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AlkB homolog 1 (ALKBHI1) is responsible for the biogenesis of
5-formylcytidine (f°C) on mitochondrial tRNAM®" and essential for mitochon-
drial protein synthesis. The brain, especially the hippocampus, is highly
susceptible to mitochondrial dysfunction; hence, the maintenance of mitochon-
drial activity is strongly required to prevent disorders associated with
hippocampal malfunction. To study the role of ALKBHI1 in the hippocampus,
we generated dorsal telencephalon-specific Alkbhl conditional knockout
(cKO) mice in inbred C57BL/6 background. These mice showed reduced
activity of the respiratory chain complex, hippocampal atrophy, and CAl
pyramidal neuron abnormalities. Furthermore, performances in the fear-
conditioning and Morris water maze tests in cKO mice indicated that the hip-
pocampal abnormalities led to impaired hippocampus-dependent learning.
These findings indicate critical roles of ALKBHI1 in the hippocampus.

Keywords: Alkbhl; hippocampus; knockout mice; learning and memory;
mitochondria

Mitochondria are essential intracellular organelles that
produce approximately 90% of whole-body energy
expenditure. Some components of the respiratory

Previously, we and others identified Fe'/2-
oxoglutarate (2-OG)-dependent dioxygenase AlkB
homolog 1 (ALKBH1) as one of the enzymes responsi-

chain complex are synthesized in the mitochondrial
own translation system, and mitochondrial genetic
code has an anomalous codon correspondence that dif-
fers from that of the cytoplasm [1]. The AUA codon,
which specifies isoleucine in the universal code, is con-
verted to methionine. To decode the AUA codon as
methionine, mt-tRNAM®" contains a unique modifica-
tion, S5-formyleytidine (f°C), at the wobble position
(position 34) [2]. An in vitro mitochondrial translation
system demonstrated that f°C enables mt-tRNAM®! to
decode both the AUA and AUG codons [3].

Abbreviations

ble for f°C formation [4-6]. Cultured human cells lack-
ing ALKBHI showed a marked reduction in
mitochondrial protein synthesis and respiratory activ-
ity [5]. In addition to f°C formation in mt-tRNAM®,
ALKBHI is also reportedly involved in cellular func-
tions in the nucleus and cytoplasm, including the for-
mation of 5-hydroxymethyl-2'-O-methylcytidine
(hm°Cm) and 5-formyl-2'-O-methylcytidine (f°Cm) in
cytoplasmic tRNA™" [5], demethylation of N'-
methyladenosine (m'A) in cytoplasmic and mitochon-
drial tRNAs [5,7.8], N°-methyladenosine (m°dA) in

2-0G, 2-oxoglutarate; ALKBH1, AlkB homolog 1; cKO, conditional knockout; f5C, 5-formylcytidine; mt, mitochondrial; NSUN3, NOL1/NOP2/
Sun domain-containing protein 3; ROS, reactive oxygen species; sgRNA, single-guide RNA.
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ALKBH1 plays a pivotal role in the hippocampus

genomic DNA [9,10], and N®-methyladenosine (m°A)
in mRNA [11]. It has also been suggested that
ALKBHI1 may exert its function in a cell type-specific
manner. Liu et al. [7] demonstrated the ability of
ALKBHI to demethylate m'A in cytoplasmic tRNAs
in HeLa and mouse embryonic fibroblast (MEF) cells,
whereas no activity was observed in human glioblas-
toma cells [10].

Mitochondrial dysfunction causes severe damage
to various organs through reduced ATP production,
reactive oxygen species (ROS) production, and accel-
erated cell death. The brain is susceptible to mito-
chondrial dysfunction owing to its high energy
demands. The hippocampus is one of the most vul-
nerable regions in the brain to oxidative stress
caused by mitochondrial dysfunction due to aging or
ischemia. The wvulnerability could be attributed to
low expression of superoxide dismutase (SOD),
which removes ROS, and high activity of mitochon-
drial permeability transition pore (mPTP), which
releases the pro-apoptotic factor cytochrome c, in
the hippocampus [12,13]. Indeed, Alzheimer’s disease
patients, in whom hippocampal atrophy and loss of
hippocampal neurons are observed, frequently exhibit
mitochondrial abnormalities [14]. To elucidate the
physiological role of ALKBHI, a key factor in the
maintenance of mitochondrial function, in the hip-
pocampus, we generated dorsal telencephalon-specific
Alkbhl conditional knockout (cKO) mice using
EmxI-Cre mice.

The whole-body Alkbhl KO mice we constructed
showed decreased survival and body weight, suggesting
that ALKBHI is indispensable for proper perinatal
development. Furthermore, dorsal telencephalon-
specific Alkbhl cKO mice displayed age-related hip-
pocampal atrophy and CA1l pyramidal neuron abnor-
malities. Behavioral tests, including fear-conditioning
and Morris water maze tests, were conducted and
showed hippocampus-dependent learning and memory
deficits in the Al/kbhl cKO mice.

Materials and methods

Animals

Animal experiments were approved by the Institutional
Animal Care and Use Committee of the University of
Tokyo (Permission No. M-P16-048) and conducted
according to the University of Tokyo guidelines. All staff
involved in the animal experiments attended designated
training on animal experiments and obtained a certificate
of completion at the University of Tokyo. The mice were
maintained on a 12:12-h light-dark cycle in a room with
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controlled humidity and temperature, with food and water
available ad libitum. Their health and behavior were moni-
tored by trained experimenters and veterinarians as neces-
sary at daily frequencies based on food and water intake,
and mouse activity.

Appropriate measures were adopted to reduce or elimi-
nate the suffering and distress inflicted on the animals as
much as possible. Mice showing severe pain and/or distress,
including reduced activity, hunched appearance, ruffled hair
coat, respiratory distress, and weight loss, were euthanized
by CO, asphyxiation. Experiments using the whole-body
KO mice were carried out by 8 weeks of age. Conditional
KO mice that did not show apparent health problems were
used by 1 year of age. The number of mice used in the
experiment was the minimum necessary to obtain statisti-
cally significant data.

Generation of the whole-body KO and dorsal
telencephalon-specific Alkbh7 cKO mice

To generate Alkbhl-flox (Alkbh1"™¥/1°%) mice, we used
CRISPR/Cas9 system by electroporating two single-guide
RNAs (sgRNAs) flanking exon 3 of the Alkbhl gene and
loxP sites containing single-stranded oligonucleotides
(ssODNs) together with the Cas9 protein into C57BL/6N
mouse zygotes, as described previously [15]. In addition to
Alkbhl-flox mice by homologous recombination, we
obtained Alkbhl heterozygous null mutant (Alkbhl*/™)
mice by deleting the entire exon 3 via nonhomologous end-
joining. The whole-body KO (4lkbhI~'7) mice were gener-
ated by crossing the Alkbhl™'~ pairs. To produce dorsal
telencephalon-specific Alkbhl cKO (AlkbhI™~;Emx1<"/")
mice, we first mated Alkbhl™'™ mice with Emx1<"" mice
[16] to obtain Alkbhl"=;EmxI™" mice. The Alkbhl'~;
Emx1°™/" mice were then crossed with AlkbhI™®*°* mice
to generate AlkbhI™~;EmxI" mice. The mice were
genotyped by polymerase chain reaction (PCR) of genomic
DNA extracted from their tails.

The sequences for the sgRNAs, ssODNs, and PCR pri-
mers are as follows:

5'-sgRNA: GCGAACCTTCAGTTCTGAA.

3’-sgRNA: TCAATTGGGTACCTAGGCAT.

5-ssODN: C*T*CTGCCTCCCAAGTGCTGGGATTA
AAGGCGTGCGCCACCATGCCCGGCGATAACTTCG
TATAGCATACATTATACGAAGTTATGAATTCAACC
TTCAGTTCTGAAGTTGCTTTAGGATAGCACTGTTG
ACAGCTAAC*C*T

3-ssODN: C*T*AATCACTATTAAAGAGTGTCCAT
ATCCTAAAGTTTTGTGTCTCCAATGGAATTCATAA
CTTCGTATAATGTATGCTATACGAAGTTATCCTAG
GTACCCAATTGATTTCTCCAATGAGTATTTGTGGA
ATGAATGC*T*G

*Phosphorothioate modification.

Alkbhl flox Fw: - ATGGGTCGGTTGTTGCTCAT-3’
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Alkbhl flox Rv: 5¥-CATTCACCCTGTTTGGAAGAA-3
Alkbhl del Fw: 5-TGCAAAAGTGACTTGGGGGA-3'
Alkbhl del Rv: 5-GTGACTGCCAGGAAGCATCT-3'

Immunoblot analysis

The cerebral cortex and hippocampus were isolated and
lysed in RIPA buffer consisting of 50 mm Tris/HCI (pH
8.0), 150 mm NaCl, 1% Triton X-100, 0.5% sodium deoxy-
cholate, 0.1% sodium dodecyl sulfate, and 1x complete
mini protease inhibitor cocktail tablet (Roche, Basel,
Switzerland). ALKBHI1 expression was detected by
immunoblotting using an anti-ALKBH1 antibody (1:1000,
ab128895, Abcam, Cambridge, UK) and horseradish
peroxidase-conjugated  anti-rabbit immunoglobulin G
(1:10000 Jackson ImmunoResearch, West Grove, PA,
USA). The signals were visualized using ECL Plus detec-
tion reagents (GE Healthcare Bio-Sciences Corp, Piscat-
away, NJ, USA).

Measurement of respiratory chain complex |
activity

To fractionate mitochondria, the hippocampi of control
and Alkbhl cKO mice were homogenized using a Teflon
homogenizer in 3-(N-morpholino) propanesulfonic acid
(MOPS) buffer consisting of 250 mm sucrose, 10 mm
MOPS (pH 7.2), and 1x complete mini protease inhibitor
cocktail tablet (Roche). The homogenate was centrifuged at
800 x g for 5 min at 4 °C. The supernatant was further
centrifuged at 8000 x g for 20 min at 4 °C. The mitochon-
drial pellet was collected and resuspended in MOPS buffer.
The respiratory chain complex I activity was evaluated as
previously described [17].

Behavioral tests

Behavioral tests were performed as previously described
[18]. All the mice were male littermates. The experimenter
was blinded to the genotypes during the experiments. Mice
were acclimatized to the experimental environment by leav-
ing them in the test room for at least 1 h before testing.

Fear-conditioning test

Fear-conditioning tests were performed using IMAGE] FZ1
(O’Hara & Co., Ltd., Tokyo, Japan). On day 1 (condition-
ing session), the mouse was placed in a cubic chamber
(10 cm x 10 ecm x 10 cm) with a grid metal floor con-
nected to an electric shock generator. Mouse movements
were recorded using a camera mounted above the chamber.
After the mouse had been acclimatized to the chamber
environment for the first 3 min, the mouse was adminis-
tered a combined tone (65 dB white noise) and footshock
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stimuli (30 s of tone, 2 s of 0.8 mA footshock at the end of
the tone) twice at I-min intervals for conditioning. The
mouse was left in the chamber for 1 min after the second
footshock and then returned to its home cage. On day 8
(context session), the mouse was placed in the same cham-
ber in which the conditioning had been performed, and
freezing was measured for 6 min without tone or foot-
shock. On day 9 (cued session), the mouse was placed in a
novel chamber different from the conditioning chamber.
Freezing was measured for 3 min without stimulation (pre-
tone), followed by the same tone as the conditioning for
3 min (tone). Freezing was defined as a stay at rest for
>2s.

Morris water maze test

The Morris water maze consists of a pool (120 cm diame-
ter, 30 cm height) filled with water to a depth of 24 cm and
a platform (10 cm diameter, 23 cm height). The platform
was placed in the target quadrant of the pool and sub-
merged in water that was cloudy to match the poster color
so that it was not visible to the mice. Four different visual
cues were affixed to a height of 50 cm on the blackout cur-
tain surrounding the pool. The tests were conducted under
15 lux illumination. On days 1-5, the mice were subjected
to a spatial learning session, and on day 6, they were sub-
jected to a probe test. Each spatial learning session con-
sisted of four trials. In each trial, the mice were released
and allowed to swim for up to 1 min to explore the plat-
form. The latency to reach the platform was then mea-
sured. Mice that did not reach the platform were guided to
the platform by the experimenter and made to memorize
the location of the platform. In the probe test on day 6,
the platform was removed, the mice were left to swim, and
the time spent in each quadrant was measured.

Histological analysis

To fix the adult mouse brain, the mice were transcardially
perfused with 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4). Extracted brains were postfixed overnight,
immersed in 30% sucrose solution in phosphate-buffered
saline, and then sectioned into 30-pum-thick parasagittal
slices using a freezing microtome (FX-801, COPER, Kana-
gawa, Japan). To analyze the PO mouse brain, pups were
retrieved from pregnant mice by cesarean section and the
brains were immediately removed and kept in 4%
paraformaldehyde in 0.1 M phosphate buffer for 3 h. Slices
were prepared using a cryostat (CM 1850, Leica Microsys-
tems, Nussloch, Germany) with a thickness of 20 pym. For
quantification of the hippocampal area, Nissl staining was
performed by dipping the slices in 0.1% cresyl violet. The
Nissl-stained sections were photographed at 10x magnifica-
tion in a bright field by fluorescence microscopy (BZ-800
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Keyence, Osaka, Japan). The hippocampal areas of the
images were measured using ImageJ software by delineating
with reference to the Allen Mouse Brain Atlas (https://
mouse.brain-map.org/).

Electron microscopy

Three 27 week-old male mice of each genotype were per-
fused transcardially with 2% paraformaldehyde/2.5% glu-
taraldehyde in 0.1 m phosphate buffer for electron
microscopic analyses. Parasagittal brain sections (200 pm
thick) were further postfixed with 1% osmium tetroxide for
1 h, stained with 2% uranyl acetate for 1 h, dehydrated
with gradient alcohol, and embedded in Epon 812 resin.
Ultrathin sections (75 nm thick) of the hippocampus were
cut using an ultramicrotome (Ultracut; Leica, Nussloch,
Germany). Electron microscopy images were obtained
using an electron microscope (H7650; Hitachi, Tokyo,
Japan). The mitochondrial width of pyramidal cells in the
hippocampal CA1 region was measured using IMAGEJ soft-
ware (NIH, Bethesda, MD, USA).

Results

Generation of the whole-body Alkbh1 KO mice

To generate Alkbhl KO mice, we used the CRISPR/
Cas9-mediated exon skipping approach in inbred
CS57BL/6N zygotes. We expected complete disruption
of Alkbhl function by introducing frameshift muta-
tions into exon 4, because exons 4-6 encode functional
domains [19]. Therefore, we focused on exon 3 as an
exon-skip target and designed two sgRNAs in the
introns on both sides of exon 3 (Fig. 1A). We then
electroporated two sgRNAs into the cytoplasm of
C57BL/6N zygotes and subsequently obtained mutant
mice carrying the desired deletion of exon 3 (Fig. 1A,
B). This deletion resulted in a frameshift mutation
with a stop codon in exon 4 (Fig. 1A). The lack of
exon 3 was confirmed by PCR of genomic DNA and
sequencing of the region flanking exon 3 (Fig. 1B).

Decreased survival rate of the whole-body
Alkbh1 KO mice

In a previous study, a reduced survival rate and non-
Mendelian distribution were observed in the Alkbhl~/~
offspring obtained from heterozygous crosses (Alkb-
W1~ x AlkbhI'7) [20]. The ratio of survival of Alkb-
h1~'~ pups was much lower than the theoretical value
(Fig. 1C), consistent with the previous report [20].
Furthermore, the body weight at 3 weeks of age was
significantly lower in Alkbhl~'~ females (Fig. 1D).
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However, the difference in the body weight between
Alkbhl™'~ and AlkbhI™ males was not statistically
significant, likely because of the small number of sur-
viving Alkbhl~'~ mice (Fig. 1D).

Generation of mice with dorsal telencephalon-
specific conditional knockout for Alkbh1

To analyze the physiological role of Alkbhl in the cen-
tral nervous system, mainly focusing on the hippocam-
pus, we generated cKO mice lacking Alkbhl in the
excitatory glutamatergic neurons of the dorsal telen-
cephalon (Alkbh1™® = Emx1°7/"). We first generated
mutant mice with loxP sequences inserted into introns
flanking exon 3 of Alkbhl (Alkbhi-flox mice) by
CRISPR/Cas9-mediated knock-in using ssODNs as
templates for homology-directed repair (Fig. 2A).
Next, to obtain AlkbhI™ = Emx1" mice, we
crossed Alkbhl-flox and EmxI<"" mice. Emx1™"
mice carrying the cre gene under the control of EmxI
promoter express Cre recombinase exclusively in the
dorsal telencephalon from embryonic day (E) 10.5 to
adulthood [16,21]. In this study, we used AlkbhI"¥~;
Emx1°™" mice as dorsal telencephalon-specific ¢cKO
mice, and Alkbh1™*; EmxI"" mice as control.
Immunoblot analysis showed the significant reduction
in ALKBHI1 protein expression in the hippocampus
and cerebral cortex of the Alkbhl cKO mice (Fig. 2B).
ALKBHI1 bands in the cKO lanes probably originated
from the glial cells and/or inhibitory neurons that did
not express Cre. The Alkbhl cKO mice showed normal
body weights (Fig. 2C). Since the mitochondrial func-
tion was impaired in cultured human cells lacking
ALKBHI1 [5], we compared the respiratory complex I
activity of mitochondria between Alkbhl cKO and
control hippocampi. We found the significantly
reduced complex I activity in the hippocampi of Alkb-
hl cKO mice (Fig. 2D).

Alkbh1 deletion induced hippocampal atrophy
and abnormal CA1 pyramidal neurons

Previous studies have reported that ALKBHI1 is highly
expressed during the embryonic stage and is important
for neural differentiation [22]. Alkbhl™~ and Alkbhl™/
~ mice also showed disrupted neural tube closure and
exencephaly [20,22]. However, we observed no obvious
abnormalities in neural tube closure in Alkbhl~'~ mice
at E10.5 or E14.5 (data not shown).

Mitochondrial dysfunction causes reduced ATP pro-
duction, ROS-mediated oxidative stress, and activation
of the mPTP, which consequently lead to cell death. In
the central nervous system, the hippocampal CAl
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Fig. 1. The whole-body Alkbh7 KO mice showed decreased survival rates and reduced body weight. (A) Schematic diagrams of strategies
for deletion of exon 3 of the mouse Alkbh1 gene by the CRISPR/Cas9 system. The filled boxes represent coding exons. Deletion of exon 3
leads to premature termination of translation in exon 4 as indicated. Two PCR primers for genotyping (Fw and Rv) and two target sites for
sgRNA are indicated. (B) Genotyping PCR analysis of a wild-type mouse (+/+), a heterozygote (+/—), and a homozygote (—/—). Wild-type
(WT) and knockout (KO) bands are corresponding to 1599-bp and 631-bp PCR products, respectively. M, DNA size marker. (C) The number
of 3-week-old pups obtained by crossing between Alkbh1”~ mice. (D) The body weight of female (left) and male (right) mice at 3 weeks of
age (female: +/+, n=23; +/—, n=43; —/—, n=5. male: +/+, n=19; +/—, n=48; —/—, n=3). Values are means + SEM. *p < 0.05,
Student’s t-test.

A 5-sgRNA 3-sgRNA
Alkbh1 f f
B C D
30 *
Hippocampus Cortex T
© 20 o 3 210 —T
W o™ kO W oo =20 Sos
@
AlkDN T e W— T 500
. %‘ 10 30_4
B-actin G C E
Q0.2
G control  ¢cKO 0.0 control  ¢cKO

Fig. 2. Generation of dorsal telencephalon-specific Alkbh1 cKO mice. (A) Schematic diagrams of strategies for inserting loxP sequences into
target regions to generate Alkbhi-flox mice. (B) Immunoblot analysis of ALKBH1 protein expression in the hippocampus and the cerebral
cortex of AlkbhT"*;Emx1"* (WT), Alkbh1"*:Emx1"* (control) and Alkbh1"%¢=:Emx1°®* (cKO) mice at 6-7 weeks of age. B-Actin was
used as loading controls. (C) The body weight of control and Alkbh7 cKO mice at 9 weeks of age. (D) The activity of respiratory chain
complex | in control and Alkbh1 cKO mice. Activities of the respiratory chain complex | of mitochondria fractionated from the hippocampus
of 46-week-old mice. The activity is normalized against that of control mice. n = 2 for each genotype. Values are means + SEM. *p < 0.05,
Student’s t-test.

region is especially vulnerable to mitochondrial dys- Alkbhl in the dorsal telencephalon may affect hip-
function and is highly susceptible to oxidative stress pocampal neuron survival. Although we found no
caused by aging or brain ischemia [13,23]. Since mito- apparent abnormality in the Nissl-stained sagittal sec-

chondrial respiratory chain complex function was tions of the Alkbhl cKO brains at PO, the hippocam-
markedly decreased in the hippocampus of Alkbhl pal area of Alkbhl cKO mice was significantly smaller
cKO mice (Fig. 2D), we hypothesized that the loss of than that of the control at 12 weeks of age (Figs 3A,
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Fig. 3. Alkbh1 deletion induced hippocampal atrophy and abnormal CA1 pyramidal neurons. (A) Quantification of the hippocampal areas of
the control and Alkbh1 cKO mice at PO and 12 weeks of age (12 wo). We analyzed the slices at distances between 450 and 550 um from
the midline in PO mice. The slices were obtained at distances between 480 and 600 pm from the midline at 12 weeks of age. n = 12 slices
from 3 mice of each genotype at PO, and n= 6 slices from 3 mice of each genotype at 12 weeks of age. Values are means + SEM.
**%pn < (0.001, Student’'s t-test. n.s., not significant. (B) Representative electron microscopic images of the CA1 pyramidal neurons of the
control and Alkbh1 cKO hippocampi at 27 weeks of age. High magnitude images of mitochondria in CA1 pyramidal neurons are shown in
lower panels. Arrows indicate mitochondria. Nu indicates nucleus. Scale bars, 2 um (upper two panels) and 500 nm (lower two panels). (C)
Histograms of the distribution of mitochondrial width of control and Alkbh71 cKO CA1 pyramidal neurons.

S1 and S2), suggesting that the hippocampus of Alkb-
hl cKO mice was atrophied with age. Examination of
the CAl pyramidal neurons and mitochondrial mor-
phology of 27-week-old mice by electron microscopy
(Fig. 3B) showed apparently normal mitochondrial
morphology (Fig. 3B, lower panels). Furthermore,
quantitative analysis of mitochondrial morphology
revealed no abnormalities in mitochondrial width
(Fig. 3C). However, we occasionally observed neurons
with electron-dense cytoplasm and nucleoplasm in the
hippocampal pyramidal cell layer (Fig 3B, upper pan-
els). Although these dark neurons have intact mem-
brane organelles without apparent apoptotic
appearance, such as pyknotic nuclei, we did not
observe such dark neurons in the control samples, sug-
gesting that these cells may have been in the early
phase of degeneration.

Alkbh1 cKO mice showed impaired
hippocampus-dependent learning and memory

Loss of ALKBHI leads to the inhibition of f°C forma-
tion, which is also caused by pathogenic point muta-
tions in the mt-tRNAM® gene. Patients with these
mutations have been implicated in autism spectrum

disorder and intellectual disability [4,24,25]. Moreover,
the observations of hippocampal atrophy and pyrami-
dal cell abnormalities obtained from the histological
analysis of Alkbhl cKO mice suggest dysfunction of
hippocampus-dependent learning in these mice. Thus,
we performed two types of behavioral tests evaluating
hippocampus-dependent  learning and  memory.
Because the discovered hippocampal atrophy was asso-
ciated with aging, older mice (40-46 weeks of age)
were used in these tests.

Firstly, we performed a contextual-dependent and
auditory cued-dependent fear-conditioning test. We
observed a significant decrease in hippocampus-
dependent contextual memory in ¢cKO mice, but no
significant difference in hippocampal and amygdala-
related cued memory retrieval (Fig. 4A). Secondly, we
conducted the Morris water maze tests. Following spa-
tial learning sessions for 5 consecutive days, the Alkb-
hl cKO mice showed significantly longer escape
latency on day 5 (Fig. 4B). Twenty-four hours after
the last learning session trial (day 5), the platform was
removed, and all mice were given one 60-s probe trial
for searching (probe test). The Alkbhl cKO mice spent
less time in the target quadrant than the controls
(Fig. 4C).  These results indicated  impaired
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hippocampus-dependent spatial memory in the Alkbhl
¢KO mice, a behavioral abnormality that may be asso-
ciated with hippocampal atrophy.

Discussion

We and others previously identified ALKBHI, an
Fe?'/2-0G-dependent  dioxygenase, as the enzyme
responsible for f°C formation in mt-tRNAM® [5]. Cul-
tured human cells lacking ALKBHI exhibited a
remarkable decrease in mitochondrial protein synthesis
and respiratory activity, indicating that ALKBHI1 is
essential for normal mitochondrial function [5].

In this study, we demonstrated the dorsal
telencephalon-specific Alkbhl cKO mice showed age-
related hippocampal atrophy, which led to impaired
hippocampus-dependent learning and memory. The
ATP supply from synaptic mitochondria at presynaptic
terminals and postsynaptic spines plays a critical role
in information transmission through synapses [26]. For
instance, mice lacking dynamin-related protein 1, a
key factor in mitochondrial morphogenesis, have
impaired hippocampus-dependent spatial memory due
to defective ATP supply to the synaptic terminals [27].

Considering the reduced complex I activity in the hip-
pocampus of Alkbhl cKO mice, lower ATP production
due to impaired oxidative phosphorylation activities
could be occurring in the Alkbhl cKO mice brain.
Reduction in ATP available for synapses is likely to
cause abnormalities in hippocampal synaptic transmis-
sion, leading to deficits in hippocampus-dependent
learning.

Our Alkbhl cKO mice showed a marked decrease in
the activity of mitochondrial respiratory chain complex
I in the hippocampus, and it is highly likely that the
histological and behavioral abnormalities in cKO mice
are derived from mitochondrial dysfunction. However,
as discussed above, ALKBHI1 has been reported to
have a variety of functions not limited to the mito-
chondria. It is also possible that these phenotypes are
not solely due to a failure to form the f°C modification
in mt-tRNAM®', Considering that respiratory chain
complex I is composed of both mitochondrial and
nuclear genome-encoded proteins, it is quite plausible
that altered expression of nuclear genome-encoded
genes due to ALKBHI loss is combined with the
effects of f°C deficiency, leading to the phenotype.
Moreover, abnormalities other than the mitochondrial
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respiratory chain complex may also link to hippocam-
pal defects. In order to determine which function of
ALKBHI is responsible for the phenotype, we need to
generate mitochondrial or nuclear/cytoplasmic-specific
knockout mice and conduct rescue experiments using
mitochondria-targeted ALKBHI1. Nevertheless, the
observation that hippocampal dysfunction occurred in
dorsal telencephalon-specific Alkbhl ¢cKO mice is an
important finding and a first step toward understand-
ing the whole picture of a multifunctional enzyme-like
ALKBHI.

Spatial memory impairment has been observed in
several neuropsychological disorders. Pathogenic muta-
tions (A4435G and C4437 U) in mt-tRNAM®, which
inhibit f°C formation [4], cause autism spectrum disor-
der and intellectual disability [24,25]. The
hippocampus-dependent learning deficit observed in
Alkbhl cKO mice might replicate the neuropsychologi-
cal deficits in these patients.

The biogenesis of f°C is mediated by two enzymes,
NOLI/NOP2/Sun  domain-containing  protein 3
(NSUN3) and ALKBHI [4,5]. Thus, f°C formation is
disturbed by mutations in either ALKBHI or NSUNS3.
Patients with NSUN3 mutations show a combined
developmental disability and microcephaly [28,29].
These symptoms were not completely consistent with
the phenotype observed in our established Alkbhl KO
mice. Given that ALKBHI is a multifunctional
enzyme, the phenotypic inconsistency between NSUN3
deletion patients and Alkbhl KO mice could be due to
ALKBHI functions other than f°C formation.

To date, two lines of A/kbhl KO mice have been
generated and analyzed [20,22,30]. Pan et al. generated
Alkbhl~'~ mice using 129 Sv/Ev embryonic stem cells
and reported that these mice showed defects in placen-
tal trophoblast lineage differentiation [30]. However,
they observed no reduction in viability. The genetic
backgrounds of their mice were not described other
than 129 Sv/Ev. In contrast, Nordstrand et al. gener-
ated Alkbhl~'~ mice with a hybrid genetic background
between 129Sv] and C57BL/6 mice, which showed
severely reduced birth rates and developmental abnor-
malities in the eyes and neural tube [20,22]. Here, we
generated Alkbhl KO mice in pure C57BL/6N genetic
background and analyzed their phenotypes. Our Alkb-
hl KO mice showed severe decline in both survival
and body weight, consistent with the phenotype of the
latter reported strain.

There are several possible explanations for the
phenotypic discrepancy among the Alkbhl KO
mouse strains. First, it is generally assumed that
mice of the hybrid strains exhibit unstable pheno-
types due to background effects in mutagenesis [31].

L. Kawarada et al.

The phenotypic discordance in Alkbhl KO mice
strains reported in previous studies may be attribu-
ted to differences in genetic backgrounds. Because
our Alkbhl KO and cKO mice had pure C57BL/6N
genetic backgrounds, we believe that our mice
should be standard mouse lines to elucidate the
physiological roles of Alkbhl in vivo. Another pos-
sibility is the off-target effects of sgRNAs [32].
Although we used CRISPRdirect (https://crispr.dbc
Is.jp/) to design sgRNAs with as few off-targets as
possible, it is difficult to completely exclude the
possibility of off-targets. Thus, off-target mutations
by sgRNAs also might contribute to the phenotypic
discrepancies in the whole-body KO mice. On the
other hand, in our study with cKO mice, we used
Alkbhl-flox mice as controls, which should carry
the same off-target mutations as ¢cKO mice. There-
fore, phenotypic differences between cKO and con-
trol mice can be attributed only to the deletion of
Alkbhl.

In summary, the whole-body Alkbhl KO mice
showed decreased survival and body weight, suggesting
that ALKBHI is indispensable for proper perinatal
development.  Furthermore, telencephalon-specific
Alkbhl cKO mice displayed age-related hippocampal
atrophy and CAl pyramidal neuron abnormalities.
Fear-conditioning and Morris water maze tests showed
hippocampus-dependent learning and memory deficits
in the cKO mice. These findings suggest the pivotal
roles of ALKBHI in the hippocampal neurons,
emphasizing that ALKBHI activity is essential for hip-
pocampal function.

In conclusion, this study using our Alkbhl cKO
mice shed light on the novel roles of ALKBHI1 in the
central nervous system.
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Figure S1 Nissl-stained sagittal sections of the hip-
pocampus in the control (top 12 panels) and Alkb-
h1cKO(bottom 12 panels) mice at PO.

Figure S2 Nissl-stained sagittal sections of the hip-
pocampus in the control (top 6 panels) and Alkb-
h1cKO(bottom 6 panels) mice at 12 weeks of age.
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