

reconstruction of confocal z-stacks. (G) Brightfield imaging was used for measurement of 

zebrafish body length. (H,I) Touch response assay was used to analyze responsiveness to 

touch stimuli (H) and swimming behavior (I). (J-N) Measurement of DRG length (J-L), 

body length (M), and viability (N) in zebrafish treated with 2.5 μM CHX at 24 hpf. Data is 

shown as mean +/− SEM from three independent experiments. * indicates significant 

difference from wild-type or control (p < .05) by one-way ANOVA or two-tailed unpaired t-

test, respectively. Wild-type n=18 animals, V155G n=18, Y330C n=21. Control n=10 

animals, cycloheximide n=14. Viability was measured in three separate clutches of embryos. 

Scale bar = 100 μm.
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Figure 5. 
CMT mutant HARS1 proteins form heterodimers with wild-type HARS1 in HEK-293 cells. 

(A) Analytical sedimentation coefficient and molar mass distributions for wild-type (blue) 

and R137Q (red) HARS1 confirming homogeneous samples and dimer state for both 

proteins. (B) Immunoprecipitation of FLAG-tagged wild-type HARS1 and immunoblotting 

for GFP-tagged wild-type or mutant HARS1 to identify the presence of wild-type-mutant 

heterodimers in transfected HEK cells. (C) Immunoprecipitation of FLAG-tagged wild-type 

zebrafish hars (drHARS) and immunoblotting for GFP-tagged human HARS1 (hHARS1) to 

identify hHARS1 drHARS heterodimers in transfected HEK cells. Immunoprecipitation 

experiments (B,C) were repeated twice (n=2).
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