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Abstract

Charcot–Marie–Tooth disease Type 2E/1F (CMT2E/1F) is a peripheral neuropathy cau-

sed bymutations in neurofilament protein L (NFL), which is one of five neurofilament sub-

unit proteins that co-assemble to form neurofilaments in vivo. Prior studies on cultured

cells have shown that CMT2E/1F mutations disrupt neurofilament assembly and lead to

protein aggregation, suggesting a possible diseasemechanism. However, electronmicros-

copy of axons in peripheral nerve biopsies from patients has revealed accumulations of

neurofilament polymers of normal appearance and no evidence of protein aggregates. To

reconcile these observations, we reexamined the assembly of seven CMT2E/1F NFL

mutants in cultured cells. None of the mutants assembled into homopolymers in

SW13vim- cells, but P8R, P22S, L268/269P, and P440/441Lmutant NFL assembled into

heteropolymers in the presence of neurofilament protein M (NFM) alone, and N98S,

Q332/333P, and E396/397K mutant NFL assembled in the presence of NFM and per-

ipherin. P8R, P22S, N98S, L268/269P, E396/397K, and P440/441L mutant NFL co-

assembled into neurofilaments with endogenous NFL, NFM, and α-internexin in cultured

neurons, although the N98S and E396/397Kmutants showed reduced filament incorpo-

ration, and the Q332/333P mutant showed limited incorporation. We conclude that all

the mutants are capable of assembling into neurofilaments, but for some of the mutants

this was dependent on the identity of the other neurofilament proteins available for co-

assembly, and most likely also their relative expression level. Thus, caution should be

exercised when drawing conclusions about the assembly capacity of CMT2E/1F mutants

based on transient transfections in cultured cells.
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1 | INTRODUCTION

Charcot–Marie–Tooth (CMT) disease, or hereditary motor and sen-

sory neuropathy, is one of the most common inherited neurological

disorders with an incidence of 1 in 2,500 individuals (Saporta & Shy,

2013; Skre, 1974). CMT presents with a loss of motor and sensory

function in the periphery that slowly progresses proximally over time.

The disease is debilitating but not fatal, with an age of onset ranging

from infancy to middle age (Suter & Scherer, 2003). Clinically, CMT is

categorized by electromyography as either Type 1 (decreased nerve

conduction velocities, indicative of demyelination) or Type

2 (decreased compound muscle action potentials, indicative of axonal
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degeneration and denervation) (Suter & Scherer, 2003). Genetically,

the disease can be caused by mutations in >80 different genes

(Timmerman, Strickland, & Züchner, 2014).

Mutations in the low molecular weight neurofilament triplet pro-

tein (NFL) give rise to CMT disease that is classified as Type 2E or 1F

depending on the clinical presentation (Horga et al., 2017; Yang, Gu,

Burnette, & Li, 2016). One explanation for this variable diagnosis is

that there is a loss of axon caliber which decreases conduction veloc-

ity without demyelination (Lancaster et al., 2018), thereby making

what is an axonal (Type 2) disease sometimes appear to be demyelin-

ating (Type 1). More than 30 disease-causing mutations have been

described which span the entire length of the NFL protein. Most are

dominant missense mutations, which are the focus of our present

study.

Neurofilaments, which are the intermediate filaments of neurons,

are abundant space-filling cytoskeletal polymers that are transported

into and along axons where they contribute to the growth of axonal

caliber (Brown, 2009; Perrot, Berges, Bocquet, & Eyer, 2008). NFL is

one of five neurofilament subunit proteins (NFL, NFM, NFH, per-

ipherin, and α-internexin) that co-assemble to form neurofilament

polymers (Lee & Cleveland, 1996; Yuan et al., 2006, 2012). The

expression of these proteins varies depending on the neuronal cell

type and stage of development, with peripherin expressed only in the

peripheral nervous system (Yuan et al., 2012).

Several laboratories have investigated the effects of CMT2E/1F

missense mutations on NFL co-assembly with other neurofilament

proteins in SW13vim- cells, which are human adrenal adenocarcinoma

cells that lack endogenous cytoplasmic intermediate filaments (Sarria,

1990; Yamamichi-Nishina et al., 2003). The P8R and P8Q mutants

formed filamentous bundles or nonfilamentous aggregates, whereas

the P8L, P22T, E90K, N98S, and Q332/333P mutants formed only

nonfilamentous aggregates (Brownlees et al., 2002; Gentil,

Mushynski, & Durham, 2013; Leung, Nagan, Graham, & Liem, 2006;

Perez-Olle et al., 2005; Perez-Olle, Jones, & Liem, 2004; Perez-Olle,

Leung, & Liem, 2002; Sasaki et al., 2006; Yum, Zhang, Mo, Li, &

Scherer, 2009). The P22S mutant formed filaments in one study,

although they were excessively bundled or fragmented in some cells

(Perez-Olle et al., 2005), but formed only nonfilamentous aggregates

in another (Sasaki et al., 2006). The P8R and Q332/333P mutants also

formed aggregates and/or inclusions in cultured neurons (Brownlees

et al., 2002; Perez-Olle et al., 2005; Zhai, Lin, Julien, & Schlaepfer,

2007), although some have reported that this was preceded by incor-

poration into neurofilaments (Gentil et al., 2013; Tradewell, Durham,

Mushynski, & Gentil, 2009). The general conclusion from all these

reports is that most of the CMT2E/1F NFL mutants examined are

unable to assemble into filaments and, instead, the mutant NFL pro-

tein has a dominant negative effect on filament assembly creating

amorphous aggregations within the cell (Brownlees et al., 2002; Leung

et al., 2006; Sasaki et al., 2006; Zhai et al., 2007).

In contrast to the studies in cell culture, electron microscopy has

revealed abundant neurofilament polymers in axons of sural nerve

biopsies from CMT2E/1F patients (Benedetti et al., 2010; Doppler,

Kunstmann, Krüger, & Sommer, 2017; Fabrizi, Cavallaro, Angiari,

Bertolasi, et al., 2004; Fabrizi, Cavallaro, Angiari, Cabrini, et al., 2007;

Züchner, Vorgerd, Sindern, & Schröder, 2004) as well as in cell bodies

and proximal axons of a mouse model of CMT2E/1F (Lancaster et al.,

2018; Zhao, Brown, & Liem, 2017). Neurofilaments are also abundant

in embryonic and adult neurons cultured from these mice, albeit with

axonal and/or and somal accumulations (Zhao et al., 2017). To recon-

cile these apparently conflicting reports, we reexamined the assembly

capabilities of CMT2E/1F mutant NFL in cultured cells.

2 | MATERIALS AND METHODS

2.1 | Molecular cloning

The wild type human NFL cDNA plasmid (phNFL) was created using a

cDNA construct provided by Shin-Ichi Hisanaga (Sasaki et al., 2006).

The cDNA (GenBank Accession number NM_006158) was excised

with BamHI (New England Biolabs, Ipswich, MA) and cloned into the

multiple cloning site of vector pEGFP-C1 (Takara Bio USA, Mountain

View, CA) in which the green fluorescent protein (GFP) sequence had

previously been excised (Uchida, Alami, & Brown, 2009). The

CMT2E/1F mutant NFL plasmids were created by site-directed muta-

genesis (QuikChange Lightning Site-Directed Mutagenesis Kit, Agilent

Technologies, Santa Clara, CA) using the wild type construct as a tem-

plate. The amino acid and nucleotide changes were as follows:

Pro8Arg, 23C>G (phNFL-P8R); Pro22Ser, 64C>A, 65C>G (phNFL-

P22S); Asn98Ser, 293A>G (phNFL-N98S); Leu268Pro, 803T>C

(phNFL-L268P); Gln332Pro, 995A>C (phNFL-Q332P); Glu396Lys,

1186G>A (phNFL-E396K); and Pro440Leu, 1319C>T (phNFLP440L).

The human NFM cDNA plasmid (phNFM) was created using a cDNA

provided by Virginia Lee (Pleasure, Lee, & Nelson, 1990; GenBank

Accession number NM_005382.2). A Kozak consensus sequence was

added by PCR and then the coding region was excised using EcoRI

and KpnI (New England Biolabs) and subcloned into the Takara Bio

vector (without GFP) described above. The human peripherin cDNA

(PRPH; GenBank Accession number NM_006262.3) in the

mammalian-expression vector pCMV-SPORT6 was purchased from

Dharmacon (Lafayette, CO, cat# MHS 6278-202802013). The human

α-internexin cDNA plasmid (phINA) was created using a cDNA con-

struct purchased from Dharmacon (cat# MHS 6278-202831005). The

cDNA (GenBank accession number NM_032727.3) was amplified by

PCR to introduce flanking EcoRI and KpnI restriction sites, and then

subcloned into the Takara Bio vector (without GFP) described above.

The wild type rat NFL-EGFP fluorescent fusion plasmid (prNFL-

EGFP) was created from a rat pNFL-myc construct provided by Chris

Miller (Yates et al., 2009). First, we used PCR to amplify the NFL

sequence without the myc tag. Then, we cloned this PCR product into

the multiple cloning site of a pEGFP-N3 vector (Takara Bio USA) using

EcoRI and BamHI (New England Biolabs) to yield the linker sequence

50-GGATCCATCGCCACC-30. The resulting plasmid coded for GFP

connected to the C-terminus of rat NFL by a five amino acid linker

with the sequence -Gly-Ser-Ile-Ala-Thr-. The sequence was confirmed

to agree with GenBank reference sequence NM_031783.1 except for

a silent mutation at nucleotide 1590G>A. CMT2E/1F mutations
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homologous to those in the human NFL constructs were introduced

into the prNFL-EGFP construct by site-directed mutagenesis as

described above. The amino acid and nucleotide changes were as fol-

lows: Pro8Arg, 23C>G (prNFL-P8R-EGFP); Pro22Ser, 64C>A, 65C>G

(prNFL-P22S-EGFP); Asn98Ser, 293A>G (prNFL-N98S-EGFP);

Leu269Pro, 806T>C, 807G>C (prNFL-L269P-EGFP); Gln333Pro,

998A>C, 999G>C (prNFL-Q333P-EGFP); Glu397Lys, 1189G>A

(prNFL-E397K-EGFP); and Pro441Leu, 1322C>T, 1323A>G (prNFL-

P441L-EGFP). Note that there is a serine inserted at position 251 in

the rat sequence which shifts all amino acids thereafter by one when

compared with the human sequence. Thus, the mutations L268P,

Q332P, E396K, and P440L in human NFL correspond to L269P,

Q333P, E397K, and P441L, respectively, in rat NFL. To reflect this,

these mutants are referred to as L268/269P, Q332/333P,

E396/397K, and P440/441L in this manuscript. The untagged rat

NFM cDNA plasmid (prNFM) was generated by excising the GFP from

the pEGFP-NFM construct previously reported (Wang, Ho, Sun,

Liem, & Brown, 2000) using AgeI and BspEI restriction enzymes (New

England Biolabs).

The sequence of the entire open reading frame of each construct

was confirmed using Sanger sequencing. All plasmids were amplified

in DH5α competent cells (Thermo Fisher Scientific, Waltham, MA)

and then purified to transfection quality and concentration using a

Qiagen endotoxin-free maxi kit (Qiagen USA, Germantown, MD).

2.2 | Cell culture

Human adrenal adenocarcinoma SW13vim- cells, which lack endoge-

nous vimentin, were obtained from Dr Robert Evans of the University

of Colorado Denver, Denver, CO (Sarria, 1990) and cultured in DMEM/

F12 (Thermo Fisher Scientific) supplemented with 5% fetal bovine

serum (HyClone, GE Healthcare, Chicago, IL) and 10 μg/ml gentamicin

(MilliporeSigma, Burlington, MA) as described previously (Yan, Jensen, &

Brown, 2007). Cortical neurons were obtained from newborn (postnatal

day 0) rats and cultured using the glial-sandwich method (Goslin,

Hannelore, & Banker, 1998; Kaech & Banker, 2006) in NbActiv4™

medium (BrainBits, Springfield, IL) as described previously (Uchida,

Monsma, Fenn, & Brown, 2016). Both SW13vim- cells and neurons

were cultured in coverslip-bottomed 35 mm dishes coated with poly-D-

lysine (MilliporeSigma) and maintained at 37�C in a humidified atmo-

sphere with 5% CO2 as described previously (Uchida et al., 2016).

2.3 | Transfection

SW13vim- cells were transfected with human neurofilament plasmids

16–20 hr after plating using Lipofectamine 2000 (Thermo Fisher Sci-

entific) according to the manufacturer's instructions with the following

exceptions: the Lipofectamine was diluted in DMEM/F12 media, the

mixture was incubated at 37�C for 20 min before adding it to the cul-

ture dishes, and the dishes were incubated for 3–4 hr at 37�C before

the media was replaced. Rat cortical neurons were transfected with

rat neurofilament plasmids by electroporation using a Lonza

Nucleofector™ II electroporator and Rat Neuron Nucleofector™ kit

(Basel, Switzerland, cat# VAPG-1003) with program G-013 according

to the manufacturer's instructions. One hour after plating, the culture

medium was replaced with fresh medium in order to remove dead

cells and debris.

2.4 | Fixation

SW13vim- cells were fixed 18–24 hr after transfection and neurons

were fixed 9 days after plating. After aspirating the medium, the cells

were rinsed twice with PBS and then fixed with 4% formaldehyde in

PBS (Thermo Fisher Scientific) at room temperature for 30 min. After

fixation, the cells were rinsed twice more with PBS and then perme-

abilized with 1% Triton-X in PBS for 15 min at room temperature.

After permeabilization, the cells were rinsed 3 times with PBS and

immunostained.

2.5 | Immunostaining

The fixed and permeabilized cells were blocked with 4% donkey

serum (Jackson ImmunoResearch, West Grove, PA) in PBS for 10 min

at room temperature. Cells were incubated in primary and then sec-

ondary antibodies diluted in the same blocking solution, each for

45 min at 35�C, rinsing and blocking in between. NFL was visualized

with a rabbit polyclonal antibody, provided by Virginia Lee

(Trojanowski, Kelsten, & Lee, 1989), at a 1:400 dilution and Alexa

488 donkey anti-rabbit secondary antibody (Thermo Fisher Scientific,

cat# A-21206) at a 1:400 dilution. NFM was visualized with phospho-

independent mouse monoclonal antibody RMO270 (Thermo Fisher

Scientific, cat# 13-0700) at a 1:400 dilution and Cy3 donkey anti-

mouse secondary antibody (Jackson ImmunoResearch) at a 1:400 dilu-

tion. Vimentin was visualized with chicken polyclonal antibody Poly

29191 (BioLegend, San Diego, CA, cat# 919101) at a 1:1,800 dilution

and Alexa 647 donkey anti-chicken secondary antibody (Jackson

ImmunoResearch) at a 1:400 dilution. Alpha-internexin was visualized

with rabbit polyclonal antibody αBB, provided by Ron Liem (Ching,

Chien, Flores, & Liem, 1999), at a 1:100 dilution and Alexa 647 donkey

anti-rabbit secondary antibody (Thermo Fisher Scientific) at a 1:400

dilution. GFP-tagged NFL was visualized with a chicken polyclonal

antibody (Abcam, Cambridge, UK, cat# ab13970) at a 1:1,000 dilution

and Alexa 488 donkey anti-chicken secondary antibody (Jackson

ImmunoResearch) at a 1:400 dilution. After immunostaining, the cells

were mounted in Fluoromount™ (Southern Biotech, Birmingham, AL).

For counting, the cells were counterstained with DAPI (Thermo Fisher

Scientific, cat# D1306) according to the manufacturer's instructions

and mounted in ProLong Gold™ (Thermo Fisher Scientific, cat#

P36930).

2.6 | Microscopy and imaging

Immunostained SW13vim- and nerve cells were observed using an

Andor Revolution WD spinning disk confocal microscope (Andor

Technology Ltd, Belfast, UK) incorporating a Yokogawa CSU-W1 con-

focal scanning unit (Yokogawa Electric Corporation, Tokyo, Japan)
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attached to a Nikon TiE inverted epifluorescence microscope (Nikon

Instruments, Melville, NY). Excitation of fluorophores was achieved

using the following solid-state laser lines: a 100 mW 405 nm diode

laser, a 50 mW 488 nm DPSS laser, a 50 mW 561 nm DPSS laser, and

a 100 mW 640 nm diode laser. A 405/488/561/640 quadruple multi-

bandpass dichroic was used in combination with the following emis-

sion filters: 452/45 (BFP), 525/50 (GFP), 600/50 (RFP), and 700/75

(Cy5). Images were acquired using a Nikon 100x/1.4 NA Plan Apo VC

oil-immersion objective and an Andor Neo 16-bit sCMOS camera. Liv-

ing nerve cells were observed by wide-field epifluorescence after

9 days in culture using a Nikon TiE inverted microscope equipped

with an X-Cite 120 LED illuminator (Excelitas Technologies Corp.,

Waltham, MA). The observation medium was composed of Hibernate

A medium (low fluorescence formulation) supplemented with 2% (v/v)

B27, 0.5 mM glutamax, and 37.5 mM NaCl. Cells were maintained at

37�C using an Okolab H301 stage-top incubator (Okolab, Ottaviano,

Italy) and a Bioptechs objective heater (Butler, PA). Time-lapse movies

were acquired with 300 ms exposures and 3 s intervals using an ET-

GFP filter set (#49002; Chroma Technology, Bellows Falls, VT), a

Nikon 100x/1.4 NA Plan Apo VC oil-immersion objective, and an

Andor iXon ULTRA 897BV EMCCD camera.

2.7 | Quantification

Cell counting was conducted on the wide-field epifluorescence micro-

scope described above using an ET-GFP filter set (see above) and an

ET-mCherry filter set (#49008; Chroma Technology). Fields of view

were chosen randomly in the upper left, upper right, lower right, and

lower left quadrants of the dish. Counting was conducted in at least

three fields of view in each quadrant. Cells were verified to have or

lack visible filaments using both the green and red filter cubes, or with

the green filter cube alone. A tally of filamentous and nonfilamentous

cells for each dish was maintained and then the percent of all cells

observed with filaments when positively transfected with both plas-

mids was averaged across three replicated experiments.

2.8 | Experimental design and statistical analysis

All experiments were repeated independently at least 3 times. Each

SW13vim- experiment was performed with a different cell passage.

Each cortical neuron experiment was performed with cultures

established from a different litter of rat pups. The cell counting was

performed on at least three separate experiments with at least two

dishes per experimental condition. Approximately 100–300 cells were

counted per dish in the double transfection experiment, and 30–150

cells were counted per dish in the triple transfection experiment. The

statistical analysis for the cell counting was performed with a two-

tailed student's t test assuming unequal variances. Error bars indicate

SD throughout.

3 | RESULTS

3.1 | Choice of mutants

There are 34 reported CMT2E/1F NFL mutations in human patients

(Figure 1) (Doppler et al., 2017; Fu & Yuan, 2018; Horga et al., 2017;

Lerat et al., 2019; Sainio et al., 2018). These are primarily missense

mutations, but there are also frameshift, deletion, and nonsense

F IGURE 1 Schematic of the known CMT2E/1F NFL mutations. The NFL protein is represented as a horizontal black bar, with thickened
regions representing the portions of the rod domain that are predicted to form α-helical coiled-coils based on sequence alignment with
human vimentin (Chernyatina, Guzenko, & Strelkov, 2015). Missense mutations (labeled below the schematic) are the most common, but
there are also frameshift, deletion, and nonsense mutations (labeled above the schematic). Within the rod domain, all the nonsense mutations
with known inheritance patterns are recessive, while the nonsense mutation found in the tail domain is dominantly inherited. The mutants
used in the present study are marked in red. Source. Data from Abe et al. (2009), Agrawal et al. (2014), Baets et al. (2011), Benedetti et al.
(2010), Berciano et al. (2015, 2016), Bhagavati et al. (2009), Butinar et al. (2008), Choi et al. (2004, 2012), De Jonghe et al. (2001), DiVincenzo
et al. (2014), Doppler et al. (2017), Drew et al. (2015), Elbracht et al. (2014), Fabrizi et al. (2004), Fabrizi et al. (2007), Fu and Yuan (2018),
Georgiou et al. (2002), Hashiguchi et al. (2014), Horga et al. (2017), Jordanova et al. (2003), Lerat et al. (2019), Leung et al. (2006), Lin et al.
(2011), Luigetti et al. (2016), Manganelli et al. (2014), Mersiyanova et al. (2000), Miltenberger-Miltenyi et al. (2007), Noto et al. (2015),
Pisciotta et al. (2015), Sainio et al. (2018), Shin et al. (2008), Sivera et al. (2013), Werheid et al. (2016), Yang et al. (2016), Yoshihara et al.
(2002), Yum et al. (2009), Züchner et al. (2004) [Color figure can be viewed at wileyonlinelibrary.com]
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mutations. The mutations are distributed throughout the NFL protein,

but appear more frequently in the head and rod domains than in the

tail domain. For the present study, we focused on mutations that have

been studied previously in cultured cells (Brownlees et al., 2002;

Gentil et al., 2013; Perez-Olle et al., 2002, 2004, 2005; Sasaki et al.,

2006; Tradewell et al., 2009; Yum et al., 2009; Zhai et al., 2007),

and/or mutations for which there are published electron micrographs

of nerve biopsies from CMT2E/1F patients (Benedetti et al., 2010;

Elbracht et al., 2014; Fabrizi, Cavallaro, Angiari, Bertolasi, et al., 2004;

Fabrizi, Cavallaro, Angiari, Cabrini, et al., 2007; Horga et al., 2017;

Luigetti et al., 2016; Pisciotta et al., 2015; Züchner et al., 2004). Fol-

lowing these criteria, the following mutations were selected: P8R,

P22S, N98S, L268P, Q332P, E396K, and P440L (highlighted in red in

Figure 1). These mutations are also among the most commonly

encountered in CMT2E/1F patients (Horga et al., 2017).

3.2 | None of the mutant proteins can assemble into
homopolymers

Rodent NFL, M, and H are incapable of forming homopolymers in

cells (Ching & Liem, 1993; Lee, Xu, Wong, & Cleveland, 1993). In

contrast, human NFL can assemble into homopolymers in cells,

although it preferentially co-polymerizes with other neurofilament

proteins when those proteins are present (Carter et al., 1998). To test

the ability of CMT2E/1F mutant human NFL to form homopolymers,

we transfected mutant constructs into SW13vim- human adrenal

adenocarcinoma cells and visualized the expressed proteins by immu-

nofluorescence microscopy following immunostaining (Figure 2).

SW13vim- cells lack endogenous cytoplasmic intermediate filaments

due to spontaneous silencing of vimentin expression (Sarria, 1990;

Yamamichi-Nishina et al., 2003) and are therefore a valuable tool for

studying intermediate filament proteins because they allow the

expression of one or more exogenous proteins in the absence of any

endogenous cytoplasmic intermediate filament protein. Since these

cells can revert to a vimentin-expressing state over time (Yamamichi-

Nishina et al., 2003), we routinely co-stained with a vimentin anti-

body to confirm the absence of vimentin in the cells that we imaged.

The average rate of reversion (i.e., proportion of vimentin-positive

cells) in our cultures was 0.8%.

F IGURE 2 SW13vim- cells expressing mutant NFL alone.
Representative images of SW13vim- cells expressing (a) wild type or
(b-h) mutant human NFL and immunostained for NFL. All cells were

confirmed to lack vimentin protein by co-staining for vimentin (data
not shown). Panel (a0) shows an entire SW13vim- cell transfected with
wild type human NFL. The yellow line marks the outline of the cell
and the white box marks the portion of the cell shown in (a). For the
other SW13vim- cell images in this figure and the rest of this article,
we use a higher magnification but show only a portion of each cell in
each panel in order to conserve space. Wild type human NFL formed
homopolymers in 64% of the transfected cells (note the short
filaments in a), but the human NFL mutants did not form filaments in
any of the transfected cells (note the punctate appearance of the NFL
protein in b–h). Scale bar = 5 μm. WT, wild type; NFL, neurofilament
protein L [Color figure can be viewed at wileyonlinelibrary.com]
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On average, 64% of the cells transfected with wild type human NFL

alone contained filaments but, typically, they were relatively short

(447 cells counted in four dishes from two separate experiments;

Figure 2a). The remaining cells exhibited a punctate fluorescence. In

contrast, none of the cells expressing human CMT2E/1F mutant NFL

contained filaments (124–462 cells counted in two dishes from one

experiment for each mutant). Instead, these cells all presented with

punctate fluorescence (Figure 2b–h). The punctate, as opposed to dif-

fuse, appearance suggests that the protein may have had some capacity

for self-association, perhaps into short oligomeric assemblies, but the

resolution of our images is not sufficient to confirm this. Nevertheless,

these data show that while wild type human NFL can form homopoly-

mers, all of the human CMT2E/1F mutants examined lack this

capability.

3.3 | The P8R, P22S, L268P, and P440L mutants can
co-assemble with NFM

Mammalian neurons express multiple neurofilament proteins in vivo

and these proteins preferentially co-assemble. For example, in

rodents, the developmental expression of NFL is always accompanied

by the co-expression of NFM and peripherin and/or α-internexin, and

these proteins form heteropolymers (Nixon & Shea, 1992; Perrot &

Eyer, 2009). Also, in cultured neonatal mouse sympathetic neurons

which express NFL, NFM, α-internexin, and peripherin, all four of

these proteins are incorporated along the entire length of every neu-

rofilament (Yan et al., 2007). Similarly, when NFL is co-expressed with

other neurofilament proteins in SW13vim- cells, these proteins pref-

erentially co-assemble and are incorporated along the entire length of

each neurofilament (Ching & Liem, 1993; Lee et al., 1993). Thus,

neurofilaments are heteropolymers in vivo.

To investigate the ability of the CMT2E/1F mutants to form

heteropolymers, we co-expressed the wild type and mutant human

NFL with human NFM in SW13vim- cells. Figure 3 shows representa-

tive images and Figure 4 shows the quantification. Essentially every

cell that was positively transfected with both wild type NFL and NFM

had filaments (Figures 3a and 4). In addition, we also observed fila-

ments in most cells that were co-transfected with the P8R, P22S,

L268P, and P440L CMT2E/1F NFL mutants. The L268P and P440L

NFL mutants formed filaments in 82% and 95% of positively trans-

fected cells, respectively (Figure 4), and those filaments were indistin-

guishable from the wild type at the resolution of our images

(Figure 3e,h). The P8R and P22S mutants formed filaments in 84%

and 76% of transfected cells, respectively (Figure 4), although these

filaments tended to be somewhat shorter in length (Figure 3b,c). The

other three mutants (N98S, Q332P, and E396K) formed filaments in

less than 1% of cells that were co-expressing NFM (Figure 4). The

NFL and NFM in these cells co-localized in nonfilamentous puncta

F IGURE 3 SW13vim- cells expressing mutant NFL and NFM.
Representative images of SW13vim- cells co-transfected with human
NFM plus (a) wild type or (b-h) mutant human NFL and
immunostained for NFL (green) and NFM (magenta). All cells were
confirmed to lack vimentin by co-staining for vimentin (data not
shown). Wild type, P8R, P22S, L268P and P440L mutant NFL co-
assembled with NFM (note filaments in a, b, c, e and h) but N98S,
Q332P and E396K mutant NFL did not (note punctate fluorescence
in d, f and g). Scale bar = 5 μm. WT, wild type; NFL, neurofilament
protein L; NFM, neurofilament protein M [Color figure can be viewed
at wileyonlinelibrary.com]
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(Figure 3d,f,g), very similar in appearance to the mutant NFL in the

single transfection experiments shown in Figure 2.

3.4 | The N98S, Q332P, and E396K mutants can
assemble with NFM and peripherin

To investigate the potential of additional neurofilament polypeptides

to rescue the assembly defect observed for the N98S, Q332P, and

E396K NFL mutants in the presence of NFM, we co-expressed these

mutant proteins with human NFM and peripherin in SW13vim- cells.

The presence of peripherin did not interfere with the assembly of wild

type NFL (Figure 5a) which formed filaments in 96% of transfected

cells (Figure 6). In addition, we also observed assembly of the N98S,

Q332P, and E396K NFL mutants into filaments, which did not occur

in the absence of peripherin (Figures 3 and 4). The appearance of the

filaments was comparable to those formed with wild type NFL

(Figure 5b–d), although the incorporation of the N98S and Q332P

mutants was less continuous and the proportion of transfected cells

with filaments was lower for all three mutants (44%, 36%, and 70%

for N98S, Q332P, and E396K, respectively; Figure 6). We attempted

to perform quadruple staining of these cells for vimentin, NFL, NFM,

and peripherin, but were unable to identify a satisfactory peripherin

antibody. We also explored substituting α-internexin for peripherin

but did not observe a noticeable improvement in the extent of fila-

ment assembly compared to NFL plus NFM alone, so we did not pur-

sue those experiments further (data not shown).

3.5 | CMT2E/1F NFL mutant subunits can assemble
into an endogenous filamentous network

The NFL mutations examined here are inherited dominantly, so

patients are heterozygous for the mutant allele. Thus, in patients the

mutant NFL would be co-expressed with wild type NFL in addition to

the other expressed neurofilament proteins. To mimic this, we investi-

gated the assembly properties of CMT2E/1F mutant rat NFL in pri-

mary cultures of neonatal rat cortical neurons. These neurons express

NFL, NFM, and α-internexin but very little NFH and no peripherin

(our unpublished observations). To visualize the mutant NFL, we used

GFP-tagged NFL constructs and then either fixed the cells for immu-

nostaining or visualized the fusion proteins by live imaging. To avoid

the elevated diffuse GFP-NFL that can result from GFP-NFL over-

expression in these neurons, we co-transfected with untagged rat

F IGURE 4 Quantification of neurofilament assembly in
SW13vim- cells expressing mutant NFL and NFM. The bars

represent the percentage of cells expressing both NFL and NFM that
also contained filaments for the experiment shown in Figure 3. The
data for the wild type were obtained by counting 12 or more fields of
view per dish in 12 dishes from 6 different experiments (2 dishes per
experiment). The data for each mutant were obtained by counting
12 or more fields of view per dish in 6 dishes from 3 different
experiments (2 dishes per experiment). The differences between the
mutants and the wild type were all statistically significant (two-tailed
Student's t test assuming unequal variances). The asterisks represent
the p values: ** p < .005, *** p < .0005, **** p < .00005. The mutants
had the following degrees of freedom and p values, respectively: P8R
(5, 1.5 × 10−4); P22S (5, 1.6 × 10−5); N98S (11, 1.5 × 10−27); L268P
(5, 1.2 × 10−5); Q332P (10, 6.6 × 10−23); E396K (7, 1.2 × 10−15); and
P440L (5, 2.6 × 10−3). Error bars represent the SD. WT, wild type

F IGURE 5 SW13vim- cells expressing mutant NFL, NFM, and
peripherin. Representative images of SW13vim- cells co-transfected
with human NFL, NFM, and peripherin and immunostained for NFL
(green) and NFM (magenta). (a) The introduction of peripherin does
not alter the ability of wild type NFL to form filaments with NFM. (b–
d) Those NFL mutants that did not assemble into filaments with NFM
alone (N98S, Q332P, and E396K) were able to form filaments in the
presence of NFM and peripherin. Scale bar = 5 μm. WT, wild type;
NFL, neurofilament protein L; NFM, neurofilament protein M [Color
figure can be viewed at wileyonlinelibrary.com]
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NFM. Note that rat NFL has a serine insertion at amino acid 251 which

shifts all mutations beyond this point by one when compared to the

human mutations. Thus, L268P, Q332P, E396K, and P440L in human

NFL correspond to L269P, Q333P, E397K, and P441L in rat NFL.

Figure 7 shows representative images of neurofilaments in the

soma of cortical neurons immunostained for GFP, NFM, and

α-internexin. The relatively low neurofilament content of these neu-

rons permits single filaments to be resolved in the cell bodies and

along the axons (Uchida et al., 2013). The P8R, P22S, L269P, and

P441L mutants assembled into filaments that co-stained with NFM

and α-internexin along their entire length and that were indistinguish-

able in length and organization from the filaments in neurons

expressing wild type NFL (Figure 7b,c,e,h). The E397K, N98S, and

Q333P mutants also assembled into filaments with NFM and

α-internexin, but with successively decreasing efficacy. The neu-

rofilament content in these cells was lower and the cell soma con-

tained elevated punctate staining for the mutant protein, most

prominently for the Q333P mutant (Figure 7d,f,g). However, in no

case did we observe the aggregates and somal sequestration

described in previous reports (Brownlees et al., 2002; Perez-Olle

et al., 2005; Sasaki et al., 2006; Tradewell et al., 2009; Zhai et al.,

2007). These data reveal considerable diversity in the assembly prop-

erties of the CMT2E/1F mutants. The P8R, P22S, L269P, and P441L

mutants all apparently co-assembled fully with endogenous neu-

rofilament proteins in these neurons whereas the N98S, Q333P, and

E397K mutants apparently caused a partial disruption of the endoge-

nous neurofilament array and exhibited elevated nonfilamentous

mutant protein.

While the images in Figure 7 were selected to be representative

on average, it is important to note that there was considerable varia-

tion from cell to cell for some of the mutants, particularly N98S but

also to a lesser extent E397K (Figure 8). Most of the cells transfected

with these two mutants exhibited lower neurofilament densities and

weaker incorporation along single neurofilaments than for the wild

type protein or the P8R, P22S, L269P, and P441L mutants, with ele-

vated punctate staining for the mutant protein in the cell bodies

(Figure 8b,e). However, some cells exhibited abundant neurofilaments

with incorporation indistinguishable from the wild type (Figure 8a,d)

and others exhibited very low neurofilament densities and limited

incorporation (Figure 8c,f) similar to the typical appearance of cells

expressing the Q332P mutant (compare to Figure 7f). Thus, the N98S

and E397K mutants had the capacity for robust assembly into neu-

rofilament polymers in cortical neurons under certain conditions.

To confirm the incorporation of the mutant proteins into neu-

rofilament polymers in cortical neurons, we examined cells expressing

GFP-tagged wild type or mutant NFL by live imaging. In experiments

using the Q333P mutant, we did not encounter any cells containing

green fluorescent filaments. This suggests that any incorporation of

this mutant protein into neurofilaments was too low to detect by live-

cell imaging and is consistent with the limited incorporation observed

by immunostaining (Figure 7f). However, the other mutants did incor-

porate into filaments. The P8R, P22S, L269P, and P441L mutants all

exhibited levels of incorporation comparable to wild type NFL, with

bright and continuous GFP fluorescence along the entire length of

each filament (Figure 9a–c,e,g). The N98S and E397K mutants

exhibited noticeably weaker fluorescence, resulting in a lower signal-

to-noise ratio, although these proteins were still distributed continu-

ously throughout the filaments (Figure 9d,f).

3.6 | Neurofilaments containing CMT2E/1F mutant
NFL move rapidly and intermittently in cultured axons

There have been reports that P8R, P22S, P22T, and Q333P mutations

in NFL disrupt the axonal transport of neurofilaments in cultured neu-

rons (Brownlees et al., 2002; Perez-Olle et al., 2005). However, this

conclusion was based on a sequestration of neurofilament proteins in

cell bodies and depletion from axons, which we did not observe in our

experiments. To address this, we performed live imaging of neurons

expressing GFP-tagged mutant NFL. As stated previously, we did not

detect GFP-tagged neurofilaments in neurons expressing the Q333P

NFL mutant protein so were unable to record neurofilament move-

ment for this mutant. Cells expressing GFP-tagged P8R, P22S, N98S,

L269P, E397K, and P441L mutant NFL all contained fluorescent fila-

ments that moved in rapid, intermittent and bidirectional manner

through gaps in the neurofilament array (Figure 10b-g). The behavior

of the filaments was qualitatively indistinguishable from filaments

containing GFP-tagged wild type NFL (Figure 10a), although as noted

above, the filaments containing the N98S and E397K mutants were

fainter, resulting in a lower signal-to-noise ratio (Figure 10d,f). Thus,

neurofilaments containing P8R, P22S, N98S, L269P, E397K, or P441L

mutant NFL were all capable of movement in axons of these neurons.

F IGURE 6 Quantification of neurofilament assembly in
SW13vim- cells expressing mutant NFL, NFM, and peripherin. The
bars represent the percentage of cells expressing NFL and NFM that
also contained filaments for wild type NFL and the N98S, Q332P, and
E396K mutants. The data for each NFL construct were obtained by
counting 12 or more fields of view per dish in 6 dishes from 3 different
experiments (2 dishes per experiment). All three mutants formed
filaments in many cells, although the percentage of cells with filaments
was less than for the wild type and these differences were statistically
significant (two-tailed Student's t test assuming unequal variances). The
asterisks represent the p values: ** p < .005, *** p < .0005, ****
p < .00005. The mutants had the following degrees of freedom and
p values, respectively: N98S (5, 3.2 × 10−4); Q332P (8, 3.5 × 10−9);
E396K (6, 9.6 × 10−4). Error bars represent the SD. WT, wild type
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4 | DISCUSSION

In contrast to wild type NFL, none of the CMT2E/1F mutants exam-

ined in this study were able to assemble into homopolymers in

SW13vim- cells. However, the P8R, P22S, L268P, and P440L mutants

all co-assembled into neurofilaments with NFM alone, and the N98S,

Q332P, and E396K mutants co-assembled with NFM and peripherin.

Thus, the CMT2E/1F mutations examined here all caused some

impairment of the assembly properties of NFL, but all were capable of

co-assembly into neurofilaments depending on the context.

F IGURE 7 Assembly of GFP-tagged
mutant NFL in primary rat cortical
neurons. Representative images of
cultured primary rat cortical neurons
co-transfected with NFM and (a) GFP-
tagged wild type rat NFL or (b-h) GFP-
tagged mutant rat NFL, and then
immunostained for GFP (green), NFM
(magenta), and ɑ-internexin (blue) 9 days
later. Each panel shows a single neuronal
cell body with several branching
processes extending outward as well as
processes passing through the field of
view from other neighboring neurons.
The P8R, P22S, L269P, and P441L
mutants all formed filaments comparable
in appearance to the wild type (compare
a, b, c, e and h). The N98S and E397K
mutants assembled less efficiently,
exhibiting elevated punctate GFP
fluorescence in the soma (see green
fluorescence in Overlay in d and g). The
Q333P mutant exhibited very limited
assembly into filaments and higher levels
of punctate fluorescence in the soma (see

green fluorescence in Overlay in f). Note
that there is a serine insertion at amino
acid 251 in the rat NFL gene which shifts
all mutation nomenclature by one when
compared to the human mutations. Thus,
the L268P, Q332P, E396K, and P440L
mutations in human NFL correspond to
L269P, Q333P, E397K, and P441L in rat
NFL. Scale bar = 10 μm. GFP, green
fluorescent protein; NFL, neurofilament
protein L; NFM, neurofilament protein M;
INA, α-internexin [Color figure can be
viewed at wileyonlinelibrary.com]
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In cortical neurons, the P8R, P22S, L269P, and P441L mutants all

co-assembled with endogenous NFM and α-internexin. These cells

also express endogenous NFL, as do CMT2E/1F patients heterozy-

gous for a missense mutation; though, we were unable to confirm the

presence of endogenous NFL in the assembled filaments because

there are no antibodies that distinguish the wild type and mutant NFL

proteins. The N98S and E397K mutants also co-assembled into fila-

ments in these cells, but there was considerable variation from cell to

cell, with some cells exhibiting a normal neurofilament array with

extensive incorporation, and others exhibiting reduced neurofilament

density, weaker incorporation, and elevated punctate staining for the

mutant protein. The explanation for the variability is not clear, but

most likely it reflects variations in expression level that are common in

transient transfection experiments, suggesting that the ability of these

mutants to assemble into neurofilaments may be sensitive to the stoi-

chiometry of the available neurofilament subunit proteins. The Q333P

mutant exhibited very limited incorporation into neurofilaments in the

cortical neurons. The ability of this mutant to co-assemble with NFM

F IGURE 8 Examples of the cellular variation in assembly for two NFL mutants in primary rat cortical neurons. Images of cells exhibiting
(a,d) robust assembly, (b,e) less assembly, and (c,f) limited or no assembly for the N98S mutant and the E397K mutant. The transfection and
immunostaining conditions were identical to those in Figure 7. Note that the cells with more limited incorporation also exhibit elevated punctate
GFP fluorescence in the soma, indicative of less efficient incorporation into filaments (see green fluorescence in Overlay). Scale bar = 10 μm. WT,
wild type; GFP, green fluorescent protein; NFL, neurofilament protein L; NFM, neurofilament protein M; INA, α-internexin [Color figure can be
viewed at wileyonlinelibrary.com]
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in SW13vim- cells in the presence of peripherin, and the fact that cor-

tical neurons express no peripherin, suggests that peripherin may be

more able to rescue the defective assembly of this mutant than NFM

or α-internexin. A caveat to these experiments is that they were per-

formed in cortical neurons. We used these neurons because of their

low neurofilament content in primary cell culture, permitting us to

readily resolve neurofilament polymers by fluorescence microscopy.

Moving forward, it will be important to confirm the assembly proper-

ties of the Q332/333P mutants in lower motor and sensory neurons,

which are the neuronal cell types primarily affected in CMT2E/1F

in vivo, and particularly in different subclasses of those neurons that

differ in their peripherin expression (Ferri et al., 1990; Goldstein,

Grant, House, Henken, & Gainer, 1996; Holford, Case, & Lawson,

1994). Specifically, our data suggest that neurons which express NFL

and peripherin may be less vulnerable to the disruptive effects of the

mutant NFL than those which express NFL alone.

Figure 11 summarizes our observations. Collectively, these data sug-

gest a hierarchy of assembly capability among the CMT2E/1F mutants

from unimpaired to most impaired as follows: WT > P440/441L >

L268/269P > P8R > P22S > E396/397K > N98S > Q332/333P. The

lower neurofilament density in many of the neurons expressing the

E397K, N98S, and Q333P mutants suggests that these mutants, at least

at certain expression levels, are capable of disrupting the stability or

assembly of neurofilaments. One possibility is that there is a certainmax-

imum “load” that a filament can tolerate for each mutant and that at

levels that exceed this load, filaments may be unstable or fail to form

(Figure 12). According to this hypothesis, the mutants toward the top of

the hierarchy (e.g., P440/441L) would be considering “high load”

mutants, meaning that filaments can tolerate a high proportion of these

mutant subunits, whereas mutants toward the bottom of the hierarchy

(e.g., Q332/333P)would be considered “low load”mutants,meaning that

the filaments can tolerate only a low proportion of these mutants. Con-

sistent with this idea, we noted that live imaging of GFP-tagged mutants

revealed lower incorporation of the N98S and E397K mutants in neuro-

filaments compared to the other mutants higher up the hierarchy.

Several of the mutants that we examined (P8R, P22S, N98S, and

Q332/333P) have been studied previously in cultured cells, some-

times with conflicting results. Human and rat P8R NFL mutants were

reported to form nonfilamentous puncta, aggregates, and/or filamen-

tous bundles with NFM and/or NFH in SW13vim- cells and also to

form aggregates in neuronal CAD cells (Brownlees et al., 2002; Perez-

Olle et al., 2002, 2004, 2005). Similar results were reported for P8Q

and P8L NFL mutants in SW13 vim- cells (Perez-Olle et al., 2002).

Human P22S mutant NFL was reported to form filaments and fila-

mentous bundles with NFM in SW13vim- cells in one study (Perez-

Olle et al., 2004), but nonfilamentous aggregates with NFM or NFH in

the same cells in another study (Sasaki et al., 2006). Human N98S

mutant NFL was reported to form nonfilamentous aggregates with

NFM in SW13vim- cells (Perez-Olle et al., 2004), and both human and

rodent P8R and Q332/333P mutants as well as human P22S and

P22T mutants have also been reported to form nonfilamentous aggre-

gates in primary neurons (Brownlees et al., 2002; Sasaki et al., 2006;

Zhai et al., 2007). Tradewell et al. (2009) reported that rodent P8R

and Q333P mutant NFL incorporated into neurofilaments in cultured

sensory neurons prior to disrupting those filaments, and Gentil et al.

(2013) reported that the rodent P8R mutant caused neurofilament

bundling in those neurons. Lastly, human or rodent Q332/333P

mutant NFL was reported to form nonfilamentous aggregates with

NFM and/or NFH in SW13vim- cells and in neuronal CAD cells

(Perez-Olle et al., 2005) and primary neurons (Gentil et al., 2013;

Sasaki et al., 2006; Tradewell et al., 2009; Zhai et al., 2007). In con-

trast to these reports, we found that P8R and P22S mutant NFL

assembled readily into neurofilaments of normal appearance in both

SW13vim- cells and in cortical neurons, and both the N98S and

Q332P mutants were capable of assembling into neurofilaments in

SW13vim- cells when co-transfected with NFM and peripherin. While

F IGURE 9 Live imaging of GFP-tagged mutant NFL
incorporation along single filaments. Primary rat cortical neurons

were co-transfected with NFM and (a) GFP-tagged wild type rat NFL
or (b-g) GFP-tagged mutant rat NFL, and then imaged live 9 days
later. We show three representative examples (1–3) of single axonal
neurofilaments for each mutant. For each mutant, the three examples
were taken from three different dishes and from at least two
independent experiments. The Q333P mutant is not shown because
we did not observe any cells with filaments containing detectable
GFP fluorescence using this mutant. Note that the signal-to-noise
ratio of the filaments is comparable to wild type for the P8R, P22S,
L269P, and P440L mutants, but lower for the N98S and E397K
mutants. Scale bar = 3 μm. WT, wild type; GFP, green fluorescent
protein; NFL, neurofilament protein L
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the Q333P mutant exhibited very limited incorporation into filaments

in cortical neurons, the N98S mutant could assemble into filaments in

these neurons.

It should be noted that several of the above studies also reported

an impairment of neurofilament entry into axons of CAD cells and pri-

mary neurons expressing P8R, P8L, P8Q, E89K, N98S, or Q333P

mutant NFL, which implied that there was an impairment of

neurofilament transport (Brownlees et al., 2002; Perez-Olle et al.,

2004, 2005). Importantly, however, those studies also reported that

the same mutants disrupted neurofilament assembly. Thus, since neu-

rofilament polymers are the cargoes of neurofilament protein trans-

port, it seems most likely that the transport impairment was due to

the effect of the mutants on neurofilament polymer integrity. In our

hands, GFP fusions of the P8R, P22S, N98S, L269P, E397K, and

F IGURE 10 Movement of neurofilaments containing GFP-tagged mutant NFL. Primary rat cortical neurons were co-transfected with NFM
and (a) GFP-tagged wild type rat NFL and (b–g) GFP-tagged mutant rat NFL and then imaged live 9 days later. The images are stills from
representative time-lapse movies showing the movement of single neurofilament polymers through gaps in the axonal neurofilament array
(regions that lack other neurofilament polymers). The time-lapse interval was 3 s. The GFP-tagged proteins assembled efficiently into filaments
resulting in a low level of diffuse fluorescence in the gaps for all the mutants shown here. The yellow lines trace the paths of the moving
neurofilaments (path), obtained by creating a maximum intensity projection of the corresponding time-lapse movie. The leading end of the
moving filament is indicated by a green arrow, and the trailing end by a magenta arrow. The time point of each still image is indicated in the top
left corner of each frame. The P8R, P22S, N98S, L269P, and E397 mutants all incorporated into filaments that moved in a rapid, intermittent, and
bidirectional manner qualitatively indistinguishable from the wild type protein, although the images for the N98S and E397K mutants were
grainier due to the lower level of incorporation of these mutant proteins (Figure 9). The Q333P mutant is not shown because we did not observe
any cells with filaments containing detectable GFP fluorescence using this mutant. Scale bar = 10 μm. WT, wild type; GFP, green fluorescent
protein; NFL, neurofilament protein L [Color figure can be viewed at wileyonlinelibrary.com]
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P441L NFL mutants all co-assembled readily into neurofilaments in

cortical neurons and direct observation of the filaments by time-lapse

imaging revealed that they moved in a rapid, intermittent, and bidirec-

tional manner that was qualitatively indistinguishable from wild type

NFL. We did not perform a kinetic analysis so we cannot exclude the

possibility that these mutants caused subtle impairments of neu-

rofilament transport that could have significance for the disease path-

ogenesis, but our data do demonstrate that neurofilaments containing

these mutant proteins are capable of rapid intermittent movement.

The explanation for the differences between our findings and the

published reports discussed above is unclear, but we note that all of

these studies, including our own, involved transient transfection experi-

ments which afforded no control over expression level. Anecdotally, we

have noted that neurofilament proteins aggregate when expressed at

high levels. Thus, we suggest that the capacity of the mutant proteins to

assemble and be transported may be sensitive to their expression level,

and that the filamentous or nonfilamentous aggregates that have been

reported by others may have been due to elevated levels of expression.

Overall, these considerations suggest that caution should be exercised

when interpreting the assembly and transport properties of mutant neu-

rofilament proteins in cultured cells using transient transfection.

Our observations on the capacity of CMT2E/1F mutants to

assemble into neurofilaments without disurption of the endogenous

neurofilament array is consistent with observations of assembled

neurofilaments in electron microscopic studies of nerve biopsies from

CMT2E/1F patients. Fabrizi et al. (2004) and Fabrizi et al. (2007)

described a mix of atrophic and swollen axons in patients with the

P22S, C322-N326del, or L268P mutations and the swollen axons

were packed with neurofilament polymers that were disorganized but

otherwise normal in appearance. Both Züchner et al. (2004) and

Fabrizi et al. (2007) described similar neurofilament accumulations in

patients with the E396K mutation, as did Benedetti et al. (2010) for a

patient with the P440L mutation. Unfortunately, no patient biopsy

data exist for the Q332P mutation. Also, the magnification of publi-

shed electron micrographs of sural nerve biopsies from patients with

the P8R and N98S mutations are too low to discern if neurofilament

polymers were present (Horga et al., 2017; Luigetti et al., 2016). How-

ever, accumulations of neurofilament polymers of normal appearance

have been reported in proximal axons and cell bodies of neurons in

knock-in mice heterozygous for the N98S mutant allele (Lancaster et al.,

2018; Zhao et al., 2017), in the cell bodies and axons of sensory neurons

cultured from these mice (Zhao et al., 2017), and in the cell bodies and

axons of motor neurons differentiated from a patient-derived iPSC line

heterozygous for the N98S mutation (Saporta et al., 2015). In light of

our present data, these studies suggest that CMT2E/1F may not be a

F IGURE 11 Table summarizing the data for the NFL mutants.
The assembly capability of each of the CMT2E/1F mutants is
summarized by experiment. The cell type and the exogenous

(transfected) and endogenous neurofilament subunits in those cells
are indicated for each experimental condition. The figures containing
representative images for each experiment are also indicated. The
gray cells denote conditions in which there was no discernible
filament formation and the green cells denote conditions in which
there was filament formation, with the intensity of the green color
and number of “+” symbols denoting the extent of similarity in
filament length and density to wild type neurofilaments. Blank cells in
the table indicate mutants that were not examined under that
particular experimental condition. WT, wild type; NFL, neurofilament
protein L; NFM, neurofilament protein M; PRPH, peripherin; INA, ɑ-
internexin [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 12 Proposed effect of mutant load on filament
integrity. Neurofilaments have no fixed subunit stoichiometry so the
relative proportion of the various neurofilament polypeptides in the
filament can vary depending on their relative level of expression. We
propose that some CMT2E/1F mutations in NFL are more disruptive
to neurofilament integrity than others, resulting in differences in the
maximum mutant subunit “load” that is compatible with neurofilament
assembly and stability. “High load” mutants are those such as
P440/441L that can incorporate into filaments at relatively high
concentrations without compromising filament assembly or integrity.
In contrast, “low load” mutants are those such as Q332/333P that can
disrupt filament assembly or integrity even at relatively low
concentrations. Whether or not CMT2E/1F mutant protein
expression reaches levels sufficient to disrupt filament formation in
patients remains to be established. WT, wild type; NFL, neurofilament
protein L [Color figure can be viewed at wileyonlinelibrary.com]
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disorder caused by a failure of neurofilaments to assemble, but rather a

disorder caused by disorganization of the neurofilament polymers along

axons, resulting in focal accumulations and swellings in some axonal

locations and depletion and atrophy in others.

While it is clear that the mutants examined here differ in their

capacity for assembly, the clinical literature reveals no clear correlation

with disease severity. For example, while the Q332/333P mutant was

most refractory to assembly in our experiments, the nerve conduction

velocities and age of onset of patients with this mutation do not indicate

any greater disease severity than for the P8R mutant, for instance,

which assembled readily into neurofilaments in the presence of NFM

alone (Horga et al., 2017). One possible explanation is that in vivo the

mutations result in subtle changes to the filaments that impair neuronal

function without inducing wholesale neurofilament disassembly

(Figure 13). For example, while the mutant NFL incorporates into neuro-

filaments, it may do so less efficiently resulting in a pool of unin-

corporated protein that may aggregate or produce damaging off-target

interactions, or the mutant NFL may incorporate into filaments, but this

incorporation may alter filament interactions and/or transport in ways

that lead to neurofilament disorganization and disease. Our present

study suggests that the best way to resolve the disease mechanism is to

examine the CMT2E/1F mutant NFL protein in a model system

expressing all relevant neurofilament subunit proteins, including the

mutant, at endogenous levels. A particularly pressing question is

whether the mutant protein is stably expressed in patients and whether

it incorporates fully into filaments. The NFLN98S/+ CMT2E/1F mouse

model engineered by the Liem lab displays a disease phenotype and is a

promising model system to accomplish this moving forward (Adebola

et al., 2015; Lancaster et al., 2018; Zhao et al., 2017), as are neurons dif-

ferentiated from patient-derived iPSCs (Saporta et al., 2015).
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F IGURE 13 Possible pathogenic mechanisms of CMT2E/1F.We
propose three possible mechanisms of pathogenesis for CMT2E/1F
which are not mutually exclusive. It is also possible that different
mutants could act through different mechanisms or combinations of
mechanisms. (a) Healthy neurons. Wild type NFL is fully assembled into
filaments resulting in polymers that interact with other proteins and
move both bidirectionally along microtubules. (b) Diseased neurons. We
consider three possible modes of toxicity: (i) mutant NFL may assemble

less efficiently, resulting in an increased pool of unassembled NFL
protein that may aggregate or engage in promiscuous interactions;
(ii) neurofilaments containing mutant NFL may have altered protein
interactions which interfere with their normal function; and
(iii) neurofilaments containing mutant NFL may have transport defects
in either direction. WT, wild type; NFL, neurofilament protein L [Color
figure can be viewed at wileyonlinelibrary.com]
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