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Short Communication
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Abstract. Familial dementia is a rare inherited disease involving progressive impairment of memory, thinking, and behavior.
We report a novel heterozygous pathogenic variant (c.199G > A, p.Val67Ile) in the CIAO1 gene that appears to be co-
segregated with Alzheimer’s disease in a Japanese family. Biochemical analysis of CIAO1 protein revealed that the variant
increases the interaction of CIAO1 with immature amyloid-� protein precursor (A�PP), but not mature or soluble A�PP,
indicating plausible CIAO1 involvement in A�PP processing. Our study indicates that a heterozygous variant in the CIAO1
gene may be closely related to autosomal dominant familial dementia.
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INTRODUCTION

Alzheimer’s disease is one of the major causative
factors for progressive dementia and is clinically
defined by a slowly progressive loss of cognitive func-
tion and primarily memory impairment [1]. Early-
onset familial Alzheimer’s disease, which is defined
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as occurring before age 65, is particularly thought to
be highly heritable and to run in families [2]. Men-
delian forms of Alzheimer’s disease tend to present
with a similar clinical picture to the other forms,
for which three major genetic loci have been iden-
tified, i.e., APP (amyloid precursor protein), PSEN1
(presenilin 1), and PSEN2 (presenilin 2) [2, 3].

Meanwhile, CIAO1, which is encoded by the CI
AO1 gene, is a subunit of a protein complex involved
in the biosynthesis of Fe-S proteins [4]. To date,
CIAO1 variants have never been reported to be asso-
ciated with Alzheimer’s disease physiopathology.
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Fig. 1. Clinical and genetic studies of the present family. A) Pedigree of the present family. The proband is indicated (arrow). Squares
indicate males; circles, females; slashes, deceased individuals; shaded (black) symbols, individuals with symptoms of cognitive decline;
unshaded symbols, individuals without symptoms of cognitive decline; the proband’s oldest son presented with depression and violence
is indicated in half black; individuals that underwent quad WES analysis are denoted by asterisks; and individuals assessed clinically or
genetically are denoted by dots. B) Brain MRI of the proband revealed mild atrophy of the entire cerebrum. C) Three-dimensional stereotactic
surface projection (3D-SSP) analysis was used to evaluate cerebral perfusion using single-photon emission CT (SPECT). The pixel values
of the patient image set are normalized as to the mean global cerebral blood flow (CBF) before the analysis. To quantify perfusion deficits,
pixel-by-pixel z scores are used. A positive z score represents reduced CBF in the patient relative to in normal subjects. The proband showed
decreased perfusion in the bilateral occipital lobes, temporopolar cortex, and medial temporal lobes including the hippocampus, amygdala,
parahippocampal gyrus, and limbic cortex. D) 18F-Flutemetamol PET of the proband showed elevated A� deposition in the cerebral cortex,
most pronouncedly in the frontal, lateral temporal, parietal regions, as well as the posterior cingulate cortex and the precuneus. E) Brain
MRI of the proband’s younger sister revealed mild atrophy of the entire cerebrum, which was most prominent in the bilateral temporal lobes.
F) Sanger sequencing revealed the c.199G > A variant in CIAO1 in a heterozygous state in the proband, his older sister, his younger sister,
and the second daughter of his older sister. G) The c.199G > A variant in CIAO1 was not detected in the proband’s wife, his brother, his
daughter, his younger sister’s daughter, his younger sister’s husband, or the first daughter of his older sister without symptoms. The green
arrow indicates the c.199 nucleotide.

Herein, we report a Japanese family with early-onset
Alzheimer’s disease with a heterozygous c.199G > A
variant in CIAO1.

MATERIALS AND METHODS

See Supplementary Material for details. The study
was approved by the Institutional Review Board of
the University of Yamanashi. Written informed con-
sent was obtained from all the healthy direct relatives
of the participants.

RESULTS

Clinic study

The proband (Fig. 1A, II-4) was a 72-year-old
male. He was self-employed, selling water supply
equipment until age 70. He presented with a tenden-
cy for forgetfulness since age 60. His forgetful-
ness gradually progressed. At age 70, he started to
present personality changes, with fluctuating epi-
sodes of confusion and visual hallucinations. He
became vacant on questioning and unable to follow
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instructions. At age 72, he exhibited psychiatric
and behavioral problems including episodes of delir-
ium, aggressiveness, self-inflicted injurious behavior,
and suicidal behavior. There was no neurological
abnormality on examination at age 71. The pati-
ent’s score on the revised Hasegawa dementia scale
(HDS-R) was 15/30 and that on a Mini-Mental State
Examination (MMSE) was 18/30. Brain magnetic
resonance imaging (MRI) showed mild atrophy of
the entire cerebrum (Fig. 1B). No evident subcor-
tical lesions or microbleeds were detected. Brain
99mTc-ethylcysteinate dimer-single-photon emis-
sion computed tomography (SPECT) showed a
perfusion decrease in the bilateral occipital lobes
and medial temporal lobes including the amygdala,
hippocampus, uncal gyrus, and parahippocampus
(Fig. 1C). In contrast to dementia with Lewy bodies
or frontotemporal dementia (FTD), he presented pro-
nounced memory deficits at an earlier stage instead
of personality and behavior changes, and he pre-
sented no spontaneous features of parkinsonism. The
medial temporal lobe exhibited mild atrophy on MRI
scanning with hypoperfusion on SPECT. Moreover,
fluorine 18-labeled flutemetamol amyloid positron
emission tomography imaging (18F-Flutemetamol
PET) was clearly positive with notable A� deposits
(Fig. 1D), which could be differentiated from the
behavioral variant of FTD. Thus, he was clinically
diagnosed with Alzheimer’s disease [5].

The proband’s younger sister (Fig. 1A, II-6) had
been employed as an office assistant in a gas company
until age 61 when she was laid off due to frequent mis-
takes. Her cognitive condition gradually deteriorated,
and at age 66 she became disoriented and was unable
to find her way home. She also exhibited psychiatric
symptoms of mania and aggressiveness. Neurologic
examination revealed nothing significant. Brain MRI
revealed atrophy of the entire cerebrum, which was
most prominent in the bilateral temporal lobes includ-
ing the hippocampus (Fig. 1E). Subcortical infarcts
or microbleeds were absent. Her HDS-R score was
3/30. She was diagnosed with probable Alzheimer’s
disease [5], and treated with donepezil and meman-
tine. She is now 69 years old and needs assistance
with daily life in the form of in-home care.

The proband’s older sister (Fig. 1A, II-2) was also
clinically diagnosed with probable Alzheimer’s dis-
ease at age 58 [5]. She is now 76 years old and
in the severe late stage of Alzheimer’s disease. The
proband’s deceased mother (Fig. 1A, I-2) and uncle
(Fig. 1A, I-3) developed “dementia” at around age
60, and they died in their early 80 s. The proband’s

oldest son (Fig. 1A, III-3) aged 41 presented with
depression and violence from age 20. He received
long-term care service at home and could not be
assessed clinically or genetically. Other than him, no
third-generation family member aged from 36 to 50
has developed cognitive impairment or psychiatric
symptoms yet. The two daughters of the proband’s
older sister (Fig. 1A, III-1 and III-2) and the daughter
of the proband’s younger sister (Fig. 1A, III-6) were
clinically evaluated, while the proband’s second son
(Fig. 1A, III-4) and the two sons of the proband’s
younger sister could not be assessed.

Genetic study

On whole-exome sequencing (WES) for the pro-
band, we could not find any mutations in the
causative genes associated with dementia or parkin-
sonism (Supplementary Material). Moreover, no
copy number variations of APP, SNCA, or any other
genes mentioned above were detected in the pro-
band on high-density aCGH analysis. To identify the
disease-causing gene in this family, WES was then
performed using the quadruple diagnostic approach
(Fig. 1A, II-2, II-3, II-4, and II-6). The disease-
causing variant frequency was set at less than 0.01%,
a dominant inheritance mode with full penetrance
in both males and females being assumed. Through
the analysis, we identified three variants that were
in heterozygous states in the proband, his older
sister, and his younger sister with cognitive decline,
but negative in his brother without symptoms.
By analyzing the three variants one by one, we
identified a novel missense variant (c.199G > A,
p.Val67Ile) in exon 2 of CIAO1 (NCBI NM 004
804). The other two variants were excluded by
bioinformatic analyses. On Sanger sequencing,
we reconfirmed the c.199G > A variant of CIAO1,
which was in a heterozygous state in the proband,
his older sister, his younger sister, and the second
daughter of the proband’s older sister (Fig. 1A, III-2;
Fig. 1F). This variant was absent in the proband’s
wife (Fig. 1A, II-5), his brother (Fig. 1A, II-3), his
daughter (Fig. 1A, III-5), his younger sister’s daugh-
ter (Fig. 1A, III-6), his younger sister’s husband, and
the first daughter of his older sister (Fig. 1A, III-1)
without symptoms (Fig. 1G). Valine was replaced
by isoleucine in an area evolutionarily conserved
among the human, chimpanzee, rhesus monkey, cat,
mouse, pufferfish, dog, elephant, chicken, X. trop-
icalis, and zebrafish. Bioinformatic analyses using
Mutation Taster (http://www.mutationtaster.org),

http://www.mutationtaster.org
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Table 1
CIAO1 variants screened from 926 Japanese patients with idiopathic Alzheimer’s Disease, early-onset dementia, or MCI

dbSNP ID Codon Amino acid J-ADNI/ J-ADNI/ CL- EOAD CADD Num Num allele MAF RR
change change AD MCI NEG het hom frequency

rs199793823 c.56G > C p.Cys19Ser 1 0 1 1 32.0 3 0 0.162% 0.289% 0.56
rs1459911963 c.58T > C p.Trp20Arg 0 0 1 0 33.0 1 0 0.054% 0.032% 1.69
rs761581891 c.623G > A p.Arg208His 0 0 1 0 29.8 1 0 0.054% 0.041% 1.31
rs142522111 c.647G > A p.Arg216His 2 5 1 4 25.1 12 0 0.648% 0.661% 0.98
rs776406200 c.706G > A p.Gly236Ser 1 0 0 0 19.2 1 0 0.054% 0.018% 2.97
rs191488251 c.920A > G p.Asn307Ser 0 0 1 0 26.5 1 0 0.054% 0.105% 0.52

Comparison of CIAO1 variants in dementia cohorts with normal population Dementia Control OR p

Total Number 926 1210
Number of missense variants (allele frequency) 19 (0.0103) 28 (0.0116) 0.8855 0.43
Number of missense variants with MAF < 0.001 (allele frequency) 3 (0.0016) 9 (0.0037) 0.4346 0.43

J-ADNI/AD, 140 clinically diagnosed Alzheimer’s disease cases from J-ADNI; J-ADNI/MCI, 221 clinically diagnosed MCI cases from
J-ADNI; CL-NEG, 329 clinically diagnosed dementia cases with APP, PSEN1, PSEN2, MAPT, PGRN, CSF1R mutations genotyped and
excluded from brain research institute of Niigata University; EOAD, 236 clinically diagnosed early-onset Alzheimer’s disease cases from
brain research institute of Niigata University; Num het, total number of heterozygous mutations from dementia patients; Num hom, total
number of homozygous mutations from dementia patients; MAF, minor allele frequency in the public databases from populations all over
the world including GnomAD, TOPMED, jMorp, HGVD, etc.; RR, risk ratio of the probability of dementia in patients with CIAO1 missense
variants using the MAF values from public databases as control; OR, odds ratio.

Polyphen2 (http://genetics.bwh.harvard.edu/pph2),
M-CAP (http://bejerano.stanford.edu/mcap/), and
fathmm-MKL (http://fathmm.biocompute.org.uk/fa
thmmMKL.htm) predicted that this variant was dis-
ease-causing, probably damaging, possibly patho-
genic, and deleterious, respectively. This variant has a
Combined Annotation Dependent Depletion (CADD
v1.6; https://cadd.gs.washington.edu/score) score of
24.62 and is not present in dbSNP, HGMD, Gno-
mAD, or jMorp (a whole-genome variation panel of
8,380 Japanese individuals; https://jmorp.megabank.
tohoku.ac.jp/202102/). According to the American
College of Medical Genetics and Genomics (ACMG)
recommendations [6], this variant is assigned as
being likely pathogenic (PS3 + PM2 + PP3 + PP4).

We examined the WES data of 361 patients
recruited from the Japanese Alzheimer’s Disease
Neuroimaging Initiative (J-ADNI) cohort (140 Alz-
heimer’s disease cases and 221 mild cognitive im-
pairment (MCI) cases) [7], and the entire genome
sequencing (WGS) data of 565 patients with genet-
ically undiagnosed dementia (329 cases) or early-
onset Alzheimer’s disease (236 cases) from the Brain
Research Institute of Niigata University. No appar-
ently deleterious (frameshift, nonsense, or splice
region) variant was identified. However, six missense
variants were found (Table 1). We evaluated each mis-
sense variant based on the combination of the CADD
prediction score and the minor allele frequency
(MAF) in the public databases. Two missense vari-
ants (c.58T > C and c.623G > A) were identified in

two genetically undiagnosed dementia patients with
CADD > 25 and MAF < 0.1%. Unfortunately, further
information on the two patients with these variants
is unavailable but they are unlikely to be familial
cases. Finally, to determine whether or not they may
be enriched in our dementia cohorts, CIAO1 vari-
ants were reviewed in a reference database of genetic
variations in the Japanese population (HGVD) as
normal controls [8]. However, we did not find any
enrichment of CIAO1 missense variants in dementia
patients compared with in the normal group (Table 1).

The CIAO1 variant increases the interaction of
CIAO1 and immature AβPP

The CIAO1 gene encodes for probable cytoso-
lic iron-sulfur protein assembly protein CIAO1,
which is a key component of the cytosolic iron-
sulfur protein assembly complex [4]. This molecular
complex mediates the incorporation of the iron-
sulfur cluster into the iron-sulfur protein and is
involved in iron homeostasis [9]. Characteristically,
the interaction of CIAO1 and HspB1/Hsp27 has
been mapped in a large-scale interactome using
immunoprecipitation and subsequent mass spectrom-
etry [10]. HspB1/Hsp27 is a known factor modulating
amyloid-� protein precursor (A�PP) expression [11].
Therefore, we examined whether or not CIAO1 and
the mutant (V67I) interact with A�PP. After 24 h of
transfection, flag-tagged CIAO1 and the mutant were
immunoprecipitated, and A�PP in the precipitate was

http://genetics.bwh.harvard.edu/pph2
http://bejerano.stanford.edu/mcap/
http://fathmm.biocompute.org.uk/fathmmMKL.htm
https://cadd.gs.washington.edu/score
https://jmorp.megabank.tohoku.ac.jp/202102/
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Fig. 2. CIAO1 interacts with A�PP. A) Triton-soluble extracts of cells transfected with the indicated plasmids were immunoprecipitated
using anti-flag magnetic beads (IP: Flag). Each precipitate was subjected to SDS-PAGE and western blotting. Arrows indicate the mature
and immature forms of A�PP. The association of immature A�PP and CIAO1 was quantitatively analyzed in four independent experiments
using Image J software. The association of A�PP with CIAO1-WT and CIAO1-V67I was statistically significant according to Student’s
t-test. Arbitrary unit (a.u.). B) Cells transfected with the indicated plasmids were fractionated into cytosol (S) and membrane (P) fractions.
Each form of A�PP is indicated by an arrow. Golgin-85 and GAPDH were used as marker proteins for the membrane and cytosol fractions,
respectively. CIAO1 and the mutant were immunoprecipitated using anti-flag magnetic beads. C) Diagram of the A�PP structure. The
cleavage sites for �-, �-, and �-secretases are indicated (red arrowheads). A�PP intracellular domain (AICD). The anti-A�PP antibody used
in this study was raised using a synthetic peptide corresponding to the juxtamembrane region surrounding at proline 620 of the human A�PP
protein.

detected by western blotting. Interestingly, CIAO1
and the mutant were specifically associated with the
low molecular weight immature A�PP (Fig. 2A). Fur-
thermore, the V67I mutant showed enhanced binding
to the immature A�PP (Fig. 2A). Generally, in the
secretory pathway, full-length A�PP is roughly dis-
tinguished as immature A�PP (N-glycosylated) in
the endoplasmic reticulum (ER), and mature A�PP
(N- and O-glycosylated, tyrosyl-sulfated) in the
Golgi apparatus and plasma membrane [12]. Because
immature and soluble A�PP have similar molecu-
lar weights, we further separated A�PP molecules

by subcellular fractionation. After centrifugation at
100,000 × g for 1 h, homogenates were fractioned
into cytosol and membrane fractions. Western blot-
ting analysis revealed that intracellular soluble A�PP
[13] exhibited different mobility from the imma-
ture and mature forms of A�PPs on SDS-PAGE
(Fig. 2B, top panel). We unequivocally confirmed
the mutant of CIAO1 prominently interacted with
the immature A�PP molecules (Fig. 2B, bottom).
These data strongly suggest that CIAO1 is involved
in A�PP processing in the endoplasmic reticulum
and Golgi apparatus. In addition, the V67I mutant
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may actively participate in and modulate A�PP
processing.

DISCUSSION

The proband and the proband’s younger and older
sisters examined by neurologists were diagnosed
with Alzheimer’s disease clinically. The proband’s
deceased mother and uncle had suffered similar
symptoms. Phenotype concordance of 1) an early-
onset cognitive decline at around age 60, 2) a
relatively long disease duration, and 3) prominent
psychiatric symptoms were observed in all family
members affected. The proband’s oldest son aged 41
and the second daughter of the proband’s older sister
aged 48 need to be followed and watched carefully
as they may develop cognitive decline in the future.

To date, variants in CIAO1 have not been found to
be related to any human genetic disorders. Although a
study showed that CIAO1 bound to oligomeric A� in
vitro on protein array-based oligomeric A� interac-
tion analysis, whether the interaction was specific or
not has yet to be demonstrated [14]. We demonstrated
CIAO1 specifically interacted with immature A�PP
because it interacted with neither soluble nor mature
A�PP. Unexpectedly, a more prominent interaction
was observed between A�PP and the CIAO1 mutant
(V67I) than the wild type. Considering the topology
of A�PP (Fig. 2C), CIAO1 may bind to the cyto-
plasmic domain of A�PP because it does not bind
to intracellular soluble A�PP, which lacks a cyto-
plasmic domain. Although we do not know the exact
molecular mechanism for the specific interaction of
immature A�PP with CIAO1, one possible explana-
tion would be that ER-to-Golgi transition-associated
additional factors might be involved in the interac-
tion between A�PP and CIAO1 (V67I). Thus, the
interaction of CIAO1 and A�PP in our preliminary
functional confirmation study potentially implies that
variants in CIAO1 might influence the A� pathway
in genetic Alzheimer’s disease.

Unfortunately, the present study was limited to
only one pedigree. We did not find definite evidence
of deleterious CIAO1 variants in the WGS or WES
data from a total of 926 Japanese patients with cog-
nitive decline, indicating that variants in CIAO1 are
unlikely to be a common unrecognized cause of cog-
nitive decline. There might be some unknown genetic
etiology underlying the cognitive impairment in our
family that could not be identified with the present
methods. Nonetheless, follow-up studies on larger,

prospectively recruited cohorts, as well as on animal
models, are needed to further define this understudied
condition.

In summary, we report a Japanese family with
early-onset Alzheimer’s disease with a heterozygous
c.199G > A variant in the CIAO1 gene. Biochem-
ical analysis of the CIAO1 protein suggested that
CIAO1 is involved in A�PP processing, and the
V67I mutant may actively participate in and modu-
late A�PP processing. Although the limitation of the
present study necessitates caution in drawing con-
clusions with regard to the genetic association of
cognitive decline and CIAO1 variants, we believe that
our data call attention to this understudied genotype-
phenotype relationship and shed light on the potential
molecular mechanism of the involvement of CIAO1
in A�PP processing.
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