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Charcot—Marie—Tooth disease neurofilament
mutations disrupt neurofilament assembly
and axonal transport
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Charcot—Marie—Tooth disease (CMT) is the most common inherited disorder of the peripheral nervous
system, and mutations in neurofilaments have been linked to some forms of CMT. Neurofilaments are the
major intermediate filaments of neurones, but the mechanisms by which the CMT mutations induce disease
are not known. Here, we demonstrate that CMT mutant neurofilaments disrupt both neurofilament assembly
and axonal transport of neurofilaments in cultured mammalian cells and neurones. We also show that CMT
mutant neurofilaments perturb the localization of mitochondria in neurones. Accumulations of neurofila-
ments are a pathological feature of several neurodegenerative diseases, including amyotrophic lateral
sclerosis (ALS), Alzheimer’s disease, Parkinson’s disease, dementia with Lewy bodies, and diabetic
neuropathy. Our results demonstrate that aberrant neurofilament assembly and transport can induce
neurological disease, and further implicate defective neurofilament metabolism in the pathogenesis of

human neurodegenerative diseases.

INTRODUCTION

Charcot—Marie—Tooth disease (CMT) is a group of neuropa-
thies that constitute the most common inherited disorders of the
peripheral nervous system (1). Mutations in a number of genes
cause CMT (2-6), and mutations in neurofilament light chain
have recently been demonstrated to cause a form of type- 2
CMT (7,3).

Neurofilaments are the major intermediate filaments of
neurones and in most mature neurones contain three subunit
proteins: neurofilament light, middle and heavy chains (NF-L,
NF-M and NF-H). As with other members of the intermediate
filament family, neurofilament proteins share a common
structural organization that comprises a central o-helical rod
domain that is flanked by N-terminal head and C-terminal tail
domains (9,10). The central rod domains facilitate the
formation of coiled-coil oligomers that can then assemble into
filaments of 10 nm diameter; the N-terminal head domains are
believed to regulate the assembly properties of the filament, and
the C-terminal tail domains of NF-M and NF-H (which are
longer than that of NF-L) form side-arms that project from the

filament and appear to form interconnections between
neurofilaments and other axoplasmic organelles (11-14).

The mutations in NF-L that are associated with CMT involve
a two-base conversion at codon 8 that results in a proline-to-
arginine substitution and a single conversion at codon 333 that
substitutes proline for glutamine (7,8). Codon 8 resides within
the head domain, whereas codon 333 is situated in coil 2B of
the central rod domain of NF-L. Both Pro8 and GIn333 are
highly conserved in mammals and Xenopus, which suggests
that they are structurally and/or functionally important.
However, the effects that these different CMT mutations have
on neurofilament assembly and architecture are not known.
Here, we demonstrate that both CMT NF-L mutant proteins
disrupt neurofilament assembly and axonal transport.

RESULTS

We initially studied the effects of the NF-L Pro8Arg and
GIn333Pro mutations (NF-LP%"€ and NF-LE"™33P) on
neurofilament assembly in transfected SW13— cells. These
cells do not express endogenous intermediate filament proteins
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Figure 1. Assembly properties of human and rat NF-LP/8A" gpd NF-LGIn333Pr
in SW13— cells. Cells were co-transfected with rat NF-M and NF-H, and
human NF-L (A and B) human NF-L"™%4® (C—F) human NF-LGn333Pr
(G and H) rat NF-L"™84% (I and J) or rat NF-L9"33P® (K and L). (A), (C),
(E), (G), (I) and (K) show NF-L labelled with NA1214; (B), (D), (F), (H),
(J) and (L) are labelled for NF-M/NF-H using antibody SMI32. Scale
bar =25 pm.

and so have been widely used to investigate neurofilament
assembly properties (15—-18). Transfection of human wild-type
NF-L with NF-M and NF-H induced the formation of typical
intermediate filament networks (Fig. 1A and B). However,
transfection of either NF-L"84™ or NF-LE"333P0 with NF-M
and NF-H disrupted these networks and led to the formation of
abnormal structures containing all three proteins (Fig. 1C-H).
These varied in appearance, with both smaller, punctate bodies
and larger aggregates being discernible; flame-shaped struc-
tures were often seen with NF-LP™®*™¢ (Fig. I1E and F).

There is evidence that human NF-L displays different
assembly properties to rodent NF-L in SW13— cells (19).
Since Pro8 and GIn333 are highly conserved, we created rat
CMT NF-LP84 and NF-LE333P0 mytants and studied their
assembly properties in SW13— cells. However, these rat CMT
mutants also disrupted neurofilament assembly in a similar
manner to the human mutants (Fig. 1I-L).

We next investigated the effects of the CMT mutations on
neurofilament assembly in vivo by transfection of the mutants
into rat cortical neurones. To distinguish transfected from
endogenous NF-L, we utilized the human NF-L clones and
detected these with a human-specific NF-L antibody.
Transfected human wild-type NF-L localized to cell bodies,
axons and dendrites, and higher-magnification images revealed
that it co-assembled with endogenous NF-M into filaments
(Fig. 2A-C). These findings are in agreement with
previous studies of neurofilaments transfected into rat
neurones (17,20-22). However, transfection of either
NF-LPro8A®e or NF-LOM333P both disrupted neurofilament
architecture. In cells transfected with the CMT mutants,
transfected NF-L co-localized with endogenous NF-M
(although occasional images indicated the presence of some
NF-L-only-containing structures), but these mutant neurofila-
ment proteins accumulated in the cell body or the cell body
and proximal regions of neurites; the CMT mutants were
rarely seen in more distal regions of axons. Abnormal
neurofilament aggregates, reminiscent of those seen in the
SW13— cells, were also commonly seen in cell bodies, and
these were particularly noticeable in cells expressing higher
levels of transfected CMT NF-L (as judged by intensity of
fluorescence) (Figure 2D—G). Such aggregates were never seen
in cells expressing wild-type NF-L.

Cells that are affected in CMT include sensory neurones
in the dorsal root ganglion (DRG). We therefore studied the
effect of expressing wild-type and CMT mutant NF-Ls in
cultured DRG neurones. Transfected wild-type NF-L localized
to cell bodies and axons in a similar fashion to that seen
in cortical neurones (Figure 3A and B). However, both
NF-LP8A% and NF-LO!M333Pr0 a0qin  accumulated in cell
bodies and proximal axons. In the DRG neurones, the cell
body accumulations generally appeared as a single aggregate
(Figure 3C-F).

To gain some insight into the polymeric form of NF-
and NF-LY™33P we prepared Triton X-100-insoluble and
-soluble fractions from SW 13— cells co-transfected with NF-M
and NF-H and wild-type NF-L, NE-LPr8A® o NF-[ GIn333Pro,
and analysed the distribution of the individual neurofilament
proteins. Neurofilament proteins that are assembled into
intermediate filaments are present in the Triton X-100-
insoluble fraction of such preparations. In these experiments,
NF-L"8A%  and NF-LOM333Pro fractionated to the Triton
X-100-insoluble component at both 15000g (average) and
100 000g (average) (Fig. 4). The pelleting of the mutant NF-Ls
suggests that they are assembled into a polymeric form of
higher order than the tetrameric stage. Thus, both CMT mutant
proteins disrupt normal neurofilament assembly in SW13— cells
and neurones, but their co-localization with NF-M/NF-H and
presence in a Triton X-100-insoluble fraction indicate that this
does not preclude co-assembly with other neurofilament
proteins.

LProXArg
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Figure 2. Assembly properties of NF-L™8A% and NF-L™333P™ in rat cortical
neurones. Cells were transfected with human clones for wild-type NF-L (A—C)
NF-LP™84%8 (D and E) or NF-LS"333P™ (F and G). (A), (B), (D) and (F) are
labelled for NF-L using human-specific monoclonal antibody anti-NF70; (C),
(E) and (G) are labelled for NF-M using rabbit antibody NF-M-Cterm. Scale
bars =25 pm.

Neurofilament proteins are synthesized in cell bodies and
then transported into and through axons (23-26). The
restriction of NF-LP34%® and NF-LE™33P to cell bodies
and proximal regions of axons in the transfected cortical and
DRG neurones suggests that the mutants somehow disrupt
axonal transport of neurofilaments. We therefore analysed the
effects of the two CMT mutants on axonal transport of
neurofilaments using a previously described assay (17). This
assay involves monitoring movement of enhanced green
fluorescent protein (EGFP)-tagged NF-M in transfected cortical
neurones by fixation of cells at set time points and
measurement of the distance travelled by the fluorescent
EGFP-NF-M front. EGFP-NF-M co-transfected with wild-
type human NF-L travelled at a rate of ~80 um/h (Fig. 5A).
This is in close agreement with that previously calculated
by us for cells transfected with EGFP-NF-M alone (17),
and demonstrates that co-transfection with NF-L has little,
if any, effect on the movement of EGFP-NF-M. However,
co-transfection of either NF-LP84% o NF-LOM333Fr gionifi-

cantly reduced the distance travelled by EGFP-NF-M (Fig. 5B).

In a complementary study, we also analysed the effect of the
CMT mutant NF-Ls on axonal transport of mitochondria by
quantifying the distribution of mitochondria in a defined
segment of axons. This approach has recently been successfully
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Figure 3. Assembly and transport properties of NF-LP/8A® apd NF-L Gin333Pro
in rat DRG neurones. Cells were transfected with human clones for wild-type
NF-L (A and B) NF-LP™84%€ (C and D) or NF-LS"333F (g and F). (A), (C)
and (E) are labelled for NF-L using human-specific monoclonal antibody
anti-NF70; (B), (D) and (F) are labelled for NF-M using rabbit antibody
NF-M-Cterm. Scale bar =40 um.

used to study the effect of transfected tau on mitochondrial
transport (27). To do so, we transfected DRG neurones with a
marker for mitochondria (Discosoma red fluorescent protein
fused to the mitochondrial targeting sequence from subunit
V111 of human cytochrome ¢ oxidase, DsRed2—Mito) (28)
either alone or with human wild-type NF-L, NF-L"8€ or
NF-LE333Pro  Cells transfected with DsRed2-Mito alone
revealed that mitochondria were present in cell bodies and
throughout the length of neurites (Fig. 6A and B) which is in
agreement with other studies on the distribution of mitochon-
dria in neurones (27). Similar images were obtained from cells
co-transfected with DsRed2—Mito and wild-type NF-L (Fig. 6C
and D). However, mitochondria in cells co-transfected with
DsRed2-Mito and either NF-LP34% or NF-LI™333P0 were
clustered in cell bodies and proximal axons, with markedly
fewer present in more distal regions of axons (Figure 6E-H).
To quantify this, we counted the number of mitochondria
present in a defined segment of axons, 50—100 um from the cell
body. These studies revealed that signiﬁcantly fewer mitochon-
dria were present in this reglon in cells co-transfected with
either NF-LFPro84 or NF-LOM33P compared with cells
transfected with wild-type NF-L (Fig. 6I). Thus, the two
CMT mutant neurofilament proteins inhibit axonal transport of
both neurofilaments and mitochondria.

DISCUSSION

An increasing body of evidence suggests that disruptions to
neurofilament metabolism are part of the disease process in a
number of neurodegenerative diseases. Two NF-L mutations
have so far been described as causative for CMT2. However,
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Figure 4. Biochemical properties of NF-L"™8% and NF-L333P Triton X-
100-insoluble (TT) and -soluble (TS) fractions were prepared from SW13— cells
transfected with NF-M and NF-H, and wild-type human NF-L, NF-L"8A" or
NE-LCM333Pr NT are non-transfected cells. Fractions were prepared at 15000g
(average) and 100000g (average) as indicated. Fractionation of APP to the
Triton X-100-soluble component is shown as a control. Similar results were
obtained using rat NF-L.

NFL mutations in several further CMT families have now been
identified and probably account for ~2% of CMT kindreds
(V. Timmerman, personal communication). Aside from these
NF-L CMT2 mutations, mutations in NF-H have been shown to
be a risk factor for amyotrophic lateral sclerosis (ALS) (29-31),
and recently a mutation in NF-M has been linked to familial
Parkinson’s disease (32). In addition, accumulations of
neurofilaments are a pathology of several neurodegenerative
diseases including ALS, Alzheimer’s disease, Parkinson’s
disease, dementia with Lewy bodies and diabetic neuropathy
(for reviews see 26,33,34). Also, overexpression of neurofila-
ment proteins, including peripherin, in transgenic mice can
provide models of ALS (35-38), and modulating neurofilament
expression alters disease progression in transgenic models
of ALS caused by mutant superoxide dismutase 1 (SODI)
(39-42). Interestingly, transgenic mice expressing a mutant
NF-L in which codon 394 (close to the CMT2 codon 333
mutation) is mutated from leucine to proline develop a
particularly aggressive form of motor neurone disease (37).
Finally, overexpression of peripherin has recently been shown
to induce apoptotic death of neurones that is mediated
by the proinflammatory cytokine tumour necrosis factor o
(TNF-a) (43).

Disruption of axonal transport of neurofilaments is one of the
earliest pathological features seen in these transgenic models of
ALS (44-46), and this suggests that it is a primary pathogenic
event that induces disease and not some end-stage epipheno-
menon. It is thus notable that both CMT2 mutant NF-Ls disrupt
axonal transport of neurofilaments.

We also demonstrate that these mutant NF-Ls perturb
transport of mitochondria into and through axons, leading to
their accumulation in cell bodies and proximal axons. Neurones
are highly polarized cells with organelles, vesicles and other
protein complexes requiring transportation to their appropriate
final destinations following synthesis. The distances involved
in this transport can be considerable; for example, human
motor neurone axons can exceed 1lm in length. The
accumulation of mitochondria in cell bodies and proximal
axons strongly suggests that the supply of metabolic energy to
more distal regions of axons and dendrites is impaired in CMT.
This will perturb the functioning of kinesin and dynein family
motors, which both require ATP, and, as such, disrupt the
supply of essential axoplasmic components. It is likely that this
disruption is mechanistic in neuronal cell death in CMT.
Indeed, mutation of KIF1bp (a molecular motor protein) has
been shown to cause another form of type 2 CMT (47), and this
further implicates axonal transport in the disease process.

Our results presented here, showing that two NF-L mutations
linked to CMT disrupt neurofilament assembly and axonal
transport, demonstrate that defective neurofilament metabolism
can induce neurological disease.

MATERIALS AND METHODS

All of the experiments described in the Results section were
performed at least three times with similar results.

Plasmids

Expression plasmids for human and rat neurofilaments
including EGFP-NF-M were as previously described (17,48).
Mutants were prepared using Stratagene Quickchange or
Chameleon kits according to the manufacturers’ instructions
Mutagenic oligonucleotides were 5'-GTTCCTTCAGCTACG-
AGAGGTACTACTCGACCTCC-3' and 5-GGAGGTCGAGT-
AGTACCTCTCGTAGCTGAAGGAAC-3' (human NF-LP8A),
5'-GAAGCGCTGGAGAAGCCGCTGCAGGAGCTGGAGG-3'
and 5-CCTCCAGCTCCTGCAGCGGCTTCTCCAGCGCTTC-3
(human NF-LEM™33Pe). 5/ GTTCGTTCAGCTACGAGAGGT-
ACTTTTCGACCTCC-3' (rat NF-LP84%). 5. GAAGCTCTA-
GAGAAGCCGCTGCAGGAGCTGGAG-3’ (rat NF-LGn333Proy
Mitochondria were visualized by transfection with the vector
pDsRed2-Mito (Clontech).

Cell culture, transfection and immunofluorescence
microscopy

SW13— cells were grown in DMEM containing 10% (v/v) fetal
bovine serum (FBS) supplemented with 2mM glutamine,
100 IU/ml penicillin and 100 pg/ml streptomycin (Invitrogen)
and transfected using Lipofectamine 2000 (Invitrogen), essen-
tially according to the manufacturer’s instructions. For immu-
nofluorescence studies, cells were cultured in 12-well plates
(Falcon) on glass coverslips. Primary cortical neurones were
obtained from E18 rat embryos and cultured on glass coverslips
coated with poly-D-lysine in 12-well plates in Neurobasal
medium and B27 supplement (Invitrogen) containing 100 IU/ml
penicillin, 100 pg/ml streptomycin and 2 mM glutamine. Cells
were cultured for 7 days, and under these conditions were
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Figure 5. Neurofilament transport in rat cortical neurones. Cells were co-transfected with rat EGFP-NF-M and human wild-type NF-L, NF-LF84t op
NF-LCn333Pro - and the distance travelled by EGFP-NF-M was then calculated. (A) Rate of transport of EGFP-NF-M in cells co-transfected with wild-type
NF-L. (B) Distance travelled by EGFP-NF-M at the 240 min time point in cells co-transfected with wild-type NF-L, NF-LP84™ or NF-LG"333Pr Ope-way
ANOVA tests revealed significant differences (P <0.001) in the distances travelled by EGFP-NF-M between wild-type NF-L and NF-L"©8A% or

NF-LOI333Pr oo transfected cells. Error bars are SEM.

almost exclusively neurones, as previously described by us and
others (17,49). Cortical neurones were transfected using a
Promega calcium phosphate Profection kit essentially as
previously described (17,49,50). Cells were transfected with
plasmid DNA prepared using an EndoFree plasmid kit
(Qiagen). DRG neurones were obtained from E15 rat embryos
and grown on poly-D-lysine- and laminin - coated coverslips in
Neurobasal media and B27 supplement containing 100 IU/ml
penicillin, 100 pg/ml streptomycin, 2 mM glutamine and 0.1 pg/ml
nerve growth factor (Sigma). Cells were transfected using
Lipofectamine 2000. Briefly, media from 7-day-old neurones

grown in 12-well dishes was removed and replaced with 0.5 ml
Optimem (Invitrogen) containing 2 pg plasmid DNA and 3.5 pl
Lipofectamine 2000. Cells were incubated for 4h, and the
Optimem was then removed and replaced with the conditioned
Neurobasal/B27 medium.

Cells were fixed and processed for immunofluorescence
microscopy 40 h post transfection. Briefly, cells were fixed in
4% (w/v) paraformaldehyde in PBS for 20 min, permeabilized
in 0.1% (w/v) Triton X-100 in PBS for 10 min, blocked with
5% (v/v) FBS/0.1% (w/v) Tween-20 in PBS for 1h, and then
probed with primary antibodies diluted in blocking solution.
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Figure 6. Aberrant localization of mitochondria in DRG neurones expressing
NE-LP8A% and NF-LO™333P  Cells were transfected with DsRed2-Mito
(Ds-Mit) either alone (A and B) or with human clones for wild-type NF-L
(C and D), NF-L"™3% (E and F) or NF-LS"333P™ (G and H). (A), (C), (E)
and (G) show DsRed2—-Mito fluorescence; (B), (D), (F) and (H) show human
NF-L. Scale bar=40 pm. (I) Quantification of mitochondria distribution in a
segment of axon 50um in length beginning 50 pm from the cell body.
Expression of wild-type NF-L has no effect on the distribution of mitochondria,
but expression of either NE-LF™84% or NF-LEM333Pr gionificantly (one-way
ANOVA P < 0.001) reduces mitochondria numbers in this segment. Error bars
are SEM.

NF-L was detected using antibody NA1214 (Affiniti) and
human-specific monoclonal antibody anti-NF70 (Chemicon).
NF-M/NF-H were detected using antibody SMI32 (Sternberger
Monoclonals Inc.) and NF-M using rabbit antibody NF-M-
Cterm (Chemicon). Primary antibodies were then detected

using goat anti-mouse or goat anti-rabbit immunoglobulins
coupled to Oregon Green or Texas Red (Molecular Probes) and
the samples were mounted in Vectashield (Vector Labs). Cells
were examined using a Zeiss Axioskop microscope and images
were collected via a CCD camera (Princeton Instruments).

Analyses of bulk neurofilament transport
in rat cortical neurones

Bulk transport of neurofilaments was analysed using a
previously described assay (17). Briefly, neurones cultured
for 7 days were co-transfected with EGFP-NF-M and human
wild-type NF-L, NF-LP84 op NF-LEM33Pr and the cells
were then fixed in 4% paraformaldehyde as described above
140, 200, 240 and 260 minutes post transfection. Cells were
immunostained for human NF-L using antibody anti-NF70 in
order to confirm co-expression, and images of EGFP-NF-M
transfected cells were then collected (>30 images per time
point) via a CCD camera. Measurements of the distance
travelled by EGFP-NF-M were calculated using Metamorph
image analysis software. In these studies, measurements of the
distance travelled by EGFP-NF-M were taken from the cell
body to the front of the fluorescent signal and were of the
longest distances in each neurone. The fluorescent front was
taken as the most distal point at which fluorescence above
background was detected. For neurites that exhibited branch-
ing, measurements were of the major neurite as determined by
length and brightness of fluorescence. Since we measured the
distance travelled by EGFP-NF-M for <300 um from the cell
body, and since the average length of the major neurites in the
transfected cortical neurones >700 pm, this assay of neurofila-
ment movement is of transport within neurites and is not a
reflection of EGFP-NF-M in neurite terminals and neurite
growth rates [for further discussion on this point see (17)]. To
simplify presentation of the data and to facilitate comparisons
between different experiments, the distance travelled by EGFP—
NF-M at the first (140 min) time point is adjusted to zero.
Statistical analyses of neurofilament transport were performed
using one-way ANOVA tests.

Quantification of mitochondria in rat DRG neurones

For analyses of mitochondria distribution, DRG neurones were
transfected with the mitochondrial marker DsRed2—Mito either
alone or in co-transfections with human wild-type NF-L,
NF-LPro8A or NF-LO™333P "and were fixed for analyses 40 h
later. Following immunostaining for human NF-L with anti-
NF-70 and Oregon Green-conjugated anti-mouse immunoglo-
bulins, mitochondria were visualized using the Discosoma red
fluorescent protein. Mitochondrial distribution was analysed
using a modification of the method previously described for
such analyses in N2a cells (27). Briefly, images of transfected
cells (>30 cells per transfection) were captured, and a defined
area of axon, 50 um in length beginning 50 um from the cell
body was circumscribed manually using Metamorph. The
number of mitochondria in this segment of axon were then
visualized and counted using the threshold function of
Metamorph. Statistical analyses of mitochondria distribution
were performed using one-way ANOVA tests.
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Neurofilament preparation, SDS-PAGE
and immunoblotting

Triton X-100-insoluble and -soluble fractions were prepared
from SW13— cells transfected with NF-L, NF-M and NF-H. To
do so, cells were scraped into PBS containing 0.5% Triton
X-100, 0.6Mm KCl, SmMm EDTA, 5mM EGTA, 40pg/ml
leupeptin (Sigma) and Complete protease inhibitor cocktail
(Roche). The cells were then homogenized using a motorized
homogeniser and the sample was spun at either 15000g
(average) for 15min or 100000g (average) for 30 min.
Supernatants and pellets were separated and prepared for
SDS-PAGE by addition of SDS-PAGE sample buffer and
heating in a boiling water bath. Equal proportions of these
fractions, each representing the same number of cells, were
analysed by SDS-PAGE and immunoblotting. NF-L, NF-M
and NF-H were detected using antibodies NAI1214,
NA1216 and NA1211 (Affiniti) respectively. The amyloid
precursor protein (APP), a membrane-associated protein that is
soluble in Triton X-100, was detected using antibody 22C11
(Roche Molecular Biochemicals), and was used as a control.
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