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NEUROSCIENCE

Digenic mutations in ALDH2 and ADH5 impair
formaldehyde clearance and cause a multisystem
disorder, AMeD syndrome
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Rs671 in the aldehyde dehydrogenase 2 gene (ALDH2) is the cause of Asian alcohol flushing response after drink-
ing. ALDH2 detoxifies endogenous aldehydes, which are the major source of DNA damage repaired by the Fanconi
anemia pathway. Here, we show that the rs671 defective allele in combination with mutations in the alcohol
dehydrogenase 5 gene, which encodes formaldehyde dehydrogenase (ADH5™*), causes a previously unidentified
disorder, AMeD (aplastic anemia, mental retardation, and dwarfism) syndrome. Cellular studies revealed that a
decrease in the formaldehyde tolerance underlies a loss of differentiation and proliferation capacity of hemato-
poietic stem cells. Moreover, Adh5~~Aldh2E°05K/E506K g5 ble-deficient mice recapitulated key clinical features of
AMeDS, showing short life span, dwarfism, and hematopoietic failure. Collectively, our results suggest that the com-
bined deficiency of formaldehyde clearance mechanisms leads to the complex clinical features due to overload
of formaldehyde-induced DNA damage, thereby saturation of DNA repair processes.

INTRODUCTION

Reactive aldehydes, such as acetaldehyde and formaldehyde, are
cytotoxic and carcinogenic because they damage DNA and inter-
fere with transcription and replication. Whereas acetaldehyde is
mostly produced by oxidative degradation of ingested alcohol,
formaldehyde is an ordinary one-carbon (1C) metabolite that is
generated from various in vivo biochemical reactions, including en-
zymatic demethylation of histones and nucleic acids (1, 2). These
free aldehydes are swiftly oxidized to innocuous carboxylic acids by
cellular dehydrogenases. Aldehyde dehydrogenase 2 (ALDH2)

detoxifies acetaldehyde into acetate, but this enzyme is inactivated in
~50% of the population in East Asian countries because of a functional
single-nucleotide polymorphism, rs671 [ALDH2*2, c.1510G>A, p.
E504K; MAF (minor allele frequency) = 0.27 in Japanese]. Rs671 is
known to cause “alcohol flushing response” after drinking (3-6).
Apparently, alcohol flushing is not a disease; however, the rs671 de-
fective (A) allele is protective against alcoholism and is also associ-
ated with an increased risk of various clinical conditions, including
cardiovascular disorders (7, 8) and certain types of cancer (4, 9-12).
In particular, the incidence of gastrointestinal cancers, represented by
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esophageal squamous cell carcinoma, is significantly higher in indi-
viduals with the rs671 defective allele when they regularly drink al-
cohol (10-12). Despite a multitude of known genetic associations,
no disease with a true digenic/oligogenic inheritance (13-15), un-
der complete penetrance, due to rs671 has been reported. With re-
gard to the formaldehyde elimination, alcohol dehydrogenase 5 (also
known as formaldehyde dehydrogenase or S-nitrosoglutathione reductase,
ADHS5/FDH/GSNOR) is the principal enzyme converting formaldehyde
to formic acid in a glutathione-dependent manner (16). Because
GSNOR is also a key enzyme for the modulation of cellular nitric
oxide signaling, thereby regulating circulatory functions, ADH5
polymorphisms are known to be associated with an increased risk
of cardiovascular disorders (16). Nevertheless, to date, no congenital
disorders due to the loss of ADHS5 function has been reported.

When the metabolic processes of aldehyde clearance become un-
capable or the capacity overflows, various types of endogenous DNA
damage increase. Aldehydes primarily produce DNA interstrand
cross-links (ICL) and nonenzymatic DNA-protein cross-links (DPC)
(17). These DNA lesions prevent replication fork progression; therefore,
they are thought to be largely repaired by the following replication-
coupled DNA repair mechanisms: (i) ICL repair pathway involves
“FANC” proteins that are mutated in Fanconi anemia (FA), a rare
inherited bone marrow failure syndrome (IBMFS) (18, 19). This path-
way (otherwise known as FA pathway) is activated in S phase and
eliminates ICL, by unhooking of covalently bridged Watson/Crick
strands with structure-specific endonucleases, followed by sequential
actions involving translesion synthesis (TLS), homologous recom-
bination, and nucleotide excision repair (NER). (ii) DPC repair is
similarly initiated by the stalling of DNA polymerases at replication
forks, where metalloproteases, such as SPRTN, degrade DNA-bound
proteins to remnant peptides before TLS and further excision of re-
maining lesions by NER. Mutations in the SPRTN gene also cause a
rare disorder, Ruijs-Aalfs syndrome (RJALS), characterized by seg-
mental progeria and early-onset hepatocellular carcinoma (20).

In this study, we report a number of families with a new form of
IBMFS cases. On the basis of genome analysis of the patients, we
identified disease-causing digenic mutations in the ALDH2 and
ADHS5 genes. Cellular and animal studies demonstrate that the
simultaneous loss of ALDH2 and ADHS5 activities leads to an in-
crease of cellular formaldehyde sensitivity and multisystem abnor-
malities including hematopoietic failure. Our results suggest that
the formaldehyde clearance is as important as the DNA repair
system for normal development of both humans and mice.

RESULTS

Case reports: Families with a new form of IBMFS with mental
retardation and dwarfism

We report 10 cases in eight unrelated families, presenting a previously
unclassified trait, characterized by aplastic anemia (AA), mental retar-
dation, and short stature and microcephaly (dwarfism), termed
AMeD syndrome (AMeDS). Pedigrees of the families (Fig. 1A),
summaries of clinical manifestations (Table 1), and hematological
complications (Table 2) of the affected individuals are shown (see
also detailed clinical episodes below). Each of the cases was initially
diagnosed as AA, FA, refractory anemia (RA), Bloom syndrome
(BS) or Dubowitz syndrome (DS), largely based on their facial ap-
pearance and hematological manifestations (18, 21, 22). All cases
developed myelodysplasia during infancy to childhood, and of sev-
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en cases with detailed clinical records, four patients received bone
marrow transplants (BMTs). The possibility of FA is often consid-
ered in the differential diagnosis of IBMFS. Notably, severe dwarf-
ism (height and head circumference < —4.0 SD) and intellectual
disabilities both typical in AMeDS cases are uncommon in FA;
these additional symptoms rather resemble those of patients with
transcription-coupled NER deficiency, Cockayne syndrome (CS)
(23), and its related disorders [cerebro-oculo-facio-skeletal syn-
drome (COFS) and XFE progeroid syndrome (XFEPS)] (24, 25).
Also in contrast to typical FA cases, neither polydactyly nor chro-
mosome fragility was observed in any of the AMeDS cases. Dysker-
atosis congenita (DC) was also excluded by normal telomere length
tested in some of the cases. These families and cases were extracted
from the Genome Instability Syndrome Diagnosis Project, a part of
the Rare/Intractable Disease (nanbyo) Project of Japan, as well as
from a collection of undiagnosed IBMFS children analyzed by the
central review system of the Japanese Society of Pediatric Hematol-
ogy and Oncology and the targeted sequencing system for IBMFS
at Nagoya University Pediatrics Department.

N1254 (Family4), the first daughter of nonconsanguineous
Japanese parents, was born at 39 weeks and 3 days with a birth
weight of 2880 g (-0.12 SD), after an uneventful antenatal period.
She had neither obvious malformations nor abnormalities at birth.
At 3 weeks of age, she had poor weight gain (Kaup index of 13) and
presented with telecanthus and broad nasal tip. At 1 year of age, she
was repeatedly admitted to the hospital because of prolonged fever
and pancytopenia. Skin hyperpigmentation and displacement of
the left third toe were pointed out. She was initially diagnosed with
RA. At 2 years of age, she had severe growth retardation (height:
71 cm, —2.3 SD; weight: 6850 g, —2.7 SD), delayed motor and lan-
guage development (spoke only two or three meaningful words),
and was diagnosed with acute myeloid leukemia (AML; monosomy
7). She received a cord blood stem cell transplant from an unrelated
donor. She had successful engraftment of neutrophils, but the
thrombocyte levels did not return to normal. She had leukoenceph-
alopathy and cerebral abscess and died at 2 years and 10 months of
age. She had no episode of sunburn.

N1037 (Family4), a younger sister of N1254, was born at 41 weeks
and 3 days with a birth weight of 2870 g (-1.27 SD), after an un-
eventful antenatal period. She had neither obvious malformations
nor abnormalities at birth. At 1 year of age, she was repeatedly
admitted to the hospital because of prolonged fever and thrombo-
cytopenia. At 5 years of age, she was initially diagnosed with possible
BS based on her facial characteristics and hematological abnormali-
ties. She presented with short stature, microcephaly, delayed motor
and language developments (spoke only two or three meaningful
words), analgia, hypohidrosis, hypothyroidism, and displacement
of the left third toe. She died of interstitial pneumonia at 9 years and
8 months of age. She had no episode of sunburn.

N1267 (Family5), the second child of nonconsanguineous Japa-
nese parents, was born at 40 weeks and 5 days with a birth weight of
2606 g (—1.81 SD), after an uneventful antenatal period. No physical
abnormalities were noted at birth. She was undergoing medical
follow-up care because of low birth weight, failure to thrive, and short
stature. She presented with pancytopenia at 7 years of age. She was
initially diagnosed with DS. Bone marrow examination showed tri-
lineage dysplasia with an abnormal karyotype: 46,XX,+1,der(1:21)
(q10;q10) [7/20]; 46,idem,add(18)(p11.2) [13/20]. Regular bone
marrow examination performed 1 year after the diagnosis revealed
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Fig. 1. Identification of digenic variants in ADH5 and ALDH2 in patients with AMeDS. (A) Pedigrees of AMeDS families 4 to 8. (B) Pathogenic variants identified in
ADH5 and ALDH2. (C) Immunoblots of ADH5 and ALDH2 in primary fibroblasts from normal (1BR) and patients with AMeDS (N0608, N0611, and N0614). SMC3 is a loading
control. (D) ADH5 transcript of normal (1BR) and AMeDS (N0608, N0611, and N0614) cells. The relative transcript levels analyzed by the AACT method are shown for trip-
licate experiments. (E) Cell viability after continuous 30 uM formaldehyde treatment. Results from triplicate experiments (means + SD) are shown. **P < 0.01, two-tailed
unpaired t test. (F) Imnmunoblots showing a reduced stability of ADH5 p.S75N identified in a healthy individual, NAG16714. Gene-edited hTERT-immortalized RPE1 (RPE1
hTERT) cells expressing the homozygous ADH5 p.S75N alleles (clones no. 10 and no. 52), and AADH5 cells are examined. (G) Stable expression of the p.S75N mRNA.
(H) Cell viability after continuous 40 uM formaldehyde treatment. Results from triplicate experiments (means + SD) are shown. ***P < 0.001, two-tailed unpaired t test.
() ADH5 p.S75N is unstable as with p.A278P. U20S cells transfected with V5-tagged ADH5 WT (wild type), p.A278P, or p.S75N were harvested at the indicated times fol-
lowing cycloheximide (CHX) treatment. Cell lysates were immunoblotted with V5 and ACTB antibodies. (J) Quantification of ADH5-V5 levels in (I) by image analysis, nor-
malized to ACTB levels. Means (+ SD) from triplicate experiments are shown. *P < 0.05; one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test.

monosomy 7 clonal evolution. BMT from a human leukocyte anti-
gen (HLA)-matched sibling donor (sibling5-1) appeared to be suc-
cessful; however, the disease relapsed 3 months after the transplant.
She underwent her second BMT from an HLA-matched unrelated
donor. She is alive and disease-free 5 years after the transplant.
N1269 (Family6), the second daughter of nonconsanguineous
Japanese parents, was born at 39 weeks and 2 days with a birth
weight of 2442 g (-1.72 SD), after an uneventful antenatal period.
No physical abnormalities were noted at birth. At 2 years of age, she
presented with thrombocytopenia, short stature, and developmen-
tal delay. Following a transient elevation in platelet count, her
thrombocytopenia and anemia subsequently progressed and she
was diagnosed with myelodysplastic syndrome (MDS) with trilin-
eage dysplasia at 3 years of age. Cytogenetic analysis revealed a
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complex karyotype with trisomy 8: 46,XX,der(5;17)(p10;q10),+8
[4/20]; 45,idem,add(7)(p11.2),-8,add(19)(p13) [14/20]; 46,XX,ins(1;?)
(q125?) [2/20]. BMT from an HLA-matched sibling donor was suc-
cessful, and she is alive 6 years after the transplant.

N1270 (Family6), a younger brother of N1269, was born at
39 weeks and 0 days with a birth weight of 2366 g (-2.14 SD), after
an uneventful antenatal period. No physical abnormalities were
noted at birth. At 3 months of age, he was admitted to the hospital
because of poor weight gain and possible developmental abnormal-
ities. He had bicytopenia (thrombocytopenia and anemia), hypo-
thyroidism, skin hyperpigmentation, agenesis of corpus callosal,
and recurrent epileptic seizures. Bone marrow examination showed
MDS with a normal karyotype. His motor and intellectual disabilities
were severe. He needed a gastrostomy tube for feeding at 1 year and
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8 months of age. He died of infection at 2 years of age: height,
76.7 cm (—4.5 SD); weight, 8.85 kg (—3.0 SD); and head circumfer-
ence, 40 cm (-5.8 SD). Telecanthus, displacement of the right
fourth toe, and low-set ears were pointed out. He had hypertrophic
cardiomyopathy and frontal lobe atrophy.

N1275 (Family7), the first daughter of nonconsanguineous
Japanese parents, was born at 41 weeks and 5 days with a birth weight
0f 2984 g (—0.65 SD). She had initially presented with pancytopenia
at 8 years of age. Bone marrow examination revealed hypoplastic
MDS with the following abnormal karyotype: 46,XX,+1,der(1;22)

Table 1. Digenic inheritance of the ALDH2 rs671 defective allele and ADHS5 biallelic mutations identified in AMeDS individuals.

Initial
diagnosis*

Family Individual Sex

ID D ADHS5 mutations

ALDH2 mutations

Other
complications***

Hematological

abnormalities** A A

Allele1 Allele2

Allele1

Allele2

1 N0608 F FA p.W322*  p.W322*

Splicing
¢.564+1G>A
© Father2  Normal  c564+1G>A  WT
3 [ Noe14 et

2 NO0611 F AA p.A278P

W322%

4 N1037 F BS

p.W322*

N1254 F RA p.W322*

p.W322* wWT
p.W322% wWT
p.W322% wWT

Father4 Normal
Mother4 Normal
Sibling4-1 F Normal

5 N1267 F DS p.W322k  p.A278P

Sibling5-1 M Normal WT WT
6 N1269 F FA

p.W322*  p.W322*

N1270 M FA p.W322* p.W322*

e

e e
R e
i m—— s

Mother6
Sibling6-1 F
Sibling6-2 F Normal

7 N1275 F FA p.W322* p.A278P
Father7 Normal
Mother7 Normal p.A278P WT
Sibling7-1 F

8 N1329 M FA p.W322*  p.A278P

Father8 W322* WT

9 NAG16714 F

Normal

p.S75N

p.E504K wT NA NA

Normal WT WT WT
AA

p.E504K

p.E504K
p.E504K
p.E504K WT
p.E504K

p.E504K wT
p.E504K wT

p.E504K

p.E504K wT
p.W322% WT WT WT
p.E504K WT

Normal WT WT WT WT

p.E504K wT

p.S75N wT

UPD (ADHS5 locus)

p.E504K wWT NA NA

p.E504K

p.E504K

Died from
interstitial
pneumonia
(9 years)
SS (-5.2), MC, Died after BMT (3
MD, NR, TC years)
p.E504K

SS (n.d.), MC, MD,

RECK NR, TC, HP, ID

MDS (2)

p.E504K AML (2)

p.E504K
SS (-5.4), MC, Alive after second

MDsS (7) MG, PLSVC, ID BMT (14 years)

p.E504K WT

SS (—4.0), MD, Alive after BMT
ASD, ADHD, ID (8 years)

SS (-4.7), MC
(-5.8), MD, TC,
AH, GA, HP, ID

MDS (3)

Died from an

p-E504K infection (2 years)

MDS (0)

e S
e
e
e

MC, SS (—4.1), HP, Alive after BMT

SRS UH, DC, HD, LD, ID (12 years)

MDS (12) Mﬁffé‘:f” Alive (16 years)

p.E504K

No previous
disease (55 years)

wT

Affected individuals and Nagahama case are shown in bold.
Dubowitz syndrome.

**Ages at onset are in parentheses. MDS, myelodysplastic syndromes; AML, acute myeloid leukemia. NA, not analyzed.

*FA, Fanconi anemia; AA, aplastic anemia; RA, refractory anemia; BS, Bloom syndrome; DS,

***SDin

parentheses. n.d., not determined; SS, short stature; MC, microcephaly; MD, motor deterioration; NR, nasal ridge; TC, telecanthus; HP, hyperpigmentation; ID,
intellectual disability; MG, micrognathia; PLSVC, persistent left superior vena cava; ASD, autistic spectrum disorder; ADHD, attention-deficit hyperactivity
disorder; AH, adrenal hypoplasia; GA, gonadal abnormality; UH, uterus hypoplasia; DC, dolichocephaly; HD, hyperdactyly (long thumb); LD, learning disability;

PP, Precocious puberty.
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****UPD, uniparental isodisomy; BMT, bone marrow transplant.
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Table 2. Detailed hematological findings in AMeDS individuals. NA, not analyzed. WBC, white blood cells; Neut, neutrophils; Mon, monocytes; Hb,
hemoglobin; MCV, mean corpuscular volume; Ret, reticulocytes; Plt, platelets; HbF, fetal hemoglobin; PB, peripheral blood; BM, bone marrow; RCMD, refractory
cytopenia with multilineage dysplasia; RAEB-1, refractory anemia with excess blasts-1.

Individual WBC Neut Mon Hb mcv Ret Plt

HbF Morphological

PB blast (% BM blast (% Karyot
ID (x10%liter)  (x10%liter)  (x10%/liter) (g/d) ()  (%o)  (x10%liter) (%) L) SSL 0} diagnosis ERABEE
N1037* NA NA NA NA NA  NA NA NA NA NA NA NA
45,XX,-7(8/10]
N1254* 14 04 04 93 NA  NA 47 NA NA NA NA 46XX der(5;17)
(p10;q10),+8[4/20]
45,XX,+1,der(121)
RCMD (q10,910),-7[12/20]
N1267 29 05 09 97 13 24 61 37 0 3 (MDSMLD) 2idom 17 30d08)
8/2
45,idem,add(7)
RAEBT (p11.2)-8,add(19)(p13)
N1269t 98 39 13 77 75 109 56 4 0 3 (MDS.£8-1) [14/20]
46XX,ins(172)(q127)
[2/20]
N1270t 34 1 09 74 101 36 17 NA 0 0 U 46,XY,add(7)(p15)[1/20]
: : : (MDS-MLD) PG
46XX,+1,der(1;22)
(q10;910)[2/20]
RAEB-1 47,idem,del(7)
N1275 19 0.1 0.04 107 98 5 24 NA 0 1 (MSD-£8.1) (q?),add(17)
(p11.2),+mar1[9/20]
47,idem,add(17),del(20)
(q1?),+mar1[5/20]
RAEB-1 46,XY,+1,der(1;15)
N1329 75 48 06 83 83 NA 37 NA 4 5 Mspes.y)  (@10a10add17)p11.2)

46,idem,add(17)

*Affected siblings in Family4. tAffected siblings in Family6.

(q10;q10) [2/20]; 47,idem,del(7)(q?),add(17)(p11.2),+marl [9/20];
47,idem,add(17),del(20)(q1?),+marl [5/20]. She presented with
FA-like physical anomalies, such as short stature, skin hyperpig-
mentation, and developmental delay. However, her chromosomal
breakage test and FANCD?2 ubiquitination were normal. BMT from
a mismatched unrelated donor with reduced intensity conditioning
was successful. She is alive 5 years after transplant.

N1329 (Family8), the second son of nonconsanguineous Japanese
parents, was born at around 40 weeks with a birth weight of 3480 g
(0.72 SD), after an uneventful antenatal period. He presented with
short stature (-2.52 SD) and had a delayed bone age at 6 years of
age. He had Tanner stage 4 and an advanced bone age and was di-
agnosed with precocious puberty at 10 years of age. He had bicyto-
penia (anemia and leukopenia), and his bone marrow examination
revealed MDS with an abnormal karyotype: 46,XY,+1,der(1;15)
(q10;q10),add(17)(p11.2)x2 at 12 years of age. He was initially diag-
nosed with FA. At 15 years of age, he had short stature (height:
149.7 cm, -3.2 SD; weight: 31.35 kg, —2.7 SD), microcephaly (head
circumference: 51.5 cm, —4.7 SD), and intellectual disability. He has
no episode of sunburn.

Digenic mutations in the ADH5 and ALDH2 genes

cause AMeDS

We have implemented whole-exome sequencing (WES) for genetic
screening of undiagnosed cases (standard WES procedure, see Ma-
terials and Methods). From the WES and follow-up studies, we
identified biallelic mutations in the ADH5 gene in all of the AMeDS
cases. By the WES analyses, we did not find any other potential
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causative genes shared among more than two of the cases under an
autosomal recessive model of inheritance; we were not aware of any
reported pathogenic variants of known disorders in any of the iden-
tified potential causative genes; no biallelic variants were detected
in known FA-associated genes (table S1) (18). The patients were
homozygous or compound heterozygous for the following ADH5
variant alleles: ¢.966delG, p.W322*; c.G832C, p.A278P; c.564+1G>A,
5’ splice site (Fig. 1B and Table 1). Immunoblot analysis of AMeDS
fibroblasts demonstrated a significant reduction of the ADH5 pro-
tein levels, indicating that the identified variants led to loss-of-function
(LOF) changes causing a lack of gene expression or involving a se-
vere protein destabilization (Fig. 1, C and D).

Previous animal studies demonstrated that combined inactivation
of the endogenous aldehydes detoxification and the FA pathway
leads to very severe attrition of hematopoietic stem and progenitor
cells (HSPCs) and abnormal fetal development (26-30). In these
processes, ADHS5 is the key enzyme in the protection against DNA
damage induction, by eliminating endogenous formaldehyde (30).
Consistent with this notion, ADHS5-deficient AMeDS cells ex-
hibited increased sensitivity to formaldehyde treatment (Fig. 1E),
although the cells displayed normal ubiquitination of FANCD2 and
resistance to ICL-inducing mitomycin C, indicating that the FA
pathway is proficient in the AMeDS cases (fig. S1, A to C). From
these results, we anticipated that the ADH5 deficiency was the pri-
mary cause of AMeDS.

In contrary, Adh5 null mice did not show any devastating phe-
notype that causes a survival disadvantage (31). To further evaluate
the pathogenicity of the ADH5 deficiency in humans, we first
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searched for individuals with biallelic ADH5 rare variants in genotype-
available databases. No homozygous ADH5 LOF variants were
detected within ~140,000 individuals in gnomAD (v.2.1.1). Because
all the AMeDS cases were of Japanese origin, we conducted an
additional search of ~5600 Japanese individuals within ToMMo
(Tohoku Medical Megabank; 2036 individuals), HGVD (Human
Genetic Variation Database, Kyoto University; 300 individuals), BBJ
(BioBank Japan, RIKEN Institute; 1006 individuals), and Nagahama
Study (Nagahama Prospective Cohort for Comprehensive Human
Bioscience, Kyoto University; 1321 individuals) datasets, as well
as in-house genome databases. Furthermore, we genotyped the
ADH5 pathogenic variant alleles (p.W322*, p.A278P, and ¢.564+1G>A)
in ~26,000 Japanese individuals (Hospital-Based Epidemiologic
Research Program at Aichi Cancer Center, Aichi Cancer Center).
From these screenings, we identified a healthy individual (female,
age 55, no preexisting conditions) with a homozygous mutation, c.
G224A (p.S75N) in the ADH5 gene (NAG16714 in Nagahama Study;
Table 1). As we could not obtain cellular materials from this indi-
vidual, we generated hTERT-immortalized RPE1 (RPE1 hTERT)
and U20S cells with AADH5 and with the site-specific ADH5
p.S75N homozygous mutation using the CRISPR-Cas9-based
gene editing technique (without silent mutations, see Materials
and Methods; table S2). Immunoblot analysis revealed severely de-
creased levels of the ADH5-p.S75N protein in the mutant cells
(Fig. 1F and fig. S1D), although the ADH5 mRNA expression was
unaffected (Fig. 1G). The ADH5-p.S75N mutant cells were as sensi-
tive to formaldehyde as AADHS5 cells (Fig. 1H and fig. S1E) due to
destabilization of the ADH5 protein (Fig. 1, I and J). These initial
results indicate that the loss of ADH5 expression or deficiency in
formaldehyde detoxification is not associated with any obvious
disease phenotype. These data suggest that the ADH5 monogenic
deficiency is not sufficient to cause AMeDS.

We therefore considered a possibility of digenic/oligogenic
inheritance. We focused on the ALDH?2 gene and rs671 because
ALDH2 retains a weak catabolic activity for formaldehyde (32) and
for various endogenous active aldehyde species, such as 4-hydroxy-2-
nonenal (4-HNE) that arises from membrane lipid peroxidation
products (33), in addition to its primary function of detoxifying
acetaldehyde. These active aldehydes generate ICL-DNA damage
(17); consequently, they can put loads on the FA pathway and other
DNA repair pathways, such as base excision repair and DPC repair.
Therefore, the phenotypes of patients with AMeDS may result from
the lack of enzymatic activity of ALDH2 in combination with the
loss of ADHS5 function for endogenous aldehydes.

Individuals harboring either one or two copies of the ALDH2
rs671 defective allele display a severe deficiency in acetaldehyde cat-
abolic activity because the active enzyme complex requires the wild-
type ALDH2 homotetramer (5, 34). By examining the ALDH2 rs671
genotype, we indeed found that all 10 patients with AMeDS carry at
least one copy of the defective allele (G/A or A/A) (Table 1). Despite
the high allele frequency in Japanese population, appearance of the
rs671 defective allele in the AMeDS cases deviates substantially
from the Hardy-Weinberg equilibrium (Pearson’s % test; P = 0.0007),
suggesting that this locus is strongly associated with the disease de-
velopment. The healthy individual, NAG16714 with the homozygous
ADHS5 p.S75N defective variant, harbors the homozygous rs671
wild-type (G/G) alleles (Table 1). Furthermore, all three cases
homozygous for the rs671 defective alleles (N1037, N1254, and
N1270) manifested more severe phenotypes, including neurological
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abnormalities, prominent motor deterioration (confined to a wheel-
chair or bed), and early death (Tables 1 and 2). This suggests that
the aldehyde detoxification activity determined by the rs671 geno-
type underlies the severity of AMeDS clinical features. Collectively,
we conclude that the ALDH2 rs671 defective allele in combination
with biallelic LOF mutations in the ADH5 gene is necessary and suffi-
cient to cause a true digenic disorder, AMeDS, classified as IBMFS.

ALDH2 and ADH5 may cope with the formaldehyde clearance
and prevent induction of DNA damage

To determine potential substrates of the ADH5 and ALDH2 en-
zymes, we have measured growth inhibition profiles of ADH5- and/or
ALDH?2-deficient U20S cells after treatments with various active
aldehydes (fig. S2, A to C). Nine major endogenous aldehydes—
including o,B-unsaturated aldehydes [4-hydroxyhexenal, (4-HHE),
4-HNE, 4-oxononenal, acrolein, and crotonaldehyde], the simplest
aldehyde (formaldehyde), dialdehydes (glyoxal and methylglyoxal),
and a saturated aldehyde (heptanal)—whose chemical properties
have been widely studied, were chosen for the proliferation assay.

While the treatments with o,B-unsaturated aldehydes (4-HHE,
4-HNE, and acrolein) inhibited cell proliferation of ALDH2"**
U208 cells, ADH5"'~ cells were not affected by the same treatment
(fig. S2D); this may imply that these aldehydes are preferentially
metabolized and detoxified by the ALDH2 enzyme. We found that
formaldehyde and methylglgroxal treatments suppressed cell prolif-
eration of ADH5 '~ ALDH2""* double-deficient U208 cells com-
pared to single-deficient ADH5"~ or ALDH2"** cells, indicating
that these aldehydes are possible substrates of both ADH5 and
ALDH?2 enzymes (fig. S2D). The concentration of formaldehyde in
human plasma is estimated to be ~100 uM (35, 36), while that of
methylglyoxal is much less than 1 uM (37), which implies that near
physiological levels of formaldehyde, but not methylglyoxal, can
perturb cell proliferation. To further investigate the effects of form-
aldehyde treatment in ADH5'~ALDH2""* double-deficient U20S
cells more precisely, we analyzed replication inhibitory profiles by
flow cytometry (Fig. 2A). While either LOF of ADH5 or ALDH?2
modestly attenuated the progression of cell cycle compared to wild-
type cells, digenic loss of ADH5 and ALDH?2 led to the significant
inhibition of DNA replication after formaldehyde treatment
(Fig. 2, A and B).

We next studied the cooperative actions of ADH5 and ALDH2
on the prevention of DNA damage induction. We assessed in-
creased cellular DNA damage levels as a consequence of diminished
formaldehyde processing activity in patients with AMeDS cells. We
measured formaldehyde-induced DNA damage by immunoblot-
ting of histone H2AX Ser'*® phosphorylation (YH2AX) as a DNA
damage marker. AMeDS cells (N0608 and N0611) showed signifi-
cant increase of YH2AX levels after 200 uM formaldehyde treat-
ment, although normal cells were resistant to even such a high dose,
indicating that unrepairable DNA damage are indeed increased in
the AMeDS cells supposedly because of the lack of formaldehyde
processing capacity (Fig. 2C). Similar to ADH5 '~ ALDH2"** double-
deficient U20S cells, significant inhibition of DNA replication
after formaldehyde treatment was also confirmed in patient with
AMeDS cells (Fig. 2D). Ectopic expression of either of the wild-type
ADH5 or ALDH2 complementary DNA (cDNA) in the AMeDS
cells completely eliminated the induction of formaldehyde-induced
DNA damage, suggesting that both ADH5 and ALDH?2 deficiencies
underlie the decrease of formaldehyde detoxification capacity (Fig. 2E
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Fig. 2. Formaldehyde is a possible endogenous aldehyde metabolized by both ADH5 and ALDH2. (A) Formaldehyde treatment inhibits DNA replication in ADH5
and ALDH2 double-deficient cells. 5-ethynyl-2"-deoxyuridine (EdU) incorporation in WT, AADH5, ALDH2%%, or AADH5 ALDH25%* double-mutant U205 cells after form-
aldehyde treatment is measured by fluorescence-activated cell sorting (FACS) analysis. Cells were incubated with indicated concentration of formaldehyde or 10 mM
hydroxyurea (HU) as a positive control for 8 hours followed by EdU incorporation for 1 hour. Then, cells were fixed with 70% ethanol and analyzed by FACS for Alexa Fluor
488-labeled EdU and DNA stained with 7-aminoactinomycin D (7-AAD). Representative FACS images are shown. (B) Quantification of data in (A). Graph shows the percentage
of EdU-positive cells. Means (+ SD) from three independent experiments are shown. *P < 0.05, **P < 0.01, and ***P < 0.001, one-way ANOVA with Tukey’s multiple comparisons test.
(€) Formaldehyde treatment induces DNA damage in cells from AMeDS-affected individuals. Immunoblots showing phospho-Ser139 histone H2AX (yH2AX), a DNA damage
marker, and PARP1, an apoptosis marker in normal (1BR) and AMeDS (N0608 and N0611) cells. KU70 is a loading control. (D) EdU incorporation in normal and AMeDS cells
after formaldehyde treatment measured by FACS analysis. Cells were incubated with indicated concentration of formaldehyde for 22 hours followed by EdU incorporation
for 2 hours. Then, cells were fixed with 70% ethanol and analyzed by FACS for Alexa Fluor 488-labeled EdU and DNA stained with propidium iodide (PI). (E) Formaldehyde-
induced DNA damage in AMeDS cells (N0611) is ameliorated with expression of either the wild-type ADH5 or ALDH2 cDNA. Green fluorescent protein as a mock control.

and fig. S2, E and F). Together, formaldehyde is metabolized by both
ADH5 and ALDH2, and even naturally occurring concentration of
formaldehyde may have a negative effect on cell proliferation and
genome integrity in ADH5 and ALDH2 double-deficient cells.

ADH5 and ALDH2 enzymatic activities are crucial for the

normal differentiation and proliferation of HSPCs in humans
We next investigated the effects of ADH5 and ALDH2 digenic defi-
ciency on the progenitor cell capacity of HSPCs in humans. We per-
formed colony-forming unit (CFU) assays of CD34" umbilical cord
blood-derived HSPCs, which were prepared from healthy Japanese
donors (RIKEN BRC). The ALDH?2 rs671 genotype was confirmed
in each HSPC pool, and the ADH5 expression was eliminated by the
CRISPR-Cas9-based gene editing with specific single-guide RNAs
(sgRNAs) (Fig. 3A and fig. S3, A and B). The loss of ADHS5 did not
induce unexpected DNA damage (determined by yH2AX induction
shown in fig. S3B), and it did not affect the proliferation of HSPCs
regardless of the rs671 genotype during culture in hematopoietic
maintenance medium (fig. S3C), suggesting that decrease in the
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formaldehyde detoxification capacity does not involve any growth
disadvantage of HSPCs in ex vivo conditions. However, the differ-
entiation and proliferation potential of HSPCs was severely compro-
mised when ADHS5 was deleted in HSPCs with the ALDH2 rs671
defective (G/A) but not with the wild-type (G/G) alleles (Fig. 3, Band C).
In addition, these ADH5 and ALDH2 rs671 double-deficient HSPCs
had reduced capacity to differentiate into common progenitor cells
and/or their progeny cells (fig. S3D), suggesting that formaldehyde
detoxification deficiency causes a wide range of hematopoietic
abnormalities in humans.

Mice with the Adh5~'~ and Aldh2-E506K digenic mutations
recapitulate key clinical features of AMeDS

To investigate the consequences of the ADH5 and ALDH? digenic
deficiency for the development of multisystem abnormalities in AMeDS,
we generated gene-edited mice with Adh5™'~ and Aldh2-E506K
(equivalent to the human ALDH2-E504K and hereafter called
Aldh2-KI) double mutation using the CRISPR-Cas9 technique.
Adh5""Aldh2*™ female mice were interbred with Adh5"~ Aldh2"*" male
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mice, and the offspring genotypes were measured. Adh5~'~Aldh2"/¥!

mice were born at near Mendelian ratios (Fig. 4A). The weight and
size of the Adh5~~ Aldh2""™ double-deficient neonates were indis-
tinguishable from those of their littermates, indicating of no prena-
tal growth retardation, which is similar to human AMeDS cases
(Fig. 4, B and C). Severe growth failure with poor weight gain was
prominent in all of the Adh5~Aldh2X"™ mice at 1 to 2 weeks after
birth (Fig. 4, B and C); computed tomography (CT) and dissection
analyses also revealed multisystem abnormalities, including small
body size, extremely shrunken organs, diminished muscle and sub-
cutaneous fat volumes, and kyphosis at 3 weeks after birth (fig. S4A),
although all the animals received breast-feeding from their mothers
without problem. Intriguingly, all the Adh5~'~Aldh2*"*" mice dis-
played anemia and severe debility and eventually died, possibly due
to cachexia or overall weakness, within 4 weeks after birth before wean-
ing, although Adh5~"~Aldh2**" mice or mice with other genotypes did
not show any survival disadvantage during this period (Fig. 4D). Notably,
Adh5™" or Aldh2"™ animals did not show any obvious developmental
defects, which is consistent with previous reports (31, 38).

Adh5™"Aldh2"™ mice also displa&ed smaller body weight com-
pared to that of Adh5™~ or Aldh2*"*" animals from 2 to 6 weeks
after birth (Fig. 4C). Similar but much milder manifestations com-
pared to the Adh5~~Aldh2""™ mice were also detected in the
Adh57"~Aldh2"™" animals at 6 months (fig. S4B). Furthermore, we
noticed that all middle-aged Adh57"Aldh2*™ animals (8 to 9 months)
displayed skin hyperpigmentation on the tails, indicative of FA-like
features (fig. S4C). A previous report described a skin hyperpig-
mentation induced in Aldh2™"~ mice continuously administrated
with ethanol (acetaldehyde precursor) (39). The Adh5™"Aldh2t™
male and female animals were fertile.

To study hematopoietic functions of the Adh5 and Aldh2 double-
deficient mice in detail, we examined peripheral blood hematological
parameters. Adh5~~ Aldh2""! mice at the moribund stage (3 weeks
of age) exhibited decreased red blood cells (RBCs), hemoglobin
(HGB) levels, hematocrit (HCT) values, and increased levels of mean
corpuscular volume (MCV), indicating macrocytic anemia, although
age-matched Adh57""Aldh2"™ mice did not present apparent he-
matopoietic defects at this point (fig. $4D). The Adh5~/~Aldh2"'™
mice eventually displayed similar abnormalities of erythrocytes at
8 to 9 months after birth (fig. S4E).

We further investigated the maintenance of HSPCs in the Adh5
and Aldh2 double-deficient mice. In Adh5™"~Aldh2"/¥! mice at the
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moribund stage (3 weeks of age), total number of nucleated bone
marrow cells from tibiae and femora significantly decreased com-
pared with that of other animals (Fig. 4E). Consistently, the number
of multipotent self-renewing HSCs defined by Lin c-Kit*Sca-1*
CD1507CD48™ (CD150" long-term HSCs) was significantly re-
duced in Adh57""Aldh2""®" mice (Fig. 4F and fig. S41); similar
trends were observed for immature hematopoietic progenitors, in-
cluding Lin"c-Kit"Sca-1"CD150 CD48~ [CD150" multipotent
progenitors (MPPs)] and Lin"c-Kit"Sca-1"CD150 CD48" [CD48"
restricted progenitors (HPC1)] cells. We found that the number of
further differentiated progenitor cells—including Lin"c-Kit°“Sca-1°"
CD127*CD135* [common lymphoid progenitors (CLPs)], Lin"c-Kit"
Sca-1"CD34"CD16/32” [CD34" common myeloid progenitors (CMPs)],
and Lin"c-Kit"Sca-1"CD34°CD16/32” [bipotent megakaryocyte/
erythrocyte lineage-restricted progenitors (MEPs)]—was also sig-
nificantly diminished in Adh5~'~Aldh2""* mice. In connection
with the decrease of CLPs in Adh5™'~Aldh2"" mice, the number of
lymphocytes in peripheral blood and the weights of thymus and
spleen were reduced without any significant alteration of lympho-
cyte distribution in these organs (fig. S4, F to H). Although
Adh57~Aldh2*"*" mice did not show any anomaly of bone marrow
cells at 3 weeks of age (Fig. 4F), the number of MPPs and CLPs was
significantly decreased compared with that of Adh5 or Aldh2 single-
deficient mice at 8 to 9 months of age (Fig. 4G). Collectively, hema-
topoietic abnormalities in the Adh5 and Aldh2 double-deficient animals
are due to exhaustion of HSPCs. These findings demonstrate that
the combined LOFs in the Adh5 and Aldh2 genes cause multisystem
abnormalities potentially due to the lack of formaldehyde clearance
capacity in the double-deficient animals, and the Aldh2-E506K al-
lele defines the severities of manifestations, which clearly mimic the
major clinical features of AMeDS in humans.

DISCUSSION

Digenic inheritance (DI) is the simplest genetic trait describing
complex oligogenic disorders caused by the malfunctions of two or
more genes (13-15). In the past human genetics studies, thousands
of monogenic disorders have been identified. However, to date,
only tens of diseases with solid evidence for DI have been reported
(13-15). Moreover, even in well-documented DI disorders, such as
retinitis pigmentosa and Bardet-Biedl syndrome, affected individuals
often display heterogeneous clinical features because of incomplete
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Fig. 4. Loss of Adh5 function in combination with reduced Aldh2 activity recapitulates the phenotype of AMeDS in mice. (A) Observed and expected frequencies
of mice at 2 weeks of age from intercrossed of Adh5*/~Aldh2*/X female mice with Adh5*/~Aldh2*"X male mice. Chi-square test shows no significant difference between
observed and expected (P=0.17). (B) Postnatal growth defects of Adh5~/~Aldh2X/K mice. Representative pictures are shown. Blue arrows indicate Adh5~/~Aldh2K mice.
Photo credit: Yasuyoshi Oka, Nagoya University. (C) Body weights of individual mice at 0 days, 2 weeks, or 6 weeks of age. **P <0.01 and ***P <0.001, one-way ANOVA
with Tukey’s multiple comparisons test. (D) Kaplan-Meier curves with log-rank (Mantel-Cox) test show a significant decrease in survival of Adh5~~Aldh2"¥ compared to
the mice with other genotypes (P < 0.0001). (E) Quantification of nucleated bone marrow cells in bilateral femurs and tibias from 3-week-old mice is shown (means + SD;
n=at least 5 animals). *P < 0.05 and ***P < 0.001; one-way ANOVA with Tukey’s multiple comparisons test. (F and G) Quantification of hematopoietic subset: LKS
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CLP (Lin"c-Kit"*"Sca-1'°"CD127*CD135"), CMP (Lin"c-Kit*Sca-1"CD34*CD16/327), MEP (Lin~c-Kit*Sca-1"CD347CD16/327), and GMP (Lin~c-Kit*Sca-1"CD34*CD16/32") in
individual mice at 3 weeks of age in (F) and at 8 to 9 months of age in (G). Means + SD; n =at least 5 animals. *P < 0.05, **P < 0.01, and ***P < 0.001, one-way ANOVA with

Tukey’s multiple comparisons test.
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penetrance, and unexplained pedigrees are frequently observed
(40, 41). Our AMeDS cases all develop generally uniform clinical
symptoms (AA, mental retardation, and dwarfism), and they are
genetically characterized by true DI, i.e., mutations in two distinct
genes are necessary and sufficient to cause a disease, with no excep-
tion. The ALDH2 rs671 defective allele is also involved in the sever-
ity of AMeDS clinical features; however, unlike other coinheriting
genetic modifiers, it is essential for the disease development in addi-
tion with the ADH5 deficiency.

The accumulation of unrepaired endogenous DNA damage ulti-
mately triggers cancer and aging through a failure in the essential
functions of various cellular processes (42-44). DNA lesions may
induce mutations and chromosomal aberrations that cause genome
instability and an increased risk of cancer. In parallel, major DNA
lesions can also interfere with transcription and replication, result-
ing in the loss of accurate gene expression profiles, delay of cell cycle
progression, and induction of cell death, which contribute to aging.
The cellular defense against DNA damage involves serial mecha-
nisms (two-tier protection): (tier 1) enzymatic detoxification pro-
cesses of highly reactive genotoxic chemicals, such as reactive oxygen
species (ROS) and active aldehydes, and (tier 2) DNA repair pro-
cesses to eliminate various types of DNA damage and restore ge-
netic information. In this regard, dysfunctions in either of these
mechanisms may result in carcinogenesis and aging-related pheno-
types. In particular, cancer predisposition and progeroid symptoms
are naturally observed in a variety of human genetic disorders due
to mutations in DNA repair genes (tier 2) (45). In contrast, there is
only a small number of congenital diseases that are caused by ab-
normalities in the detoxification systems of chemical compounds
that induce DNA damage (tier 1). Recent clinical reports have
shown that a complete absence of the superoxide dismutase 1 (SOD1)
enzyme, which is involved in the removal of ROS, causes an ex-
treme oxygen sensitivity in patient’s cells and is associated with
autosomal recessive progressive spastic tetraplegia and axial hypo-
tonia (STAHP), characterized by severe and progressive psychomo-
tor retardation in humans (46, 47). Note that mutations in the
SOD1 gene usually cause autosomal dominant amyotrophic lateral
sclerosis because of the toxic effects of protein aggregation rather
than by the loss of enzymatic activity (48). The STAHP phenotype
with the lack of SOD1 may be due to an overload of oxidative DNA
damage in the single-strand break (SSB) repair pathway; this postu-
lation is corroborated by a report that SSB repair deficiency by the
XRCC1 gene mutation causes spinocerebellar ataxia (SCA) (49).
Our AMeDS cases and the animal model further support the idea
that malfunctions in the detoxification systems of active genotoxic
compounds cause symptoms of cancer predisposition and acceler-
ated aging.

Patients with AMeDS display many characteristic clinical fea-
tures that overlap with other DNA repair deficiency disorders (table
S3). Here, we propose that FA-like hematopoietic abnormalities ob-
served in AMeDS may result from the overload of the FA pathway
(ICL repair pathway) due to limitations of cellular detoxification
properties against endogenous formaldehyde. During differentia-
tion including hematopoiesis, various histone demethylases erase
methyl marks on lysine residues of histones associated with gene
regulation, leading to the release of active formaldehyde (50).
Under a limited capacity of the FA pathway, the rs671 defective
allele would significantly contribute to the increase of unrepaired
formaldehyde-induced DNA lesions during hematopoiesis. This
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idea is consistent with previous reports that rs671 is a genetic mod-
ifier of the severity of BMF in Japanese FA cases (51), as well as in
children with sporadic AA (52); this is also true for the FA pathway-
proficient AMeDS cases, as rs671 genotype defines the severity of
AMeDS clinical features. AMeDS cases display premalignant MDS
or leukemia, indicative of cancer predisposition, although no solid
tumor is present at the moment. Adulthood patients with FA com-
monly develop solid tumors including head and neck squamous cell
carcinoma, in addition to MDS and leukemia (53). Because the ages
of AMeDS cases with clinical records range from 2 to 16 years, follow-
up studies are necessary to investigate the etiology of cancers. On
the other hand, in canonical FA, severe dwarfism and neurological
abnormalities, as well as psychomotor retardation, are uncommon.
In this respect, AMeDS clinical features have substantial similarities
to those of segmental progeroid disorders, RJALS and CS (and its
severe forms, COFS and XFEPS). Since RJALS cells with mutations
in the SPRTN gene display hypersensitivity to DPC-inducing chem-
icals, including formaldehyde (54), the phenotypes of AMeDS that
overlap with RJALS could be explained from the overload of DPC
repair pathway. From these perspectives, the severe phenotypes of
AMeDS may be due to a combined failure of multiple DNA repair
processes as represented by BRCAI (FANCS)- or XPF (FANCQ)-
deficient atypical FA cases, as well as by patients with ERCCI1/XPF-
deficient COFS/XFEPS (25, 55-57), because BRCA1 and the
ERCCI1/XPF complex, respectively, contribute to DNA double-
strand break repair and NER, together with the FA pathway. ADH5
and ALDH2 double deficiency would also induce various types of
DNA damage apart from ICL and DPC, such as simple aldehyde
base adducts, which can be repaired independently of the ICL and
DPC repair pathways (58-60). Consequently, in AMeDS cases,
these synergistic effects may trigger the severe clinical features.
Likewise, CS-like clinical features observed in AMeDS rather
suggest an additional failure in TCR; further analyses will address
this possibility. In conclusion, our data propose that the combined
deficiency in formaldehyde metabolic processes, by harboring the
prevalent polymorphism rs671 in ALDH?2 together with biallelic
mutations in ADHS5, overburdens the multiple DNA repair path-
ways and leads to a true digenic disorder, AMeDS, which is similar
both in the clinical features and molecular pathogenesis but distinct
from other DNA repair deficiency disorders.

MATERIALS AND METHODS

Human studies

Affected individuals and normal control samples were obtained
with local ethical approvals (the Ethics Committee for Human
Genome Studies in Research Institute of Environmental Medicine,
Nagoya University; the ethics committee of the Nagoya University
Graduate School of Medicine). Written informed consent was
obtained from the patients.

Exome sequencing

Next-generation sequencing (NGS) was performed in-house or by
macrogen. Genomic DNA of the individuals was enriched by using
the Agilent SureSelect Human All Exon Kit version 5/6 (Agilent,
Santa Clara, CA, USA). The captured genomic fragments were
sequenced on the Illumina HiSeq 2500 sequencer (Illumina, San
Diego CA, USA) using paired-end (PE) flow cells to obtain 100- to
150-base pair PE reads of 100x to 200x coverage.
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Bioinformatic analysis of the exome data

The NGS data were analyzed by our standard exome pipeline. Briefly,
low-quality reads were trimmed out by Trimmomatic (version 3.36)
(61). The reads were then aligned to the human reference genome
(GRC h37/hg19) with the Burrows-Wheeler Aligner (version 0.7.12-
r1039) (https://arxiv.org/abs/1303.3997). Duplicate reads were removed
using Biobambam?2 (version 2.0.72) (doi: 10.1186/1751-0473-9-13).
The aligned reads were locally realigned, and base quality scores
were recalibrated using the IndelRealigner and BaseRecalibrator
programs in Genome Analysis Toolkit (GATK; version 3.5) (62).
Single-nucleotide variants were identified by the HaplotypeCaller
program in GATK. All the variants were annotated with ANNOVAR
(63) based on the GENCODE release 19 (GRCh37.p13). To further
determine potentially pathogenic changes, commonly observed
variants (MAF > 0.01) were excluded using public databases and
functionally significant changes were extracted. According to an
autosomal recessive inheritance model, genes that carried homo-
zygous or compound heterozygous changes were determined. We
considered 2 to 18 potential causative genes in each of the affected
individuals (table S1), and we identified ADH5 as only pathogenic
candidate gene shared among any subset of the affected individuals.

Cell lines and culture

The following cell lines were used in this study: U20S; RPE1
hTERT; HEK293 (human embryonic kidney-293), immortalized
normal human embryonic kidney cells; 1BR, normal human primary
fibroblast; and FA20P, primary fibroblast from an FA-A individual.
N0608, N0611, and N0614 were obtained from JCRB Cell Bank. All
cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Wako) supplemented with 10% fetal bovine serum (FBS;
Invitrogen) and antibiotics, unless otherwise noted. Mycoplasma
testing was performed routinely.

Genome editing using CRISPR-Cas9 technology

For plasmid-based genome editing experiments, a guide RNA (gRNA)
coding sequence was cloned into the pX459 vector. The designated
plasmid was transfected into U20S cells using X-tremeGENE HP
DNA Transfection Reagent (Merck). Cells were selected for 48 hours
with puromycin (1 pg/ml) in DMEM with 10% EBS. Single clones
were isolated by limiting dilution. For ribonucleoprotein-based
genome editing experiments, HiFi Cas9 Nuclease V3 (Integrated
DNA Technologies) was mixed with crRNA (CRISPR RNA):tracrRNA
(trans-activating CRISPR RNA) complex and single-stranded oli-
godeoxynucleotide (ssODN). The mixture was electroporated into
U20S or RPE1 hTERT cells using 4D-Nucleofector (Lonza). Cells
were recovered by DMEM with 10% FBS and cultured on a 35-mm
dish for 24 hours. Single-cell clones were isolated using a limiting
dilution in 96-well plates. All gRNA and ssODN sequence informa-
tion are listed in table S2.

Confirmation of accurate gene editing and indel frequencies
Genomic DNA was extracted from gene-edited cells using the
MightyAmp Genotyping Kit (Takara) according to the manufacturer’s
instruction. Mutations and indel frequencies of gene-edited cells
(CD34" HSPCs, U20S cells, RPE1 hTERT cells, and mice) were
confirmed by Sanger sequencing and TIDE (tracking of indels by
decomposition) analysis (64). Untreated cells were always used as a
negative control for calculating indel frequencies with TIDE. All
primer sequence information are listed in table S2.
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Quantitative reverse-transcription polymerase

chain reaction

Total RNA was isolated using an RNeasy mini kit (Qiagen), accord-
ing to the manufacturer’s instructions, and cDNA was generated
with SuperScript IV (Thermo Fisher Scientific), according to the
manufacturer’s instructions. The quantitative reverse transcription
polymerase chain reaction (RT-qPCR) was performed using LightCycler
96 System (Roche). For the detection of target genes, SYBR green
(Qiagen) was used according to the manufacturer’s instructions.
Expression of mRNAs was quantitated using the following set of
primers: ADH5 (forward, 5'-CCAGCACATTTTCTGAATACAC-3;
reverse, 5'-ACCAAAGACGGCACAAAC-3’) and ACTB (forward,
5'-TCACCCACACTGTGCCCATCTACGA-3'; reverse, 5'-CAGC-
GGAACCGCTCATTGCCAATGG-3"). The LightCycler was pro-
grammed to run an initial heat-denaturing step at 95°C for 15 min,
45 cycles at 94°C for 15 s, an annealing step for 20 s at 58°C, and an
extension step for 10 s at 72°C coupled with fluorescence mea-
surements. Following amplification, melting curves of the PCR
products were monitored from 65° to 97°C to determine the specificity
of amplification. Each sample was run in triplicate, and expression
of target genes was normalized against ACTB.

Immunochemical methods

Cells were lysed in EBC buffer [50 mM tris (pH 7.5), 150 mM NaCl,
1 mM EDTA, 0.5% NP-40, and 1 mM dithiothreitol (DTT)] or de-
naturing buffer [20 mM tris (pH 7.5), 50 mM NaCl, 1 mM EDTA,
0.5% NP-40, 0.5% SDS, 0.5% sodium deoxycholate, and 1 mM DTT]
supplemented with protease inhibitor cocktail (Roche) and phos-
phatase inhibitor cocktail (Nacalai Tesque) and incubated on ice,
cleared by centrifugation. Purified proteins were resolved by 6, 12.5,
or 5 to 20% gradient SDS-polyacrylamide gel electrophoresis.
Resolved protein samples were transferred to polyvinylidene diflu-
oride membrane for immunodetection. Antibodies used for immuno-
chemical experiments were as follows: rabbit monoclonal anti-ADH5
(ab174283, Abcam), rabbit polyclonal anti-ADHS5 (HPA044578,
Atlas Antibodies), mouse monoclonal anti-ALDH2 (MA5-17029,
Invitrogen), rabbit polyclonal anti-SMC3 (A300-060A, Bethyl Lab-
oratories), rabbit polyclonal anti-yH2AX (no. 2577, Cell Signaling
Technology), rabbit monoclonal anti-KU70 (no. 4588, Cell Signaling
Technology), rabbit monoclonal anti-FANCD2 (ab108928, Abcam),
rabbit polyclonal anti-FANCA (A301-980A, Bethyl Laboratories),
mouse monoclonal anti-ACTB (sc-47778, Santa Cruz Biotechnolo-
gy), rabbit polyclonal anti-V5-tag (PM003, MBL), and mouse mono-
clonal anti-PARP1 (sc-8007, Santa Cruz Biotechnology).

Aldehyde sensitivity screening

U20S cells were seeded in 96-well plates (10,000 cells per well) and
treated with the following aldehydes for 8 hours: 4-HHE (Cayman
Chemical), 4-hydroxynonenal (Cayman Chemical), 4-oxononenal
(Cayman Chemical), acrolein (Wako), crotonaldehyde (Tokyo Chemi-
cal Industry), formaldehyde (Nacalai Tesque), glyoxal (Tokyo Chemi-
cal Industry), heptanal (Tokyo Chemical Industry), or methylglyoxal
(Sigma-Aldrich). After incorporation of 5 uM 5-ethynyl-2'-deoxyuridine
(EdU) for 1 hour, cells were fixed and permeabilized for 20 min in
phosphate-buffered saline (PBS) containing 2% formaldehyde and 0.5%
Triton X-100. After washing with PBS, cells were then incubated
with coupling buffer with 10 uM Alexa Fluor 488 azide (Invitrogen),
50 mM tris-HCI (pH 7.3), 4 mM CuSO4, 10 mM sodium ascorbate,
and 4',6-diamidino-2-phenylindole (DAPI) for 60 min, followed by
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washing with PBST (PBS + 0.05% Tween 20). Fluorescent image
acquisition and data processing were automated using CellInsight
NXT (Thermo Fisher Scientific).

Measurement of EAU incorporation by flow cytometry

Cells were labeled with 5 uM EdU for 1 hour (U20S cells) or 2 hours
(primary fibroblasts) followed by fixing in 70% ethanol overnight
at —30°C. Cells were incubated with coupling buffer with 10 uM Alexa
Fluor 488 azide (Invitrogen), 50 mM tris-HCI (pH 7.3), 4 mM
CuS04, and 10 mM sodium ascorbate for 60 min. DNA was stained
with 7-aminoactinomycin D (7-AAD) or propidium iodide. Data
were acquired on a Cytomics FC500 FACS analyzer (Beckman
Coulter) or CytoFLEX S FACS analyzer (Beckman Coulter) and
analyzed with FlowJo version 10.6.2.

Lentivirus infection

For gene expression, HEK293 cells were transfected with the pLenti6.3
construct encoding gene of interest together with ViraPower Pack-
aging Mix (Invitrogen) using Lipofectamine 2000 (Invitrogen).
Viral particles were collected 48 hours after transfection and con-
centrated using PEG-it Virus Precipitation Solution (System Biosci-
ences). For virus complementation experiments, viral particles
produced by transfection of pLenti6.3 were used to infect cells. Se-
lectin under blasticidin (5 pg/ml) was carried out.

Cell viability assay

Cells were seeded in 96-well plates (500 to 1000 cells per well) and
fixed and stained with 2% formaldehyde and DAPT at 4 days (U20S
and RPE1 hTERT cells) or 7 days (primary fibroblasts) after form-
aldehyde treatment. Cells were identified and quantified on the basis
of DAPI signal using CellInsight NXT (Thermo Fisher Scientific).

Measurement of ALDH2 Activity

The ALDH?2 activity was analyzed using the colorimetric ALDH2
Activity Assay Kit (Abcam) according to the manufacturer’s
instruction.

Electroporation of CD34* HSPCs

CD34" HSPCs from normal cord blood were procured from RIKEN
BioResource Center (RIKEN BRC). Frozen CD34" HSPCs were
thawed and cultured in StemSpan SFEM II medium supplemented
with StemSpan CC110 cocktail (STEMCELL Technologies) for
48 hours before electroporation. CD34" HSPCs were electroporated
using 4D-Nucleofector (Lonza). The following conditions were used:
50,000 cells were pelleted and resuspended in Lonza P3 solution
containing TrueCut Cas9 protein v2 (Thermo Fisher Scientific)
complexed with synthetic chemically modified sgRNA (ADH5#1,
5'-UCAGGGUAUAGGCAUCGGUG-3'; ADH5#2, 5'-CUGAUA-
GAUCAUUGCCACUG-3'; Synthego) at a 1:3 molar ratio. This mixture
was electroporated using the Lonza 4D-Nucleofector (program EH-
100). Electroporated cells were recovered and transferred to culture
in StemSpan SFEM II medium supplemented with StemSpan CC110
cocktail.

Methylcellulose CFU assay

CD34" HSPCs at 2 days after electroporation were resuspended
in Iscove’s MDM (modified Dulbecco’s medium) and plated on
methylcellulose-based media (MethoCult Optimum, STEMCELL Tech-
nologies) according to the manufacturer’s instruction. Cells were
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plated onto 35-mm petri dishes, in duplicate, and incubated for 14 days
at 37°C with 5% CO; and >95% humidity. CFU-erythroid; burst-
forming unit-erythroid; CFU granulocyte and macrophage; and
CFU granulocyte, erythroid, macrophage and megakaryocyte were
classified and counted according to standard morphological criteria
under microscopy in a blind fashion.

Animal studies

All the animal studies were conducted in compliance with the ARRIVE
(Animal Research: Reporting of In Vivo Experiments) guidelines.
The experiments using genetically modified mice were approved by
the Animal Care and Use Committee and the recombinant DNA
experiment committee of Nagoya University and Osaka University.

Animals

C57BL/6]]cl mice were purchased from CLEA Japan. The animals
were kept under conditions of 50% humidity and a 12-hour light/12-hour
dark cycle. They were fed a standard pellet diet (MF, Oriental Yeast)
and tap water ad libitum, unless otherwise noted.

Genome editing of mouse embryos

The following reagents were purchased: HiFi Cas9 Nuclease V3,
tracrRNA, crRNA, and ssODN (Integrated DNA Technologies). To
design gRNA sequence, software tools (http://crispor.tefor.net/ and
https://crispr.dbcls.jp/) predicting unique target sites throughout
the mouse genome were used. Pronuclear-stage mouse embryos
were prepared by thawing frozen embryos (CLEA Japan) and cul-
tured in a KSOM (potassium simplex optimization medium) (ARK
Resource). For electroporation, 100 to 150 embryos at 1 hour after
thawing were placed into a chamber with 40 ul of serum-free media
(Opti-MEM, Thermo Fisher Scientific) containing HiFi Cas9 Nuclease
V3 (100 ng/ul), Adh5 gRNA (100 ng/ul), Aldh2 gRNA (100 ng/ul), and
ssODN (300 ng/ul). They were electroporated with a 5-mm gap elec-
trode (CUY505P5, Nepa Gene) in a NEPA21 super electroporator
(Nepa Gene). The poring pulses for the electroporation were voltage of
225V, pulse width of 1 ms for mouse embryos, pulse interval of 50 ms,
and number of pulses of 4. The first and second transfer pulses were
voltage of 20 V, pulse width of 50 ms, pulse interval of 50 ms, and
number of pulses of 5. Mouse embryos that developed to the two-cell
stage after the electroporation were transferred into the oviducts of
female surrogates anesthetized with sevoflurane or isoflurane (Mylan).
All gRNA and ssODN sequence information are listed in table S2.

CT imaging

CT analysis was performed on anesthetized mice using a CosmoScan FX
system (RIGAKU), with the following parameters: x-ray tube (90 kV),
current (88 nA), FOV (field of view) (60 mm), and voxel size (240 um).
Data were analyzed and visualized by 3D Slicer version 4.10.2.

Mice hematological analysis

Peripheral blood from the animals was subjected to complete blood
cell count analysis. RBC, platelet (PIt), white blood cell (WBC),
HGB, HCT, MCV, mean corpuscular hemoglobin concentration,
and lymphocyte were measured using an IDEXX ProCyte Dx
(IDEXX Laboratories).

Cell isolation and FACS analysis
Bone marrow cells were flushed from femurs and tibias using a
26-gauge needle, and spleens and thymuses were dissociated by

120f 14


http://crispor.tefor.net/
https://crispr.dbcls.jp/

SCIENCE ADVANCES | RESEARCH ARTICLE

crushing followed by passing through a cell strainer in Ca**- and
Mg2+—free Hank’s buffered salt solution (Gibco) supplemented with
1% heat-inactivated bovine serum (Gibco). RBCs were lysed by
resuspending the cells in RBC lysis buffer (eBioscience) for 5 min at
room temperature. Cells were filtered through a 70-um cell strainer
to obtain a single-cell suspension. Number of cells was measured
with a hemocytometer. Antibodies used for fluorescence-activated
cell sorting (FACS) analysis were as follows: fluorescein isothiocya-
nate (FITC)-conjugated lineage cocktail (no. 133302, BioLegend),
CD41 (FITC, no. 133903, BioLegend), FceRIa (FITC, no. 134305,
BioLegend), CD117 (APC, no. 105811, BioLegend), Sca-1 (PE, no.
108107, BioLegend), CD48 (Brilliant Violet 421, no. 103428, BioLegend),
CD150 (APC/Fire 750, no. 115940, BioLegend), CD135 (Brilliant Violet
421, no. 135313, BioLegend), CD127 (PE/Cy7, no. 135014, BioLegend),
CD16/32 (Brilliant Violet 421, no. 135313, BioLegend), CD34
(APC/Fire 750, no. 135014, BioLegend), CD3e (Alexa Fluor 488,
no. 100321, BioLegend), CD19 (APC, no. 152410, BioLegend), CD4
(PE, no. 130310, BioLegend), and CD8a (APC, no. 100712, BioLegend).
Antibody staining was performed at 4°C for 20 min. Dead cells were
excluded by staining with 7-AAD (BioLegend). Data were acquired
on a CytoFLEX S FACS analyzer (Beckman Coulter) and analyzed
with FlowJo version 10.6.2.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/51/eabd7197/DC1

View/request a protocol for this paper from Bio-protocol.
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