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Abstract

Objective Adult-onset leukoencephalopathy with axonal spheroids and pigmented glia (ALSP) is caused by mutations in
CSFIR. Pathogenic mutations in exons 12-22 including coding sequence of the tyrosine kinase domain (TKD) of CSFIR
were previously identified. We aimed to identify CSF1R mutations in patients who were clinically suspected of having ALSP
and to determine the pathogenicity of novel CSFIR variants.

Methods Sixty-one patients who fulfilled the diagnostic criteria of ALSP were included in this study. Genetic analysis of
CSF IR was performed for all the coding exons. The haploinsufficiency of CSF1R was examined for frameshift mutations
by RT-PCR. Ligand-dependent autophosphorylation of CSF1R was examined in cells expressing CSF1R mutants.

Results We identified ten variants in CSF/R including two novel frameshift, five novel missense, and two known missense muta-
tions as well as one known missense variant. Eight mutations were located in TKD. One frameshift mutation (p.Pro104LeufsTer8)
and one missense variant (p.His362Arg) were located in the extracellular domain. RT-PCR analysis revealed that the frameshift
mutation of p.Prol04LeufsTer8 caused nonsense-mediated mRNA decay. Functional assay revealed that none of the mutations
within TKD showed autophosphorylation of CSF1R. The p.His362Arg variant located in the extracellular domain showed com-
parable autophosphorylation of CSF1R to the wild type, suggesting that this variant is not likely pathogenic.

Conclusions The detection of the CSF/R mutation outside of the region-encoding TKD may extend the genetic spectrum
of ALSP with CSFIR mutations. Mutational analysis of all the coding exons of CSFIR should be considered for patients
clinically suspected of having ALSP.

Keywords ALSP - CSFIR - Leukoencephalopathy - Haploinsufficiency - HDLS

Introduction

Adult-onset leukoencephalopathy with axonal spheroids
and pigmented glia (ALSP) is an autosomal dominant neu-
rological disorder that predominantly affects the cerebral
white matter [1]. ALSP encompasses two similar entities
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previously known as hereditary diffuse leukoencephalopa-
thy with spheroids (HDLS) and pigmentary orthochromatic
leukodystrophy (POLD) [1]. ALSP is clinically character-
ized by executive dysfunction, memory decline, personality
changes, motor impairments, and seizures [2]. Frontal lobe
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syndrome in ALSP is characterized by loss of judgment, lack
of social inhibitors, lack of insight, and motor persistence,
which usually appears early in the disease course. The mean
age at onset is 43 years ranging from 18 to 78 years [3].
Patients with ALSP eventually become bedridden with a
mean disease duration of 6.8 years from onset to death [3].

Mutation in the colony stimulating factor 1 receptor
(CSFIR) was identified as the cause of ALSP [4]. To date,
58 pathological mutations in CSFIR have been identified
[3]. All reported mutations were found in exons 12—-22
including the coding sequence of the tyrosine kinase domain
(TKD) of CSFIR [1-3]. We previously reported that CSFIR
mutation-mediated pathogenesis may be explained by hap-
loinsufficiency or the loss of CSF1R-mediated signals [5].

In this study, we attempted to identify the CSFIR muta-
tions in patients who were referred to our institute for genetic
analysis. By this analysis, we found novel and previously
reported CSFIR mutations including a novel frameshift in
exon 4 outside of TKD and examined the pathogenicity of
novel CSFIR variants.

Methods
Patients

Sixty-one patients from 59 pedigrees who fulfilled the diag-
nostic criteria of probable or possible ALSP were included
in this study [6]. All the patients or their relatives provided
their informed consent. This study was approved by the insti-
tutional review board committees of Niigata University and
Mayo Clinic Florida.

Geneticand mRNA analyses

Genomic DNA and total RNA were isolated from periph-
eral leukocytes using standard methods. Mutational analysis
of CSFIR was performed using sequences of both strands
of all PCR-amplified coding exons and flanking intronic
sequences as previously described [4, 5]. Briefly, all the
exons and exon—intron boundaries of CSFIR were ampli-
fied by PCR, followed by Sanger sequence. We conducted
in silico analysis using the PolyPhen-2, SIFT, PROVEAN,
VEP and CADD algorithms to predict the pathogenicity of
novel missense or indel mutations. Total RNA was extracted
from peripheral leukocytes. Complementary DNA was syn-
thesized using ReverTra Ace® (TOYOBO, Osaka, Japan).

Functional and immunoblot analyses

Mutagenesis was performed to generate cDNA of mutant
CSFIR as previously described [5]. HEK293T cells were
transiently transfected with wild-type or mutant CSF1R,
and were cultured in a medium containing 10% fetal bovine
serum (FBS). In another set of experiments, HEK293T cells
were stimulated with the ligands of CSFIR, CSF1, and
IL-34, in the absence of FBS to induce autophosphorylation
of CSF1R. Detergent cell lysates were subjected to immuno-
blot analysis using antibodies including C-20 (C-terminus
of CSF1R, Santa Cruz Biotechnology, Dallas, TX, USA)
and B-8 (N-Terminus of CSF1R, Santa Cruz Biotechnology,
Dallas, TX, USA) to detect total CSF1R. CSFI1R phospho-
rylated at Tyr546, Tyr708, and Tyr723 was detected using
specific anti-phosphorylated CSF1R antibodies (Cell Signal-
ing Technology, Beverly, MA, USA).
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Fig. 1 Illustration of CSFIR structure and location of mutations.
The positions of the variants identified in this study are indicated by
arrows. The phospho-specific antibodies used in this study against
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CSFIR are also depicted. The position of each domain is shown on
the basis of information from UniProt (http://www.uniprot.org/unipr
ot/P07333)
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Clinical and neuroimaging analyses

Clinical presentations and neuroimaging findings of the
patients carrying CSFIR variants were retrospectively evalu-
ated. MRI was conducted for routine diagnostic purposes
using 1.5T systems in all the patients (n=11). CT using thin
slices was performed in seven patients.

Neuropathological examination

Neuropathological examination of brain samples from
patient 10 was performed as previously described [7].
Briefly, tissue sections were embedded in paraffin, and
5-um-thick sections were mounted on glass slides for his-
topathological and immunohistochemical analyses. The
paraffin-embedded sections were stained with hematoxylin
and eosin (H&E) and Luxol fast blue. Sections were also
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Fig.2 mRNA expression of frameshift CSFI/R mutations. a
Frameshift mutation in exon 4 (p.Prol04LeufsTer8), which was pre-
dicted to undergo NMD. The expression level of the mutant allele
was markedly decreased, suggesting that this frameshift mutation
results in NMD of mutant mRNA. b Frameshift mutation in exon

CAT GCA GGC CTIG (TG

GGC CTT TGA

21 (p.Tyr886GInfsTer55), which was predicted not to undergo NMD
because the premature terminal codon is generated in exon 22, the
last exon of CSFIR. The expression level of the mutant allele was
comparable to that of the wild-type allele
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stained with antibodies against CD68, phosphorylated neu-
rofilaments, and aB-crystallin.

Statistical analysis

The signal intensity of immunoblots was semiquantita-
tively analyzed using a LAS 4000 analyzer (GE Health
Science, Piscataway, NJ, USA). The intensity of each
autophosphorylation signal of CSF1R was normalized
to the total amount of CSF1R. All statistical tests were
run in GraphPad Prism 5 (GraphPad Software, La Jolla,
CA, USA). Data are presented as mean + SEM. Statistical
analysis was performed by two-way ANOVA with Bonfer-
roni correction.

Results
Identification of CSF1R mutations

Eight missense variants including five novel mutations
(p-11e662Thr, p.Asp778Glu, p.Ile794Phe, p.Pro878Ser,
and p.Pro878Ala), two known missense mutations
(p.Gly765Asp and p.11e794Thr), one known homozy-
gote variant (p.His362Arg), and two frameshift mutations
(p.Pro104LeufsTer8 and p.Tyr886GInfsTer55) in CSFIR
were identified (Fig. 1). Eight mutations were located in
TKD. One frameshift mutation (p.Prol04LeufsTer8) was
located in the extracellular domain and was predicted to
cause nonsense-mediated RNA decay (NMD) [8]. Results
of in silico analysis of CSFIR variants in ALSP patients
revealed that these mutations within TKD are predicted to be
pathogenic with high probability (Electronic Supplementary
Table 1). Furthermore, these mutations were not found in
the ExAC database, supporting the pathogenicity of these
mutations, except for p.Ile794Thr, which is the most fre-
quently reported CSFIR mutation (Electronic Supplemen-
tary Table 1). The p.His362Arg variant located outside TKD
appeared to be nonpathogenic, because the allele frequency
of p.His362Arg was 0.049 in the ExAC database.

Analysis of mRNA expression of frameshift CSFT1R
mutations

We performed reverse transcription (RT)-PCR analysis
using mRNA obtained from peripheral leukocytes to exam-
ine the mRNA expression of the frameshift mutations of
p-Prol04LeufsTer8 and p.Tyr886GInfsTer55. The analy-
sis revealed that the expression level of the mutant allele
derived from the p.Pro104LeufsTer8 mutation was mark-
edly lower than that of the normal allele (Fig. 2a). This
finding suggests that the p.Prol04LeufsTer8 frameshift
undergoes NMD. On the other hand, the mutant allele
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Fig.3 Functional assay of mutant CSFIRs. a HEK293T cells»
transfected with the wild type or mutant CSFIR were cultured in a
medium containing 10% FBS. Western blot analysis using anti-
CSFIR antibodies (B-8 and C-20) revealed comparable expression
levels of total CSFIR between the wild-type and mutant CSF1Rs.
Note that mutant CSFIR with Tyr886GInfsTer55 lacking the C-ter-
minal portion of CSFIR showed no band reactive to the anti-C-
terminal antibody (C-20), but was recognized as a slightly smaller
molecular weight by the anti-N-terminal antibody (B-8). None of
the variants within TKD revealed autophosphorylation of CSFIR.
The p.His362Arg variant showed a comparable degree of autophos-
phorylation of CSFIR to the wild type. The anti-p-actin antibody
was used as a loading control. b Ligand-dependent autophosphoryla-
tion of CSFI1R was examined in cells transiently transfected with the
wild type or variant CSFIRs. Detergent-extracted lysates were col-
lected at the indicated time (min) after CSF1 stimulation. Increased
levels of phosphorylated CSFIR were observed to be comparable
in cells expressing the wild type and p.His362Arg. In contrast, nei-
ther of the mutants within TKD underwent autophosphorylation of
CSFIR following CSF1 stimulation. ¢ Results of semiquantifica-
tion of immunoblot data (n=3). There is no statistically significant
difference in the degree of ligand-dependent autophosphorylation
between the wild type and the p.His362Arg variant. Data are pre-
sented as mean+SEM. d Ligand-dependent autophosphorylation of
CSFIR. Cells were stimulated with CSF1 (left panel) or IL-34 (right
panel). Detergent-extracted lysates were collected 20 min after ligand
stimulation. Phosphorylated CSFIR levels were comparable between
cells expressing wild-type CSFIR and p.His362Arg, whereas cells
expressing mutant CSF1Rs within TKD showed no autophosphoryla-
tion

derived from the p.Tyr886GInfsTer55 frameshift mutation
was expressed at a level comparable to that of the wild-type
allele (Fig. 2b).

Defective autophosphorylation of mutant CSF1R

To examine the pathogenicity of missense variants, we exam-
ined the autophosphorylation of CSF1R in HEK293T cells
expressing wild-type or mutant CSFIR. CSF1R phosphoryl-
ated at Tyr546, Tyr708, and Tyr723 was detected in cells
expressing wild-type CSF1R cultured in the presence of FBS
(Fig. 3a). No autophosphorylation of CSFIR was observed
in cells expressing missense variants including p.Ile662Thr,
p-Gly765Asp, p.Asp778Glu, p.Ile794Phe, p.Pro878Ser, or
p-Pro878Ala in TKD, and p.Tyr886GInfsTer55 (Fig. 3a).
The p.His362Arg variant located in the extracellular domain
showed a comparable degree of autophosphorylation of
CSFIR to the wild type (Fig. 3a).

In another set of experiments, ligand-induced autophos-
phorylation of CSF1R was examined. None of the mis-
sense mutations within TKD or the frameshift mutation
p-Tyr886GInfsTer55 showed autophosphorylation upon the
stimulation of CSF1 or IL-34 (Fig. 3b, d). The p.His362Arg
variant showed a comparable degree of autophosphorylation
of CSFIR to the wild type, suggesting that this variant does
not cause the loss of CSF1R-mediated signals (Fig. 3b, c, d).
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Clinical and neuroimaging characteristics

The clinical characteristics of 11 patients are shown
in Table 1. Familial occurrence was observed in three
patients. The case of a sibling of patient 4 with the
p-Gly765Asp mutation was previously reported [5]. Eight
patients apparently had no family history of the disease.
The mean age at onset of the patients was 42.8 years rang-
ing from 22 to 60 years. Dementia was observed in all the
patients, and pyramidal signs were observed in 6 (55%) of
the 11 patients.

Neuroimaging features are shown in Electronic Supple-
mentary Table 2. The white matter lesions detected by MRI
were usually distributed bilaterally, but could be distributed
asymmetrically (Fig. 4, Electronic Supplementary Fig. 1).
Hyperintensity lesions on diffusion-weighted MR images
were observed in 8 of the 11 patients (73%). Calcifications
were observed in six (86%) of the seven patients by CT
(Electronic Supplementary Table 2, Electronic Supplemen-
tary Fig. 2).

Patient 1, 24 years old, F
(p.P104LfsTer8)
2 years after onset

Fig.4 Brain MRI and CT findings of ALSP patient with the
frameshift mutation in exon 4. Characteristic hyperintensities in the
white matter are observed in fluid-attenuated inversion recovery MR
images (upper panels). Diffusion-weighted MR images revealed high-

Neuropathological findings

Patient 10 was a 64-year-old man from family 6510 and his
depression and anxiety insidiously developed at the age of
57. Subsequently, he exhibited cognitive decline and person-
ality/behavioral changes. At the age of 62 years, he devel-
oped parkinsonism characterized by rigidity, bradykinesia,
and gait disturbance. He became totally dependent by the
age of 63 years and died at 64.

The autopsy examination revealed marked frontal white
matter pathology with enlargement of the frontal horn of the
lateral ventricle and thinning of the corpus callosum as the
gross findings (Fig. 5a). The cerebral white matter showed
myelin loss on Luxol fast blue staining (Fig. 5b). There were
pigment-laden macrophages visible on H&E staining and
the pigment was autofluorescent (Fig. 5c, f, g). Immunohis-
tochemical analysis using an anti-phosphorylated neurofila-
ment antibody revealed axonal spheroids (Fig. 5d). Numer-
ous ballooned neurons were detected in the frontal cortex
(Fig. Se). These neuropathological findings were consistent
with ALSP [7].

intensity lesions with left-side predominance (middle panels). CT
scan revealed small spotty calcifications in the frontal and parietal
white matter (lower panels)
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Fig.5 Neuropathological findings of ALSP patient with p.Pro878Ala
mutation. a Coronal section of cerebrum showing frontal white mat-
ter pathology. b Frontal white matter myelin loss on Luxol fast blue
staining (note the relative sparing of subcortical arcuate fibers). ¢
Macrophages in frontal white matter (CD68 immunohistochemistry).
d Axonal spheroids in frontal white matter (phosphorylated neurofila-

Discussion

In this study, we identified seven novel and two previously
reported mutations in CSFIR among patients who fulfilled
the diagnostic criteria of ALSP [6]. This study provides
several noteworthy insights relevant to the role of CSFIR
mutations in ALSP.

First, we identified a novel frameshift mutation caused
by single-nucleotide deletion (c.310delC) in exon 4 result-
ing in p.Pro104LeufsTer8 located outside of TKD. All the
previously reported mutations in ALSP were found within
exons 12—22 including the coding sequence of TKD [3-5].
The frameshift mutation p.Pro104LeufsTer8 generates a pre-
mature stop codon, which was predicted to cause NMD [8].
Our expression analysis revealed that the level of mRNA
expression derived from the mutant allele was substantially
decreased as predicted (Fig. 2a). These findings suggest that
the p.Pro104LeufsTer8 mutation causes ALSP owing to the
haploinsufficiency of CSFIR.

Second, we identified another novel frameshift mutation
caused by two-nucleotide deletion (c.2655_2656delAT) in

@ Springer

ment immunohistochemistry). e Ballooned neurons in frontal cortex
(aB-crystallin immunohistochemistry). f Macrophages in white mat-
ter with brown granular pigment (arrows) (H&E stain). g Pigment
in macrophages in white matter showing autofluorescence. Bar in
a=1 cm; bar in b=200 um; bars in ¢, d, and e =50 um; bars in f and
g=20 um

exon 21 resulting in p.Tyr886GInfsTer55. This frameshift
mutation does not fulfill the criterion of NMD because the
premature stop codon is generated within exon 22, the last
exon of CSFIR. Our expression analysis revealed that the
mRNA expression level of the mutant allele was compa-
rable to that of the wild-type allele (Fig. 2b). These find-
ings suggest that this frameshift mutation does not cause
CSF IR haploinsufficiency. Because this mutation is located
within TKD, we examined whether the mutant CSFIR of
p.Tyr886GInfsTer55 affects autophosphorylation upon
ligand stimulation. Our examination revealed that the mutant
CSFI1R of p.Tyr886GInfsTer55 did not show autophospho-
rylation (Fig. 3a, b, d). Thus, the pathogenic mechanism
caused by p.Tyr886GInfsTer55 mutation appears to be the
loss of CSF1R-mediated signals.

Third, we showed that the autophosphorylation of
novel missense variants (p.Ille662Thr, p.Asp778Glu,
p.11e794Phe, p.Pro878Ser, and p.Pro878Ala) within
TKD was impaired. These findings suggest that these
mutants within TKD are the causal factors [4, 5]. As
previously reported [3], pathogenic mutations identified
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in this study occur more frequently in the distal part of
TKD than in the proximal part. There is apparently no
significant difference in the degree of autophosphoryla-
tion impairment between the p.Ile662Thr mutant within
the proximal part of TKD and other mutants within the
distal part of TKD.

Finally, we identified the homozygous CSFIR vari-
ant of p.His362Arg located in the extracellular domain
in patient 2 who fulfilled the possible criteria of ALSP.
We considered that the p.His362Arg missense variant is
not the causative factor for the following reasons. First,
the degree of autophosphorylation of this variant was
comparable to that of the wild type. Second, this variant
was reported in the ExXAC database to have a frequency
of 0.049 in the general population and 0.368 in the East
Asian population. Thus, the cause of leukoencephalopa-
thy in this patient is not likely to be this CSFIR vari-
ant. Recently, mutations in AARS2 have been reported in
ALSP patients who lack CSF/R mutations [9]. We per-
formed genetic analysis of AARS2 and found no causative
mutation in this patient.

The clinical and neuropathological findings with
CSFIR mutations in this study were consistent with those
reported previously [1-3, 7]. Indeed, all the patients in
this study fulfilled possible or probable diagnostic cri-
teria for ALSP [6]. The MRI findings of the patients
were similar to those reported previously (Supplementary
Table 2) [10]. Attention should be paid to patient 1 in
whom signal changes detected by MRI were observed
with marked left-side predominance (Fig. 4). Brain cal-
cifications were observed in all the patients with CSFIR
mutation, supporting the diagnostic value of this finding
for ALSP [11].

In conclusion, the detection of the CSFIR mutation
outside of exons 12—22 may extend the genetic spectrum
of ALSP with CSFIR mutations. Mutational analysis of
all the exons of CSFIR should be considered for patients
clinically suspected of having ALSP.
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