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ABSTRACT  

Defects in the motor domain of kinesin family member 1A (KIF1A), a neuron-specific 

ATP-dependent anterograde axonal transporter of synaptic cargo, are well-recognized 

to cause a spectrum of neurological conditions, commonly known as KIF1A-

associated neurological disorders (KAND). Here we report one mutation-negative 

female with classic Rett syndrome (RTT) harboring a de novo heterozygous novel 

variant [NP_001230937.1:p.(Asp248Glu)] in the highly-conserved motor domain of 

KIF1A. In addition, three individuals with severe neurodevelopmental disorder along 

with clinical features overlapping with KAND are also reported carrying de novo 

heterozygous novel [NP_001230937.1:p.(Cys92Arg) & p.(Pro305Leu)] or previously 

reported [NP_001230937.1:p.(Thr99Met)] variants in KIF1A. In silico tools predicted 

these variants to be likely pathogenic, and 3D molecular modelling predicted 

defective ATP hydrolysis and/or microtubule binding. Using the neurite tip 

accumulation assay, we demonstrated that all novel KIF1A variants significantly 

reduced the ability of the motor domain of KIF1A to accumulate along neurite lengths 

of differentiated SH-SY5Y cells. In vitro microtubule gliding assays showed 

significantly reduced velocities for the variant p.(Asp248Glu) and reduced 

microtubule binding for the p.(Cys92Arg) and p.(Pro305Leu) variants, suggesting 

decreased ability of KIF1A to move along microtubules. Thus, this study further 

expanded the phenotypic characteristics of KAND individuals with pathogenic 

variants in KIF1A motor domain to include clinical features commonly seen in RTT 

individuals. 

KEYWORDS 

KAND, KIF1A, neurite tip accumulation, microtubule, kinesin, Rett syndrome, 
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INTRODUCTION 

Pathogenic variants in KIF1A were initially associated with autosomal recessive 

hereditary sensory neuropathy type IIC (HSNIIC; MIM# 614213), autosomal 

recessive hereditary spastic paraplegia 30 (SPG30; MIM# 610357) and autosomal 

dominant non-syndromic intellectual disability 9 (MRD9; MIM# 614255) (Erlich et 

al., 2011; Esmaeeli Nieh et al., 2015; Hotchkiss et al., 2016; Klebe et al., 2012; Krenn 

et al., 2017; Riviere et al., 2011). HSNIIC-affected individuals have progressive 

degeneration of sensory neurons, resulting in loss of feeling in extremities, ulceration 

and ultimately amputation of fingers and toes (Riviere et al., 2011). SPG30 is a slowly 

progressive spastic paraplegia with unsteady gait, hyperreflexia of the lower limbs 

(Cheon et al., 2017; Yoshikawa et al., 2019) and the autosomal dominant form also 

features intellectual disability, speech delay, hypotonia, evolving into hyperreflexia 

and hypertonia with age. More severely affected individuals have acquired 

microcephaly, cerebellar atrophy, seizures, scoliosis, contractures, optic nerve 

atrophy, peripheral neuropathy, ataxia, strabismus, nystagmus, ptosis, facial diplegia 

and gastroesophageal reflux. In addition, some male patients have been found to have 

small testes/ penis or cryptorchidism (Boyle & Chung, 2017). More recently, 

pathogenic variations in KIF1A have been recognized to be responsible for a broad 

spectrum of neurological disorders, broadly termed KIF1A-associated neurological 

disorders (KAND), in which the severity of clinical symptoms largely depends upon 

the variation introduced and its location in KIF1A (Boyle & Chung, 2017). Thus, the 

phenotypic spectrum of KAND individuals is continuously expanding. 

Rett syndrome (RTT; MIM# 312750) is a severe X-linked neurodevelopmental 

disorder that predominantly affects females and is notable for its progressive nature 

(Hagberg, Aicardi, Dias, & Ramos, 1983; Rett, 1966). As per the Neul revised 

diagnostic criteria, RTT patients can be classified broadly into two major categories; 

classic (or typical RTT) and variant (or atypical RTT) (Neul et al., 2010). Classic 

RTT patients have normal development until 6 -18 months of age, after which 
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wringing movements, a hallmark of classic RTT patients. Using the Neul 

classification, atypical RTT patients do not exhibit all four of the required criteria for 

classic RTT and must have at least 5 of the 11 supportive criteria. Moreover, there is a 

further group of RTT-like patients who exhibit some clinical features of RTT, but not 

enough in order to be classified as either classic or atypical RTT (Ip, Mellios, & Sur, 

2018). Up to 97% of classic RTT and 86% of atypical patients have pathogenic 

variants in Methyl CpG Protein 2 (MECP2), and a proportion of individuals with 

clinical features that overlap with RTT may have variants in cyclin-dependent kinase-

like 5 (CDKL5), or Forkhead box protein G1 (FOXG1) (Mitter et al., 2018; Neul et 

al., 2014; Schonewolf-Greulich et al., 2019). Due to considerable overlap of clinical 

symptoms of RTT patients, especially those who are MECP2-mutation negative, with 

other neurodevelopment disorders, it can be challenging to establish a precise genetic 

diagnosis. However, recent advances in next generation sequencing (NGS) have 

identified pathogenic variants in a growing list of genes known to cause intellectual 

disability, severe epilepsy and/or autistic behaviors where some individuals appear to 

have a RTT-like clinical picture, thus providing a definitive genetic diagnosis for 

patients and ‘closure’ for affected families (Cogliati et al., 2019; Henriksen, Ravn, 

Paus, von Tetzchner, & Skjeldal, 2018; Iwama et al., 2019; Schonewolf-Greulich et 

al., 2019; Vidal et al., 2019; Yoo et al., 2017). 

There is clear evidence that the RTT-associated genes MECP2 and CDKL5 regulate 

microtubule stability and neuronal transport, and that pathogenic mutations in those 

genes disrupt microtubule dynamics (Barbiero, De Rosa, & Kilstrup-Nielsen, 2019; 

Delepine, Nectoux, Bahi-Buisson, Chelly, & Bienvenu, 2013; Gold, Lacina, Cantrill, 

& Christodoulou, 2015). Microtubules are highly dynamic structures that are critical 

for maintaining correct neuronal architecture and for the transport of cargos via motor 

proteins such as kinesins (KIFs) and dynein (Kevenaar & Hoogenraad, 2015). KIFs 

have been implicated in the pathogenesis of RTT suggesting an important role in this 

disorder (Gibson et al., 2010; Pelka et al., 2006). KIF’s are ATP-dependent molecular 

motors critical for cytoskeleton organization (Hirokawa, Noda, Tanaka, & Niwa, 

2009; Stanhope & Ross, 2015) and in neurons, the kinesin-3 family member KIF1A is 

involved in the anterograde transport of synaptic vesicle precursors containing brain-

derived neurotrophic factor (BDNF; MIM# 113505) (Lo, Kuzmin, Unger, Petersen, & 
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t Silverman, 2011; Stucchi et al., 2018). BDNF is critical for neuronal differentiation 

and maintaining synaptic plasticity (Ben Zeev et al., 2009; Li, Calfa, Larimore, & 

Pozzo-Miller, 2012; Zhou et al., 2006). Interestingly, environmental enrichment in the 

Kif1a+/- mouse induces BDNF-dependent upregulation of kinesin family member 1A 

(KIF1A; MIM# 601255) and its cargo synaptophysin in the hippocampus, suggesting 

that BDNF is both a cargo and an upstream regulator of KIF1A (Kondo, Takei, & 

Hirokawa, 2012). KIF1A is also involved in axonal transport of cargo containing 

synaptophysin, synaptotagmin and Ras-associated protein Rab-3A (RAB3A; MIM# 

179490). The N-terminal highly conserved motor domain of KIF1A has ATP 

hydrolysis functionality and microtubule binding capacity, which are critical for 

KIF1A-driven trafficking of specific cargo bound to the C-terminal Pleckstrin-

homology (PH) tail domain. KIF1A dimerizes via its neck coil region (Figure 1) 

(Klopfenstein, Tomishige, Stuurman, & Vale, 2002; Soppina et al., 2014; Tomishige, 

Klopfenstein, & Vale, 2002). 

A subset of KIF1A patients share some clinical features with RTT including gait 

abnormalities, hypotonia, scoliosis, seizures and intellectual disability. Recently a de 

novo heterozygous truncating variant [NM_001244008.1: c.275_276insAA; 

NP_001230937.1: p.(Cys92*)] in the motor domain of KIF1A has been reported in a 

single female case presenting with classic RTT including developmental delay, 

microcephaly, lack of independent ambulation and speech, loss of hand skills, hand 

clapping and mouthing, bruxism, breathing and sleep disturbances (Wang et al., 

2019). Interestingly, the well-conserved KIF1A motor domain has been identified as a 

mutation hotspot (with over 80 reported variants) resulting in a spectrum of 

phenotypes that overlap with other neurological disorders including RTT. In this 

study, we report one classic RTT and three individuals with a severe 

neurodevelopmental disorder carrying variants in motor domain of KIF1A. We have 

confirmed the pathogenicity of the variants using a range of in silico analyses and in 

vitro functional studies. 

METHODS 

Subjects and genetic analysis 

All methods followed in this study were approved by the human research ethics 

committee of the participating institutes with written consents obtained from the legal 
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domain of KIF1A were recruited from Australia (case 1), Italy (case 2 and 3) and 

USA (case 4; deceased). Next generation sequencing (NGS) was performed on 

genomic DNA isolated from patient blood, and variant filtering was performed as 

described in the Supplementary Material. The segregation of identified KIF1A 

variants was also confirmed by Sanger sequencing of the proband and the parents. 

In silico analysis, variant classification and structural modelling 

The pathogenicity of KIF1A variants, denoted as per RefSeq NM_001244008.1, was 

determined using in silico prediction tools including PolyPhen-2 (v2.2.2r398; 

http://genetics.bwh.harvard.edu/pph2/) (Adzhubei et al., 2010), SIFT (v6.2.1; 

http://sift.jcvi.org/) (Kumar, Henikoff, & Ng, 2009) and MutationTaster (v2.0; 

www.mutationtaster.org/) (Schwarz, Cooper, Schuelke, & Seelow, 2014). The 

population frequency was determined using the Genome Aggregation Database 

(gnomAD) (v2.1.1;http://gnomad.broadinstitute.org/) (Karczewski et al., 2019). All 

variants were classified according to the guidelines of the American College of 

Medical Genetics and Genomics (ACMG) (Richards et al., 2015). Amino acid 

substitutions were assigned a Grantham score (range 0 to 215), with values above 100 

generally considered significant (Grantham, 1974). The presence of all these variants 

was checked in the ClinVar public archive of human genetic variants 

(https://www.ncbi.nlm.nih.gov/clinvar/; accessed on 16 September 2019) (Landrum et 

al., 2018).  

Since the full length human KIF1A crystal structure is yet to be resolved, the motor 

domain of Mus musculus KIF1A (PDB ID: 2ZFI) was used for in silico modelling 

using HOPE (URL: http://www.cmbi.ru.nl/hope/) (Venselaar, Te Beek, Kuipers, 

Hekkelman, & Vriend, 2010). The position of residue affected in reported cases is 

shown on 3D structure images generated using PyMOL (http://www.pymol.org/) 

molecular visualization software (Schrödinger, 2010). A BLAST search showed 99% 

identity of the Mus musculus KIF1A motor domain (NP_032466.2) and the motor 

domain of human KIF1A (NP_001230937.1) (Supplementary Material). 
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We used a constitutively-active dimeric KIF1A motor (amino acids 1 – 393) 

containing the motor (amino acid 1—361), neck linker, and neck coil domains and 

dimerized via a GCN4 leucine zipper (LZ) (Hammond et al., 2009). KIF1A(1-393)-

LZ was tagged at the C-terminus with three tandem mCitrine (mCit) fluorescent 

proteins [KIF1A(1-393)-3xmCit] for the neurite tip accumulation assay and with 

mNeonGreen (mNG; Allele Biotech) and AviTag (amino acid sequence 

GLNDIFEAQKIEWHE) [KIF1A(1-393)-LZ-mNG-AviTag] for the microtubule 

gliding assay. KIF1A(1-393)-LZ-mNG-AviTag was biotinylated by co-expression 

with HA-tag labeled bacterial biotin ligase BirA as described (Yue et al., 2018). 

Site-directed mutagenesis was used to introduce patient-specific variants into the 

KIF1A constructs (QuikChange lightning mutagenesis kit, Agilent technologies) 

according to the manufacturer’s instructions and using their software for mutagenesis 

primer design (QuikChange Primer Design, www.agilent.com/genomics/qcpd). 

Primers are listed in Supp. Table S1. 

Cell culture, transfection, immunostaining and fluorescence microscopy  

COS-7 (African green monkey kidney fibroblast, American Type Culture Collection) 

cells were grown in DMEM media (DMEM with 3.7g/L NaHCO3, 10% (vol/vol) fetal 

bovine serum (FBS), 1X Pen-Strep) at 37°C in a humidified incubator and 5% CO2. 

SH-SY5Y (human neuroblastoma) cells were grown in RPMI media (RPMI with 

3.7g/L NaHCO3, 10% (vol/vol) fetal bovine serum (FBS), 1X Pen-Strep) at 37 °C in a 

humidified incubator and 5% CO2. 

For the neurite tip accumulation assay, 50,000 SH-SY5Y cells were plated on sterile 

glass coverslips coated with rat collagen (3.3%) and matrigel (2%) (recipe optimized 

by Dr. Wendy Gold) in RPMI media without serum and antibiotics in a 12 well plate. 

The following day, cells were transfected with 1µg of KIF1A(1-393)-3xmCit DNA 

using 5µl of Lipofectamine 2000 (Life Technologies; 11668019) according to the 

manufacturer’s instructions. After 24 hours the media was refreshed to RPMI with 1% 

serum supplemented with 10µM retinoic acid (RA; Sigma; R2625) to induce neuronal 

differentiation and the media was refreshed daily for 4 days. The expression of KIF1A 

motor protein in SH-SY5Y cells did not appear to cause any qualitative alteration in 
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t neurite outgrowth during RA-induced differentiation (data not shown). On day 3, cells 

were washed with 1X PBS, fixed in 4% (vol/vol) paraformaldehyde (PFA) in PBS for 

20 minutes at room temperature before mounting on glass slides using Prolong Gold 

with DAPI (Life Technologies). Images were acquired using Zeiss AxioVision 

fluorescence microscope with 40X objective (zoom factor =2). Quantification of the 

mean florescence intensity (MFI) along the length of the neurites and within the cell 

bodies of SH-SY5Y cells was measured manually using ImageJ. Mann Whitney test 

(n=20) was performed on the ratio of average MFI at the neurite length versus the cell 

body using Prism software (GraphPad). The length of the neurites was calculated 

using Simple Neurite Tracer plugin in ImageJ and statistical analysis was performed 

using Unpaired t-test. All experiments were performed in triplicate and repeated three 

times prior to data analysis.  

In-vitro microtubule gliding assay 

Cell lysates containing biotinylated KIF1A motor proteins were prepared by co-

expressing wild type or variant KIF1A(1-393)-LZ-mNG-AviTag constructs together 

with HA-BirA in COS-7 cells as previously described (Yue et al., 2018). Briefly, 

COS-7 cells were plated at a density of 200,000 per well in a 6-well plate and 

transfected with 1 µg of KIF1A(1-393)-LZ-mNG-AviTag and 1 µg HA-BirA DNA 

using 5 µl of Lipofectamine 2000. Cells were washed, trypsinized and harvested 

(3000g) at 4⁰C 16 hours after transfection. The pellet was washed with PBS and 

resuspended in ice cold lysis buffer (25 mM HEPES/KOH, pH 7.4, 115 mM 

potassium acetate, 5 mM sodium acetate, 5 mM MgCl2, 0.5 mM EGTA, and 1% 

[vol/vol] Triton X-100) supplemented with 1 mM ATP, 1 mM 

phenylmethylsulphonyl fluoride (PMSF; Sigma; 10837091001), and protease 

inhibitor cocktail (Thermo Fisher Scientific; A32965) and incubated at 4⁰C for 30 

minutes. The soluble fraction was collected after centrifugation (20,000g) for 15 mins 

at 4⁰C, snap frozen in single use aliquots, and stored at -80⁰C. Biotinylation of 

KIF1A(1-393)-LZ-mNG-AviTag was confirmed by staining transfected cells with 

Alexa Fluor® 555 streptavidin (S21381; Thermo Fisher Scientific) and determining 

coincident staining with green (mNG) fluorescent KIF1A(1-393). 

To polymerize microtubules, lyophilized tubulin (Cytoskeleton Inc (USA); T240-A) 

and rhodamine-labeled tubulin (TL590M-A) were reconstituted to a final 
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t concentration of 10 mg/ml using ice-cold general tubulin buffer (80mM PIPES, 2mM 

MgCl2, 2.5mM EGTA pH 7.0) supplemented with fresh 1mM guanosine triphosphate 

(GTP; Cytoskeleton; BST06), snap frozen in single use aliquots, and stored at -80⁰C. 

Unlabeled tubulin and labeled tubulin were mixed together in the molar ratio of 10:1, 

respectively, and incubated at 37⁰C for 30 minutes to induce tubulin polymerization. 

To maintain the polymerized state, paclitaxel (Cytoskeleton Inc; TXD01) was then 

added stepwise in increasing concentrations (2µM, 20µM and 200µM) at room 

temperature with incubation for 10 minutes at each step. The polymerized 

microtubules were then pelleted through a 40% glycerol cushion at 300,000g for 10 

minutes at 25⁰C. The pellet was then resuspended using warm general tubulin buffer 

supplemented with 5% glycerol, 1mM GTP and 20µM paclitaxel. 

A 10 µl flow chamber was prepared by attaching two stripes of double-sided tape 

spaced 5 mm apart to a glass slide and mounting a clean #1.5 coverslip (Thermo 

Fisher Scientific) over the top. Biotinylated KIF1A proteins were immobilized on the 

attached coverslip by sequential addition of different solutions for 5 minutes each 

(Yue et al., 2018). Briefly, the flow chamber was first incubated with 1 mg/ml BSA-

biotin (Sigma; A8549) followed by blocking solution containing 0.5mg/ml casein 

(Sigma; C7078) in BRB80 buffer (80mM PIPES, 1mM MgCl2 and 1mM EGTA) 

supplemented with 10µM paclitaxel. NeutrAvidin (0.5 mg/ml; Thermo Fischer 

Scientific; 31000) was then added to the chamber followed by blocking solution 

before adding 30 µl of COS-7 cell lysates supplemented with 2mM ATP. Then 10µl 

of motility mix containing taxol-stabilized rhodamine-labeled microtubules, 2mM 

ATP, 2mM MgCl2 and enzymatic oxygen scavenging system (10mM glucose, 

200µg/ml glucose oxidase, 1mM dithiothreitol, 100 µg/ml catalase), to avoid 

microtubule breaking due to oxidation, was added into the chamber. Finally, the ends 

of the flow cell were sealed with varnish and microtubule movement was captured by 

Leica DMIB6000 total internal reflection microscopy (TIRF) microscope fitted with a 

100X U PlaApo 1.49 NA oil immersion objective and solid state 488, 561 nm laser 

line) at room temperature. Signals were collected using EMCCD camera (Andor iXon 

897 Ultra). Images were acquired continuously at 50 msec per frame for 4000 frames. 

Kymographs (width = 3 pixels) were generated by using the multi-kymograph plugin 

in ImageJ (National Institute of Health) and manually drawing tracks generated from 

maximum intensity projections as previously published (Yue et al., 2018). The 
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axis) to time (y-axis). Measurements were taken from three independent cell lysate 

preparations. Plots and statistical analysis using ANOVA and Mann-Whitney test was 

carried out using Prism software (GraphPad). All data are presented as mean ± 

standard deviation (SD).  

RESULTS 

In this study we present four unrelated individuals harboring different de novo 

heterozygous missense variants restricted to the motor domain of KIF1A. For these 

four cases, the clinical features are captured in Table 1. 

Variant curation 

The four missense variants identified in KIF1A are described in Table 2. All the 

variants were confirmed to be de novo heterozygous (Supp. Figure S1) and are located 

at evolutionarily-conserved sites in the motor domain of KIF1A (Figure 1 and Supp. 

Figure S2), which is a mutation hot-spot region in KIF1A-related disorders (Gabrych, 

Lau, Niwa, & Silverman, 2019). Several in silico tools (MutationTaster, PolyPhen-2 

and SIFT) predicted these variants to be disease causing and/or damaging for protein 

function. Using the Grantham scoring system, the variant c.274T>C; p.(Cys92Arg) 

was predicted to harbor a major amino acid change with scores of 180, whereas the 

amino acid changes in c.744C>A; p.(Asp248Glu), c.914C>T; p.(Pro305Leu) and 

c.296C>T; p.(Thr99Met) were predicted to be minor due to their low Grantham 

scores of 45, 98 and 81 respectively (Table 2). 

All variants were absent in gnomAD (accessed on 16 September 2019) and classified 

as likely pathogenic using ACMG guidelines. Of the four identified variants, two 

variants [p.(Asp248Glu) and p.(Cys92Arg)] were absent from ClinVar. For the 

p.(Pro305Leu) variant, three cases with developmental delay, cerebellar atrophy, 

ataxia, and eye movement abnormalities were reported in ClinVar. The p.(Thr99Met) 

is a common recurrent variant and has been reported as a de novo heterozygous 

variant in six unrelated individuals with complex neurological phenotype 

characterized by moderate to severe development delay and/or intellectual disability, 

spastic paraparesis, cerebellar atrophy, axonal neuropathy, visual disturbances and/or 

progressive neurodegeneration (Esmaeeli Nieh et al., 2015; Hamdan et al., 2011; Lee 
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t et al., 2015; Okamoto et al., 2014). Moreover, a recent report also found this variant 

in a female diagnosed with Progressive encephalopathy with Edema, Hypsarrhythmia 

and Optic atrophy syndrome (PEHO; MIM# 260565) (Langlois et al., 2016). 

Patient variants are located in sequences critical for kinesin enzymatic activity 

All four de novo variants are located within the kinesin motor domain of KIF1A 

which harbors the sequences required for ATP-dependent microtubule-based 

transport. ATP hydrolysis in the motor domain facilitates a step-wise movement of 

KIF1A along the microtubule network (Atherton et al., 2014; Kikkawa & Hirokawa, 

2006; Kikkawa et al., 2001). Three motifs of the kinesin motor domain are involved 

in coordinating ATP binding and hydrolysis: the phosphate-binding loop (P-loop) 

with a Walker A fold (GXXXXGK[T/S]), Switch I (loop L9), and Switch II (loop 

L11) (Kull & Endow, 2013). The variant in case 1 [p.(Asp248Glu)] is present in 

Switch II and thus, it is predicted to affect nucleotide binding. The wild type (Asp) 

amino acid coordinates the metal ion (Mg2+) critical for ATP binding, and the 

increased bulk of the side chain of the introduced amino acid (Glu) may preclude 

effective nucleotide binding. This is predicted to affect the velocity with which the 

variant KIF1A would move along the microtubules (Figure 1).  

The variant in case 2 [p.(Cys92Arg)] is located in β3 immediately preceding the P-

loop. The substitution of the neutral wild-type amino acid (Cys), which is buried in 

the protein core, with the larger and positively charged variant residue (Arg) is 

predicted to interfere with KIF1A protein folding and therefore with nucleotide or 

microtubule binding or both.  

Three motifs of the kinesin motor domain have been implicated in microtubule 

binding: β5-L8, L11-β7, and α4-L12-α5. The variant in case 3 [p.(Pro305Leu)] alters 

a motif in loop L12 that is evolutionarily-conserved across kinesins for microtubule 

binding (FIPYRD →FILYRD) (Figure 1). We thus predicted that this variant motor 

would be ineffective at microtubule binding and motility. The variant in cases 4 

[p.(Thr99Met)] affects wild type (Thr) amino acid in the P-loop (nucleotide binding 

pocket) and hence is predicted to affect the ATP binding to motor domain, thereby 

altering ATP hydrolysis rate. Structural models published in previous reports suggest 
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γ -phosphate of ATP (Lee et al., 2015). 

Patient variants result in defective motility of KIF1A in neuronal SH-SY5Y cells 

To examine the effect of patient variants on the efficiency of KIF1A’s microtubule-

based motility, we utilized the neurite tip accumulation assay. In this assay, kinesin 

motors that are capable of processive microtubule-based motility accumulate at the 

tips of neurites in differentiated neuronal cells (Yang, Bentley, Huang, & Banker, 

2016). For this assay, we used a truncated and constitutively active version of KIF1A 

containing amino acids 1-393 tagged with the fluorescent protein monomeric Citrine 

(mCit) and we expressed wild-type and mutant versions in differentiated neuronal 

SH-SY5Y cells.  

Consistent with previous work (Hammond et al., 2009; Huang & Banker, 2012), wild-

type KIF1A(1-393) accumulated at the end of the growing neurites in differentiated 

SH-SY5Y cells, indicative of directed movement of KIF1A protein towards the plus 

ends of the microtubules. However, the KIF1A variant [p.(Asp248Glu), p.Cys92Arg) 

and p.(Pro305Leu)] proteins did not preferentially accumulate at neurite tips, rather, a 

significant fraction of the expressed mutant protein was found to be localized in the 

cell body. The mean fluorescence intensity (MFI) ratio of motor fluorescence in the 

neurite length compared to the cell body was significantly higher for the wild-type 

motor protein (2.8±1.4) compared to the patient variants [p.(Asp248Glu) 

0.244±0.219; p<0.0001], [p.Cys92Arg) 0.118±0.084; p<0.0001] and [p.(Pro305Leu) 

0.122±0.079; p<0.0001] (Figure 2; Supp. Figure S3). However, no significant 

difference was observed in neurite length of SH-SY5Y cells transfected with wild-

type or patient specific KIF1A(1-393) variant construct (Supp. Figure S4). Previously 

published reports have already shown the reduced accumulation of KIF1A motor 

domain harboring the case 4 variant p.(Thr99Met) in the distal neurites of rat 

hippocampal neurons (Hamdan et al., 2011; Lee et al., 2015) These results 

demonstrate that the variants in KIF1A found in patients reported in this study have a 

severe negative impact on the capacity of KIF1A to undergo processive, long-distance 

transport along the cellular microtubule network. 

In-vitro microtubule gliding assay reveals impaired microtubule binding 
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microtubule-based motility, we performed in-vitro TIRF-based microtubule gliding 

assays. In this assay, truncated KIF1A(1-393) motors are immobilized on a slide and 

their ability to work in concert to “glide” microtubules along the surface is examined 

by fluorescence microscopy. A unique property of the TIRF microscopy is that it 

captures the signal from fluorescent microtubules in a limited specimen region 

immediately adjacent to the adsorbed KIF1A motor protein and the glass coverslip. 

This exclusive property minimizes any noise coming from the floating microtubules 

that were not able to bind to the KIF1A motor protein. 

For the wild-type KIF1A(1-393) motors, the majority of microtubules (~85-90%) 

introduced into the flow chamber bound to the immobilized KIF1A and moved along 

the surface with an average velocity of 0.91 ± 0.09 µm (Figure 3, Supp. Figure S5 and 

Supp. Video 1). 

For the case 1 variant [p.(Asp248Glu)] in switch II, which is predicted to impact the 

coordination of the divalent cation and ATP, the majority of microtubules introduced 

into the chamber (~70%) were able to bind to the variant KIF1A motors but moved at 

a significantly lower velocity (0.005 ± 0.002 μm/s) compared to the wild-type motor 

protein (Figure 3, Supp. Figure S5 and Supp. Video 2). For the case 2 [p.(Cys92Arg)] 

and case 3 [p.(Pro305Leu)] variants, very few of the microtubules introduced to the 

chamber were able to bind to the variant KIF1A motors (~10%) (Figure 3, Supp. 

Figure S5 and Supp. Video 3, 4). The lack of the microtubule binding was mainly 

assessed qualitatively by the observation that a significantly smaller proportion of 

fluorescently labelled microtubules were found to bind to the adsorbed variant as 

compared to the wild type KIF1A motor protein at the same TIRF interface optimized 

using wild type protein. Moreover, in the raw videos, the ends of the partially bound 

microtubules for the p.(Cys92Arg) and p.(Pro305Leu) variants were observed to be 

flickering before dissociating from the adsorbed protein after a short period of time 

and moving out of the pre-set interface for TIRF. This phenomenon during the gliding 

assay suggests that there was impaired microtubule binding, consistent with the 

hypothesis that these variants alter protein folding and/or microtubule binding. We 

analyzed the movement of the bound fraction of microtubules and found that these 

microtubules moved at a much slower velocity [0.014 ± 0.06 μm/s [p.(Cys92Arg); 
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t Video 3] and 0.009 ± 0.05 μm/s [p.(Pro305Leu); Video 4] compared to the wild-type 

motor protein (Figure 3, Supp. Figure S5). Nieh et al observed no microtubule 

motility in case of KIF1A motor protein with p.(Thr99Met) variant which was 

predicted to affect the ATP binding to the KIF1A motor domain (Esmaeeli Nieh et al., 

2015). Overall, these results suggest that patient KIF1A variants negatively affect the 

ability of KIF1A to bind and move along microtubules.  

DISCUSSION  

In this report we describe one classic RTT individual and three individuals with a 

severe neurodevelopmental disorder carrying de novo variants in the motor domain of 

the kinesin-3 motor protein KIF1A. The variants are predicted to be pathogenic by in 

silico and functional analyses. Heterozygous de novo variants in KIF1A have 

previously been associated with HSNIIC, SPG30 and MRD9 as well as a much 

broader spectrum of KIF1A-related disorders (Gabrych et al., 2019). 

Here we report a MECP2-negative classic RTT female (case 1) with a novel de novo 

heterozygous p.(Asp248Glu) variant in the motor domain of KIF1A. Characteristic of 

SPG30, she has progressive lower limb spasticity as well as mild optic nerve atrophy 

consistent with observations in KIF1A-related cases. However, in contrast to KIF1A-

related disorders, her brain MRI at 12 years of age was normal (Lee et al., 2015; Ohba 

et al., 2015; Raffa et al., 2017). Recently a classic RTT female patient was reported 

carrying a de novo heterozygous nonsense variant p.(Cys92*) in KIF1A with a normal 

brain MRI (age not specified) (Wang et al., 2019). Our in vitro analysis indicates that 

the p.(Asp248Glu) variant results in a marked decrease in the ability of KIF1A to 

undergo processive motility to the plus ends of microtubules in the neurite tips of SH-

SY5Y cells and a significantly lower velocity of microtubule movement compared to 

wild-type KIF1A. Together these results suggest that change of Asp248 in switch II of 

KIF1A results in compromised ATP hydrolysis/cycling rates. 

Two cases [case 2 with p.(Cys92Arg) and case 3 with p.(Pro305Leu)] also had 

features overlapping with the other KIF1A-related phenotypes. Of interest, they had a 

number of features seen in RTT including microcephaly, global developmental delay, 

seizures, stereotypic hand movements, gait abnormalities, abnormal muscle tone and 

scoliosis. Our functional assays provide strong evidence that these variants negatively 
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p.(Pro305Leu) were unable to accumulate at the neurite tips in differentiated SH-

SY5Y cells, indicating a lack of processive motility along microtubules for these 

KIF1A variant proteins. While the p.(Cys92Arg) variant was able to bind to 

microtubules in the gliding assay, the velocity of movement was dramatically 

decreased. The p.(Pro305Leu) variant in L12 was predicated to impact the ability of 

KIF1A to bind to microtubules and indeed, the variant KIF1A protein showed a 

significant reduction in its ability to bind to microtubules in the in vitro microtubule 

gliding assay. 

Case 4 with p.(Thr99Met) variant in KIF1A shared common clinical features with the 

previously reported patients with this variant such as abnormal muscle tone, seizures, 

intellectual disability, gait abnormalities, optic nerve abnormalities (Hamdan et al., 

2011; Langlois et al., 2016; Lee et al., 2015). In addition, she exhibited features 

described in RTT such as period of regression followed by stabilization as well as 

characteristic stereotypic hand movements. Already published functional data showed 

a significant decrease in the accumulation of variant KIF1A protein at the distal ends 

of primary rat hippocampal neurons as well as no microtubule motility using the in-

vitro microtubule gliding assay. This is consistent with molecular modelling results 

predicting loss in interaction between the KIF1A motor domain and ATP, which is 

crucial for the movement of kinesin head on the microtubule structure (Esmaeeli Nieh 

et al., 2015; Hamdan et al., 2011; Lee et al., 2015). Together these findings imply that 

the KIF1A variant proteins are defective for their ability to bind to and move along 

microtubules, and support the conclusion that they are pathogenic. 

Of interest, MeCP2 and KIF1A are both regulated by BDNF which is a well-known 

target of MeCP2 (Li & Pozzo-Miller, 2014). Several reports have uncovered BDNF 

defects in RTT mouse models and patients at the genetic as well as functional levels 

(Ben Zeev et al., 2009; Li et al., 2012; Sampathkumar et al., 2016; Zhou et al., 2006). 

BDNF has also been shown to be an upstream regulator of KIF1A and its specific 

cargo such as synaptophysin (Kondo et al., 2012). Importantly, variants in KIF1A 

have been previously described to cause intellectual disability, and we suggest that 

defects in KIF1A could contribute towards the development of features overlapping 

with RTT, but the exact molecular mechanism still needs to be explored. 
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t In conclusion, we have identified four de novo heterozygous variants in KIF1A in a 

classic RTT patient and three other individuals who share common clinical features 

with the other KIF1A-related disorders and appear to have expanded phenotype 

including features seen in RTT. We recommend that genetic testing for KIF1A should 

be considered in MECP2 negative RTT patients. 
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Figure 1: Schematic representing KIF1A domain structure, evolutionary 

conservation at variant site and 3D molecular modelling. 

A) Domain structure of full length KIF1A containing N-terminal motor domain (MD: 

1-361 aa), neck coil (NC: 365-397 aa), coiled coil domains [(CC1: 429-462 aa), (CC2; 

622-681 aa) and (CC3: 801-822 aa)], forkhead-associated domain (FH: 516-572 aa), 

and pleckstrin homology domain (PH: 1676-1774 aa)]. B) Representation showing 

location of four patient variants in four reported cases in motor domain of KIF1A. 

The variants NP_001230937.1:p.(Asp248Glu), NP_001230937.1:p.(Cys92Arg) and 

NP_001230937.1:p.(Pro305Leu) are novel (in black), whereas 

NP_001230937.1:p.(Thr99Met) is previously reported (in red). Multiple sequence 

alignment underneath each variant shows the sequence conservation at each variant 

site. Sequences were aligned using Clustal Omega (URL: 

https://www.ebi.ac.uk/Tools/msa/clustalo/) using the RefSeqs of H sapiens 

(NP_001230937.1), M musculus (NP_032466.2), R norvegicus (XP_017452404.1), C 

elegans (NP_001022041.2) and D melanogaster (NP_001246373.1). C) Schematic 

structures representing location of variants on crystal structure of KIF1A motor 

domain before Mg ion release (PDB: 2ZFI) using PyMOL software. The P-loop, 

switch I and switch II, P-loop are indicated in light magenta, aquamarine and yellow-

orange respectively and rest of motor domain is represented in grey. The ligand 

Adenosine-5'-diphosphate (ADP) is shown by a stick model in blue and magnesium 

ion is represented as orange sphere. The residue affected in reported cases are 

represented as red circles and red labels. 
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t Figure 2: Neurite tip accumulation in differentiated SH-SY5Y cells. 

A) Representative images showing the localization of rat KIF1A(1-393)-3xmCit 

motors (green) in differentiated SH-SY5Y cells (Nucleus/ DAPI = blue). Whereas the 

wild-type motor accumulated in neurite tips (white arrows), the variant proteins 

remained near the cell body. B) Quantification of the mean florescence intensity 

(MFI) at the neurite length versus the cell body for the wild-type and three pathogenic 

KIF1A patient variants. Data are from three independent experiments (n=20 cells for 

each experiment) and are plotted as mean ± standard deviation. **** represents 

p<0.0001, Mann-Whitney test. Scale bar (white line, bottom right) = 10µm. 
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t Figure 3: in vitro microtubule gliding driven by wild-type and variant KIF1A 

motors. 

A) Schematic of the microtubule gliding assay in a flow chamber modified from (Yue 

et al., 2018). The biotinylated KIF1A(1-393)-LZ-mNG-AviTag motor proteins 

expressed in COS-7 cells were immobilized on a NeutrAvidin-coated glass coverslip. 

The motility mix containing rhodamine-labelled microtubules, ATP, and oxygen-

scavenging system was then added into the flow chamber. Time lapse images were 

captured using the TIRF microscope. B) Representative kymographs (distance versus 

time graphs) for rhodamine-labeled microtubule movement over “lawns” of wild-type 

or variant KIF1A proteins. Time (seconds) is on y-axis and distance travelled (µm) is 

on x-axis. The angled line represents movement and straight line signifies stationary 

microtubules. C) Quantification of the percentage of microtubules that were stationary 

versus motile. D) Violin plot representing average velocity (µm/sec) of microtubules 

moved by KIF1A(1-393) proteins. Black = violin plot, blue = each data point, red 

diamond with center = mean, red line = +/- standard deviation. The average velocity 

for every variant KIF1A motor domain protein was significantly reduced compared to 

the wild type protein. Data are analyzed from three independent experiments (n=50 

microtubules each) and is plotted as mean ± standard deviation. **** represents 

p<0.0001, Mann-Whitney test. 
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Table 1: Evaluation of KIF1A associated features in our cases. 

Category Case 1 Case 2 Case 3 Case 4 (deceased) 

Neurological features 

Hypotonia No  Yes (Severe) Yes (first 2 
years of life) 

Yes (since birth) 

Hypertonia Yes (lower limbs)   No Yes (since birth) 

Microcephaly No  Yes Yes No 

Global developmental delay Yes Yes Yes† Yes 

Intellectual disability Severe  Yes Severe‡ Yes 

Ataxia Yes   Yes No NA 

Spastic paraplegia Yes (lower limbs)  Yes No NA 

Peripheral neuropathy  No  Not evaluated No  Yes 

Nerve conduction studies Not performed  Not performed No Yes; EMG at 10m$ 

Seizures Yes (past history) Yes No¶ Yes 

Neuromuscular features 

Upper limb spasticity No  No No NA 

lower limb spasticity Yes (Progressive)  Yes No NA 

Muscle hypertrophy No  No No No 

Muscle weakness No Yes Yes Yes 
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ambulatory) 

Ophthalmological abnormalities 

Cataracts No  No No Yes 

Cortical visual impairment No  Yes No Yes 

Optic nerve abnormalities Yes (mild optic nerve 
atrophy) 

 Yes No Yes 

Ptosis No  No No No 

Strabismus No  Yes No No 

Other features 

Gastroesophageal reflux 
disease 

No  No No Yes 

Eczema No Skin xerosis on 
hands 

No No 

Genital abnormalities No  No No No 

MRI changes 

Year (Age) when test was 
performed 

2002  

(2 year) 

 2013  

(4 year) 

2016  

(3 year) 

7 month 

Cerebral atrophy Yes Yes Yes! No 

Cerebellar atrophy  No Yes Yes No 

Reduced cerebral white 
matter 

No  Yes No Reduced white 
matter: unclear if 
cerebellar 
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callosum 
No  Yes No No 

Cerebellar abnormalities No  Yes No No 

Other abnormalities small pineal cyst,  

tortuosity of the vessels 
(internal cerebral veins) 

 Yes No No 

†: treated with growth hormone; ‡: global development score 45 (scale Bayley III), language 42, 
gross motor and fine 43; ¶: slow paroxysmal bilateral posterior activity in sleep;! periventricular 
white matter (temporal and occipital) alterations of signal; $: EMG at 10m showed ‘anomaly in 
axon’ and as per the mother of case 4: muscle biopsy at 14m showed “light axonal neuropathy with 
mitochondrial anomalies in the nerve” 
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t Table 2: Variant analysis for our cases 

Category Case 1 Case 2 Case 3 
Case 4 

(deceased) 

Genetic screening 
method 

trio;  

WGS 

trio;  

WES 

trio;  

targeted 
sequencing 

Singleton;  

targeted 
sequencing 

Variant  

chr2:241723210G
>T; 

c.744C>A; 
p.(Asp248Glu) 

chr2:241727557
A>G; 

c.274T>C; 
p.(Cys92Arg)  

chr2:241715312
G>A; 

c.914C>T; 
p.(Pro305Leu)  

chr2:241727535
G>A; 

c.296C>T; 
(Thr99Met) 

Zygosity  Heterozygous Heterozygous Heterozygous Heterozygous 

Segregation de novo de novo de novo de novo 

Conserved site Yes Yes Yes Yes 

Novel or reported Novel Novel Reported Reported 

Affected exon Exon 8 Exon 4 Exon 11 Exon 4 

Amino acid change 
(Grantham 
distance) Minor (score: 45) 

Major (score: 
180) Minor (score: 98) Minor (score: 81) 

population 
database 
(gnomAD) No No No No 

Location of 
variant Motor domain Motor domain Motor domain Motor domain 

in silico 
tools 

Mutatio
n 
Taster#  

Disease causing 
(p=0.999) 

Disease causing 
(0.999) 

Disease causing 
(0.999) 

Disease causing 
(0.999) 
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n-2## 

Probably 
damaging 
(p=0.998) 

Probably 
damaging 
(p=1.0) 

Probably 
damaging 
(p=1.0) 

Probably 
damaging 
(p=1.0) 

SIFT### 
Damaging (score = 
0.001) 

Damaging (score 
= 0.000) 

Damaging (score 
= 0.001) 

Damaging (score 
= 0.000) 

ClinVar No No Yes Yes 

ACMG 
classification Likely pathogenic 

Likely 
pathogenic 

Likely 
pathogenic 

Likely 
pathogenic 

 

RefSeq ID: NM_001244008.1 (longest isoform): Position: GRCh37 chr2:241,653,181-241,759,725, 
size: 106,545 and total exon count: 49; NCBI Protein ID: NP_001230937.1 (longest isoform); Ensembl 
transcript ID: ENST00000320389. WGS = whole genome sequencing, WES = whole exome 
sequencing, ACMG= American College of Medical Genetics, gnomAD = Genome Aggregation 
Database.  

#: v2.0. URL = www.mutationtaster.org/ 

##: v2.2.2r398. URL = http://genetics.bwh.harvard.edu/pph2/. Score range: 0.0 (tolerated) to 1.0 
(deleterious) 

###: v6.2.1. URL = http://sift.jcvi.org/. Score range: 0.0 (deleterious) to 1.0 (benign). Prediction cut-off 
= 0.05. 
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