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Introduction – Charcot–Marie–Tooth disease (CMT) is a
heterogeneous inherited neuropathy. The number of known CMT
genes is rapidly increasing mainly due to next-generation sequencing
technology, at present more than 70 CMT-associated genes are
known. We investigated whether variants in the DCTN2 could cause
CMT. Material and methods – Fifty-nine Norwegian CMT families
from the general population with unknown genotype were tested by
targeted next-generation sequencing (NGS) for variants in DCTN2
along with 32 CMT genes and 19 other genes causing other inherited
neuropathies or neuronopathies, due to phenotypic overlap. In the
family with the DCTN2 variant, exome sequencing was then carried
out on all available eight family members to rule out the presence of
more potential variants. Results – Targeted NGS identified in one
family a variant of DCTN2, c.337C>T, segregating with the
phenotype in five affected members, while it was not present in the
three unaffected members. The DCTN2 variant c.337C>T;
p.(His113Tyr) was neither found in in-house controls nor in SNP
databases. Exome sequencing revealed a singular heterozygous shared
haplotype containing four genes, DCTN2, DNAH10, LRIG3, and
MYO1A, with novel sequence variants. The haplotype was shared by
all the affected members, while the unaffected members did not have
it. Conclusions – This is the first time a haplotype on chromosome 12
containing sequence variants in the genes DCTN2, DNAH10, LRIG3,
and MYO1A has been linked to an inherited neuropathy in humans.
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Introduction

Charcot–Marie–Tooth disease (CMT) is the
most common inherited neuropathy with a
prevalence ratio of 15–82/100,000 in different
European settings (1–4). CMT is genetically

heterogeneous (The Mutation Database of
Inherited Peripheral Neuropathies (IPNMDB)
(http://www.molgen.ua.ac.be/cmtmutations/) and
Neuromuscular Disease Center (http://neuromus
cular.wustl.edu/)). At present, variants in more
than 70 different genes can cause CMT, and the
number is rapidly increasing mainly due to next-
generation sequencing technology (5, 6).

The overexpression of DCTN2 in transgenic
mice disrupts the dynein (DYNC1H1)–dynactin
(DCTN1) complex and results in a late-onset slowly
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progressive motor neuron degenerative disease (7).
Although not yet implicated in CMT, it was hypoth-
esized that the gene DCTN2might cause CMT.

Despite the high number of currently known
CMT genes, there are indications that many
genes are yet to be identified; for example, in a
Norwegian study investigating 51 neuropathy
genes, only 46% of the families received a molec-
ular diagnosis (1, 8).

We tested 59 Norwegian CMT families without
identified gene mutations for the presence of DCTN2
mutations. Then, we did exome sequencing of the
identified DCTN2 family looking for other shared
sequence variants that may explain the phenotype.

Material and methods

Study population

We analyzed 59 Norwegian CMT families from
eastern Akershus County, irrespective of their neu-
rophysiological phenotype with targeted next-gener-
ation sequencing (NGS). These families had
previously tested negative for PMP22 duplication
by real-time quantitative PCR followed by sequen-
tial point mutation analysis of the genes PMP22,
GJB1, MPZ, LITAF, MFN2, and EGR2 by conven-
tional Sanger sequencing (1). Detailed description of
the study population, clinical interview, genetic and
neurologic examination, neurophysiology, and
genetic laboratory tests has been published else-
where (1, 8). In this study, the 59 families (22 CMT1
families, 29 CMT2 families, one intermediate CMT
family, and seven families with unknown neurophys-
iological phenotype) were investigated for mutations
in DCTN2. A control group of 180 healthy individu-
als were included to help differentiate between nor-
mal and pathogenic variation (9).

Neuropathy impairment score

Cranial nerves, muscle weakness, reflexes, and
sensation were scored according to the Neuropa-
thy Impairment Score (NIS) (10). Muscle strength
is scored linearly from 0 to 4; normal strength is
scored 0; paralysis is scored 4; and 25% muscle
weakness, 50% muscle weakness, and 75% mus-
cle weakness are scored 1, 2, and 3. Movement
against gravity, movement with gravity elimi-
nated, and muscle flicker without movement are
scored 3.25, 3.5, and 3.75, respectively.

Targeted capture and DNA sequencing

Mutations in DCTN2 were investigated by
adding DCTN2 to a gene panel for NGS

sequencing along with 51 other known inherited
neuropathy or neuronopathy genes. The results
from the known neuropathy genes have been
published elsewhere, such as gene names, GenBank
accession and version number, average coverage,
% bases ≥29 coverage, and % bases ≥309 cover-
age (11). Exome sequencing was performed in the
eight family members from the DCTN2 family
according to methods published elsewhere (12).

Sequence analysis

Bioinformatic analysis consisted of a standard
protocol including image analysis and base calling
by Illumina RTA 1.12.4.2, demultiplexing by
CASAVA 1.8 (Illumina Inc, San Diego, CA,
USA), and alignment of sequence reads to the ref-
erence genome GRCh37/hg19 by BWA (13).
Picard was used for removing PCR duplicates
(http://picard.sourceforge.net/). The genome anal-
ysis toolkit (GATK) was applied for base quality
score recalibration, insertion and deletion
(INDEL) realignment, and single-nucleotide poly-
morphism (SNP) and INDEL discovery (14, 15).
Annotation of sequence variants was performed
by Annovar (16). Variants present in exons � 10-
bp intron sequences, 30untranslated regions
(UTR), and 50UTR were included in further analy-
sis. Variants were filtered based on frequency data
from dbSNP 135, 1000 genomes, 180 in-house
normal controls, pathogenicity predictions
through the Alamut interface v2.2-0 (Interactive
Biosoftware, Rouen, France), and reports in the
Human Genome Mutation Database (HGMD),
the Mutation Database of Inherited Peripheral
Neuropathies (IPNMDB), and published reports.

Verification by Sanger sequencing

The variants identified in the DCTN2 family were
verified by Sanger sequencing in all available
family members to establish genotype–phenotype
correlation. Primer design and sequence analysis
were performed using CLC Main Workbench
(CLC bio, Aarhus, Denmark), and the sequenc-
ing was carried out using standard procedures
and sequenced on the ABI3130XL (Life Tech-
nologies Ltd, Paisley, UK) (1).

The variants identified in this family have been
submitted to the ClinVar database (http://
www.ncbi.nlm.nih.gov/clinvar/).

Variant interpretation

Several tools were utilized for variant effect pre-
diction. Multiple sequence alignment (MSA) was
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visualized using Alamut to see conservation
across several species (http://www.interactive-
biosoftware.com/). The mutation effect predictors
Align GVGD, MutationTaster, PolyPhen, SIFT,
and SNAP were utilized (17–21). Nucleotide con-
servation was assessed using phylop (22, 23).
Evaluation of biochemical differences was carried
out by Grantham distance (24).

Ethics

The study was approved by the Norwegian regional
committees for medical and health research ethics.
Participation was based on informed consent.

Results

Clinical features

Fig. 1 shows the pedigree. The mode of inheri-
tance is compatible with dominant inheritance.
The parents (I-1 and I-2) were second cousins,
while II-7 and II-8 were unrelated. I-1 and I-2
had gait problems of unknown cause. I-1 had gait
problems and markedly reduced balance, while I-
2 had steppage gait. II-1 and II-9 had intellectual
deficiency due to birth complications.

The available family members II-3, II-7, II-9,
II-10, III-7, III-8, III-9, and III-10 were neurolog-
ically examined. II-3, III-7, and III-10 were unaf-
fected. Table 1 shows clinical characteristics of
those affected members, that is, II-7, II-9, II-10,
III-8, and III-9. Age at onset was late in 4th and
5th decade. The motor signs and severely reduced
balance were present in three affected members
(II-7, II-10, and III-8), while one affected member
(III-9) had minor signs 2 years after the onset,
and one (II-9) had an inconclusive neurological
examination due to lack of cooperation. One
affected member (II-10) also had multiple sclero-
sis affecting eye movement, and asymmetrical
facial and soft palate weakness. Table 2 shows

the neurophysiological investigation. The results
are compatible with intermediate CMT.

Genetic analyses

We identified a DCTN2 variant in one of 59 fami-
lies. In this family, targeted NGS identified two
heterozygous variants DCTN2, c.337C>T, and
GARS, c.95T>C, but only the DCTN2 variant seg-
regated with the phenotype. DNA was available in
five affected (II-7, II-9, II-10, III-8, and III-9) and
three unaffected (II-3, III-7, and III-10) family
members. The DCTN2 variant c.337C>T,
p.(His113Tyr) replaces histidine with tyrosine.

The GARS variant c.95T>C, p.(Leu32Pro)
replaces leucine with proline and was carried by
one unaffected member (III-7) and four affected
members (II-7, II-9, II-10, and III-9). III-7 was
unaffected at the age of 50, while III-8 was
affected and did not carry the GARS variant.
Thus, the GARS variant did not segregate with
the CMT phenotype.

To rule out the presence of more potentially
pathogenic variants, exome sequencing was per-
formed and analyzed using both dominant and
recessive models. There were no homozygous or
compound heterozygous variants shared among all
of the affected or some of the affected members.
The only shared haplotype among the affected is
situated on chromosome 12 containing four genes
with sequence variants. It is heterozygous, consis-
tent with a dominant model. The haplotype was
shared by all the affected members, while the unaf-
fected members did not have it.

Exome sequencing revealed four novel heterozy-
gous sequence variants in different genes on
chromosome 12 that were shared among the
affected members, while the unaffected members
did not have these sequence variants. The genes
and transcripts were NM_006400.3 DCTN2:
c.337C>T (p.His113Tyr), NM_207437.3 DNAH10:
c.9510C>G (p.Ile3170Met), NM_153377.3 LRIG3:

I

II

III

1 2

1 5 10 112 3 4

1 2 3

76 98

4 5 6 7 8 9 10 11

Figure 1. Pedigree of the CMT family with DCTN2 variant c.337C>T.
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c.65G>A (p.Gly22Glu), and NM_005379.3
MYO1A:c.3128A>T (p.Gln1043Leu). The chro-
mosomal gDNA position for the four heterozy-
gous sequence variants on chromosome 12 ranged
from 57422543 to 124393856 with MYO1A variant
at 57422543, DCTN2 variant at 57928880, LRIG3
variant at 59313952, and DNAH10 variant at

124393856. The affected members did not share
homozygous sequence variants nor compound
heterozygous variants.

Variant interpretation

The DCTN2 His113 is a moderately conserved
amino acid (Fig. 2), situated in dynamitin subunit
2 and also moderately conserved on the nucleo-
tide level, as shown by a phylop score of 2.95.
The DCTN2 variant, c.337C>T, infers an amino
acid change from the basic histidine to a polar
uncharged tyrosine, which is a biochemically
moderate change with a Grantham distance of 83
(0–215). The variant is predicted neutral by Align
GVGD (score: C0 (GV: 160.13 – GD: 0.00)), dis-
ease causing by MutationTaster (P-value: 0.999),
possibly damaging by PolyPhen (score: 0.802),
tolerated by SIFT (score: 1), and neutral by
SNAP (Table 3). DNAH10 3170Ile is a moder-
ately conserved amino acid. The DNAH10
c.9510C>G infers an amino acid change from the
hydrophobic isoleucine to the hydrophobic
methionine, which is a biochemically weak
change with a Grantham distance of 10. The vari-
ant is predicted neutral by Align GVGD (score:
C0), disease causing by MutationTaster (P-value:
0.998), probably damaging by PolyPhen (score:
0.972), and deleterious by SIFT (score: 0.01).

LRIG3 22Gly is a moderately conserved amino
acid. The LRIG3 c.65G>A infers an amino acid
change from the non-polar glycine to a polar glu-
tamic acid, which is a biochemically moderate
change with a Grantham distance of 98. The vari-
ant is predicted neutral by Align GVGD (score:
C0), polymorphism by MutationTaster (P-value:
0.969), benign by PolyPhen (score: 0.272), and
deleterious by SIFT (score: 0).

MYO1A 1043Gln is a moderately conserved
amino acid. The MYO1A c.3128A>T infers an
amino acid change from the polar glutamine to
the hydrophobic leucine, which is a biochemically
moderate change with a Grantham distance of
113. The variant is predicted neutral by Align
GVGD (score: C0), polymorphism by Muta-
tionTaster (P-value: 1), benign by PolyPhen
(score: 0.012), and tolerated by SIFT (score:
0.19).

Discussion

Methodological considerations

DCTN2 was included in the panel as the overex-
pression of DCTN2 in transgenic mice disrupts
the dynein (DYNC1H1)–dynactin (DCTN1)

Table 1 Clinical characteristics of affected members carrying the DCTN2variant

Family members II-7 II-9 II-10 III-8 III-9

Gender ♀ ♂ ♀ ♂ ♂
Age at onset 40 – 35 30 42
Age at investigation 71 63 64 45 44
Clinical characteristics

Muscle wasting1

Underarm 0 1 0 0 0
Hand 2 2 0 0 0
Thigh 1 1 0 0 0
Leg 1 1 1 0 0
Feet 1 1 1 1 0

Muscle weaknessNIS

Facial muscles 0 – 1/02 0 0
Soft palate 0 – 1/02 0 0
Finger spread 2 – 0 0 0
Thumb abduction 2 – 0 0 0
Knee flexion 1 – 0 0 0
Knee extension 1 – 0 0 0
Ankle dorsiflexors 3 – 1 0 0
Ankle plantarflexors 3 – 0 0 0
Toe extensors 3/3.252 – 1 2/32 0

Toe flexors 3 – 1 2 0
Sensory loss

Touch1

Feet, leg 1 – 1 0 0
Pain1

Overarm 1 – 0 0 0
Hand, underarm 1 – 1 0 1
Thigh 1 – 0 0 0
Feet, leg 2 – 1 1 1

Vibration1

Hand 2 – 1 2 1
2. finger 2 1 0 1
Knee 2 – 2 2 1
Ankle 2 – 2 2 1
1. metatarsal 2 – 2 2 2
1.toe 2 – 2 2 2

Proprioceptive1

Toe 1 – 1 1 0
Reflexes1

Biceps 2 2 1 2 0
Triceps 0 2 1 1 0

Brachioradialis 0 1 0 1 0
Patellar 2 2 2 2 1
Achilles 2 2 2 2 1

Deformities1

Pescavus 2 1 0/12 2 0
Hammertoes 1 – 1 0 0

Pesplanus 0 – 1/02 0 0
Slow eye movement1 0 – 1 0 0
Romberg1 2 – 2 2 0
NIS 58.25 163 32 37 14

–, not informative; 10, normal; 1, mildly/moderately affected modality; 2, severely
affected modality. 2Asymmetrical signs right/left. Neuropathy Impairment Score
(NIS): For details, see Methods section. 3Muscle weakness and sensory signs
unknown due to mental retardation.
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complex and results in a late-onset slowly pro-
gressive motor neuron degenerative disease (7).
Although not yet implicated in CMT, it was
hypothesized that the gene DCTN2 might cause
CMT.

Despite the high number of currently known
CMT genes, there are indications that many
genes are yet to be identified, for example, in a
Norwegian study investigating 51 neuropathy
genes, only 46% of the families received a molec-
ular diagnosis (1, 8).

A novel heterozygous variant in DCTN2
c.337C>T was detected in one of the 59 families
investigated. The variant was confirmed by
Sanger sequencing in all five affected members,
while three unaffected members did not have it.
The variant was neither seen in the 180 neuro-
logically assessed in-house Norwegian controls
nor in the Single Nucleotide Polymorphism
Database (dbSNP) 135 (http://www.ncbi.nlm.nih.
gov/snp/), Exome Aggregation Consortium
(ExAC) (http://exac.broadinstitute.org), GEnomes

Table 2 Neurophysiology in affected members carrying the DCTN2 variant. Abnormal values are in bold

Sex

Age at

R/L

Motor nerves Sensory nerves

EMG
chronic

dener-vation
Onset
(yrs)

Examination
(yrs)

Median Ulnar Peroneal Tibial Median Ulnar Sural

CMAP CV CMAP CV CMAP CV CMAP CV SNAP CV SNAP CV SNAP CV

Normal values? 4.0 49.0 4.0 49.0 3.0 41.0 3.0 41.0 12.0 46.0 17.0 47.0 17.0 44.0
II-7 ♀ 40 67 R 3.6 40.0 4.7 40.0 A A A A ↓ 29.0 0.5 29.0 A A Present

L – – – – A A A A – – – – A A
II-9 ♂ – 64 R 4.2 42.0 2.9 37.3 A A A A 2.4 29.6 A A A A Present

L 1.5 35.5 – – A A A A – – – – A A Present
II-10 ♀ 35 46 R 4.0 50.0 – – 2.0 30.0 0.4 31.0 10.0 56.0 – – A A Present
III-8 ♂ 30 40 R – – – – 0.4 35.2 1.3 35.5 – – – – A A Present

L 6.8 45.9 5.1 44.9 0.7 29.8 0.7 32.2 A A A A 1.6 29.7

CMAP, compound motor action potential (mV); SNAP, sensory nerve action potential (lV); CV, conduction velocity (m/s); A, absent evoked response; –, not measured;
R/L, right/left.
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Management Application (GEM.app) (https://ge-
nomics.med.miami.edu/gem-app/), and 1000
genomes (http://www.ncbi.nlm.nih.gov/variation/
tools/1000genomes/).

Then, we did exome sequencing of the identi-
fied DCTN2 family looking for other shared
sequence variants that may explain the pheno-
type. Exome sequencing revealed three other
heterozygous sequence variants on chromosome
12. Probably, the affected members share an
ancestral haplotype containing the four heterozy-
gous sequence variants in the genes MYO1A,
DCTN2, LRIG3, and DNAH10. A shared haplo-
type is compatible with dominant inheritance
seen in the pedigree (Fig. 1), and the affected
members did not share homozygous sequence
variants nor compound heterozygous variants.

Genotype–phenotype correlation

We observed perfect cosegregation of the DCTN2
variant with the disease in the eight subjects for
whom DNA was available A segregation pattern
observed in our pedigree could occur by chance
in (½)7 = 1/128. The variant was situated in a
conserved domain among several species (Fig. 2).
Five tools were used to investigate the in silico
predicted pathogenicity of the detected variant in
DCTN2 (Table 3). Of these, three predicted a
neutral effect, while two predicted a disease caus-
ing or possible damaging effect. Similar findings
were seen for the dynamitin mutagenesis protein
variants that were used to investigate the protein–
protein interactions important for dynactin struc-
ture (Table 3) (25).

The identified GARS variant, c.95T>C, did not
segregate with the phenotype. The GARS variant,
c.95T>C, was neither seen in in-house controls
nor in dbSNP and ExAC databases. The variant
was weakly conserved among species, and it was
predicted benign in all variant prediction tools.

Exome sequencing revealed three other
heterozygous variants on chromosome 12 in all
five affected members probably sharing an ances-
tral haplotype.

The DNAH10 gene is the force-generating
protein of respiratory cilia and is a paralog to
DYNC1H1, another CMT gene (ExAC and
GeneCards (http://www.genecards.org/) data-
bases).

DNAH10 is also expressed in brain, and it is
not clear whether the ortholog in rat (Dlp10) is
only involved in cilia function (26, 27). In addi-
tion, DNAH10 might be expressed in peripheral
nerves (http://www.proteinatlas.org/ENSG000001
97653-DNAH10/tissue/soft+tissue).T
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Four tools were used to investigate the in silico
predicted pathogenicity of the detected variant in
DNAH10. Of these, one predicted a neutral
effect, while three predicted a disease causing or
probably damaging effect.

The LRIG3 gene may play a role in craniofa-
cial and inner ear morphogenesis during embry-
onic development (ExAC and GeneCards (http://
www.genecards.org/) databases). Four tools were
used to investigate the in silico predicted
pathogenicity of the detected variant in LRIG3.
Of these, three predicted a neutral effect, while
one predicted a damaging effect.

The MYO1A gene is associated with non-syn-
dromic hearing loss and deafness (ExAC and
GeneCards (http://www.genecards.org/) data-
bases). Four tools were used to investigate the in
silico predicted pathogenicity of the detected vari-
ant in MYO1A. Of these, all predicted a neutral
effect and the inferred change was in the last
amino acid before stop.

Variant interpretation considerations

These variant prediction tools tend to disagree
and are generally cautious in labeling a variant as
having physical impact on the function of the
gene (Table 3) (28). This further underlines the
fact that there is to date no perfect in silico tools
for mutation effect prediction and that genotype–
phenotype correlation and functional assays are
still the most important way to evaluate novel
variants. The DCTN2 gene is moderately con-
served on the amino acid level (data not shown),
and Fig. 2 shows the protein and the conserva-
tion on the exon 7 surrounding the c.337C>T
variant are high for all mammals in the multiple
sequence alignment. In addition, there is little
normal variation in the gene (dbSNP and 1000
genomes). Our CMT family and C. elegans do
share the Tyr residue at position 113 in DCTN2.
The three other genes identified with heterozy-
gous variants on chromosome 12 seem to have
functions related to other organ systems.

Dynein–dynactin complex

DCTN2 overexpression in transgenic mice dis-
rupts the dynein (DYNC1H1)–dynactin 0
(DCTN1) complex (7). DYNC1H1 variants
cause CMT2 and spinal muscular atrophy,
while DCTN1 variants cause distal hereditary
motor neuronopathy (dHMN) (29–32). Thus,
heterozygous variants in both DYNC1H1 and
DCTN1 cause inherited neuropathies and neu-
ronopathies. Neurophysiology in our family with

the DCTN2 variant is compatible with intermedi-
ate CMT (8).

DCTN2 encodes the protein dynamitin (p50),
which is an element of dynactin, a highly con-
served multiprotein complex (25, 33). Dynactin
works in conjugation with the molecular motor
dynein (encoded by DYNC1H1) and is responsi-
ble for retrograde transport in neurons, moving
cargoes such as mitochondria, organelles, and
proteins along the microtubules (34–37). Dyn-
actin also has other functions independent of
dynein such as attachment of microtubules to
several subcellular structures (25, 33). Dynamitin
is the core element of dynactin, four dynamitin
subunits sit at the junction between dynactins
two functional domains, the Arp1 filament
binding cargo and the p150Glued (encoded by
DCTN1), interacting with dynein and micro-
tubules (25, 33). The expression of the dynactin
molecule is highly regulated where dynamitin
plays a key role probably due to its strong
propensity for self-association. The overexpres-
sion of dynamitin monomers leads to disassembly
of the dynactin-bound dynamitin, and association
with the free monomers, this releases the
p150Glued side chain which renders the remaining
dynactin molecule non-functional (25, 33). Also,
the depletion of dynamitin leaves the other sub-
units of dynactin unstable, leading to downregu-
lation of the complex (33). The overexpression of
DCTN2 in transgenic mice results in a late-onset
slowly progressive motor neuron degenerative
disease (7).

The dynamitin molecule consists of three
coiled-coil motifs, of which the two-first are pre-
dicted to mediate in self-association and stabiliza-
tion of the whole dynactin complex. Sequence
analysis predicts that particularity the first coiled-
coil motif is especially important as this is the
most conserved among species (Fig. 2) (25, 33).

The variant at position 113 (isoform 2) found
in this family is situated in the first coiled-coil
motif (Fig. 2).

The DYNC1H1 paralog DNAH10 is expressed
in the nervous system and may influence the
dynein–dynactin complex or similar multiprotein
complexes.

Conclusions

This is the first time a variant in the genes
DCTN2, DNAH10, LRIG3, and MYO1A has
been linked to an inherited neuropathy in
humans.

However, our CMT family and C. elegans do
share the Tyr residue at position 113 in DCTN2
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and DNAH10 may play a role in the nervous sys-
tem. Hence, functional studies will be needed to
confirm that these variants could be deleterious
in humans. At the moment, no conclusion can be
drawn concerning the causal role of the identified
variants in the family phenotype. The haplotype
with singular variants in DCTN2, DNAH10,
LRIG3, and MYO1A is merely associated with
CMT.
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