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enzymatic activity was determined, in wiplicate, by exchange
reaction between carbon dioxide and glycine using NaH'*CO,
in the presence of excess recombinant bovine GCSH protein as
described {22). An expression system of lipoylated bovine
GCSH protein in Escherichia coli was kindly provided by
Dr Kazuko Fujiwara (Tokushima University, Japan) (46). Stat-
istical analysis was performed using SPSS software version
11.0 (SPSS. Inc., Chicago, IL. USA).

Knockout of Amt by insertion of a gene-trap vector

Mice carrying a gene-trap allele of Amr (here denoted Amr™)
were generated at Lexicon Genetics, Inc. (Houston, TX,
USA) using the OST181110 ES cell line. The genomic inser-
tion site of the gene-trap vector was determined by inverse
PCR and localized to intron 2 (Supplementary Material,
Fig. S1). Total RNA was prepared from the mouse liver and
brain at E18 for RT-PCR analysis (Supplementary Material,
Fig. S1 and Table S1). Am:™ " mice were backcrossed with
wild-type C57BL/6 mice for nine generations to generate a
congenic line of mice on the CS7BL/6 background. for use
in biochemical and histological analyses. This study was
approved by the Animal Experiment Committee of Tohoku
University.

Maternal supplementation with folic acid and related
metabolites

Dams were treated with folic acid (25 mg/kg), thymidine-
1-phosphate (TMP; 30 mg/kg) or r-methionine (70 mg'kg)
by Intra-peritoneal injection, 2 h prior to mating and daily
from E7.5-10.5. Doses were based on previous studies
(23,47,48).

'SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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ABSTRACT

Mutations in NKX2-1 cause neurological, pulmonary, and thyroid hormone impairment. Recently, the disease
was named brain-lung-thyroid syndrome, Here, we report three patients with brain-lung-thyroid
syndrome. All patients were unable to walk until 24 months of age, and still have a staggering gait, without
mental retardation. They have also had choreoathetosis since early infancy. Genetic analysis of NKX2-1
revealed a novel missense mutation (p.Val205Phe) in two patients who were cousins and their maternal
families, and a novel 2.6-Mb deletion including NKX2-1 on chromosome 14 in the other patient. Congenital
hypothyroidism was not detected on neonatal screening in the patient with the missense mutation, and
frequent respiratory infections were observed in the patient with the deletion in NKX2-1. Oral levodopa
did not improve the gait disturbance or involuntary movement. The results of ¥™Tc-ECD single-photon
emission computed tomography (ECD-SPECT} analyzed using the easy Z-score imaging system showed
decreased cerebral blood flow in the bilateral basal ganglia, especially in the caudate nuclei, in all three
patients, but no brain magnetic resonance imaging (MRI) abnormalities. These brain nuclear image findings
indicate that NKX2-1 haploinsufficiency causes dysfunction of the basal ganglia, especially the caudate nuclei,

resulting in choreoathetosis and gait disturbance in this disease.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

NK2 homeobox 1 (NKX2-1 or TITF-1; MIM #600635), which maps
on chromosome 14q13, is a member of the NK-2 gene family of highly
conserved homeodomain-containing transcription factors [1,2]. The
gene is expressed in the thyroid, bronchial epithelium, and specific
areas of the forebrain during development in the mouse [3-5]. Mice
homozygous for the disrupted gene are born dead and lack a thyroid
gland, lung parenchyma, and pituitary gland, while heterozygous
mice develop normally {4]. An abnormality of the gene in humans
was first reported in patients with congenital hypothyroidism [G].
Subsequently, heterozygous point mutations in NKX2-1 were identi-
fied in affected members of a family with benign hereditary chorea
[7]. Recently, NKX2-1 was reported as the gene responsible for brain—
lung-thyroid syndrome (MIM #610378), which involves symptoms of
neurological impairment, pulmonary disorders, and hypothyroidism
{8-131. Respiratory distress during the neonatal period, recurrent respi-
ratory tract infection, and hypothyroidism are common clinical findings.
The neurological impairment is characterized by gait disturbance with

* Corresponding author at: Department of Pediatrics, Tohoku University School of
Medicine, 1-1 Seiryo-machi, Acba-ku, Sendai 980-8574, Japan. Tel: +81 22 717
7287; fax: +8122 717 7280,

E-mail address: uemarsu@bk9 so-net.ne.jp (M. Uematsu),

0022-510X/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/].jns.2011.11.025

delayed first walking and choreoathetosis, in the absence of mental
retardation or brain magnetic resonance imaging (MRI) abnormalities
[13]. However, some affected individuals have had low-average intelli-
gence, learning problems, psychosis and seizures [14-16}.

The pathological mechanism of NKX2-1 haploinsufficiency has been
clarified for the hypothyroidism [17] and pulmonary impairment
[18,18], but it is still unclear for the neurological symptoms. Most of
the neurological deficits, ie. the gait disturbance and involuntary
movements sometimes accompanied with dystonia, dysarthria, action
tremor and saccadic abnormalities {20], reflect dysfunction of the
control of movement. Therefore, the basal ganglia were considered to
be the most important causal lesion {8,14]. The NKX2-1 null mouse
showed severe morphological changes in the basal ganglia, including
absence of the globus pallidus and enlargement of the striatum [4].
NKX2-1 gene expression has been identified as the origin of the
pallidum in the mammalian and avian embryonic archistriatum. These
studies indicated that NKX2-1 is essential for development of the
striatum, especially the pallidum rather than the caudate nuclei
[5,21,22].

Brain MRI of patients with brain-lung-thyroid syndrome showed
no notable abnormalities, except one case report of reduced size and
intensity in the pallidum [8]. Previous brain nuclear imaging studies
described various findings regarding the basal ganglia, including
reduced blood flow in the striatumn and thalamus {23], and hypometa-
bolism in the basal ganglia, more prominent in the caudate nuclei [15].
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Here, we report three patients with brain-lung-thyroid syndrome
in whom the diagnosis was confirmed by genetic examinations, We
performed brain nuclear image analysis to investigate the causal
lesion for the neurological symptoms.

2. Method
2.1. Clinical findings

We studied three patients (5, 6, and 7 years old; one male and two
females) with gait disturbance who visited Tohoku University Hospi-
tal between 2008 and 2009 (Table 1).

Patient 1 was the second female child of healthy non-consanguineous
parents (Fig. 1). She was born at term without neonatal respiratory
problems. Congenital hypothyroidism was noted on neonatal screening
and she has been given thyroxin replacement therapy since then. After
the age of 1.6 years, she developed recurrent respiratory infections and
was admitted to hospital five times in one year. She had normal mental
development, but delayed gross motor development. She could sit
alone at the age of 12 months and first walked at 38 months. A staggering
gait persists. Her trunk and extremes were mildly hypotonic and
continuous choreoathetosis was observed during wakefulness and
exacerbated by stress.

Patients 2 and 3 were cousins via their maternal families (Fig. 1).
Patient 2 was the third female and Patient 3 was an only male child.
Both sets of non-consanguineous parents were healthy fathers and
affected mothers with mild involuntary movement and a history of
delayed first walking. Both patients were born at term without any
perinatal complications. Congenital hypothyroidism was diagnosed
in the neonatal period by screening in Patient 2, but at the age of
5 years in Patient 3, despite a neonatal screening test. Unlike Patient
1, they had no severe respiratory infections during infancy. Similar
to Patient 1, first walking was observed at 30 months in Patient 2
and at 24 months in Patient 3. They also have persistent gait
disturbance and choreoathetosis without mental retardation. The
neurological examinations in all three patients did not detect any
abnormalities, such as muscle weakness, abnormal deep tendon
reflexes, or cerebellar manifestations.

Brain MRI in all three patients showed normal brain size, form,
and intensity, including the basal ganglia. Oral levodopa (20 mg/kg/
day) was given to all three patients, but no obvious improvement in
the neurological symptoms was observed.

2.2. Brain nuclear image analysis
All three patients underwent single photon emission computed

tomography (SPECT) to evaluate brain function at Tohoku University
Hospital using technetium-99 m ethyl cysteinate dimer (ECD,

Table 1
Clinical characteristics in three patients.
Patient 1 Patient 2 Patient 3
Age/sex 7 years/female 5 years/female 6 years/male
Recurrence of Yes No No
respiratory infection
Neonatal respiratory  No No No
problems
Hypothyroidism Yes {neonatal Yes (neonatal Yes (diagnosed at
screening) screening) 5 years)
Initiation of walking 3 years and 2 years and 2 years
2 months 6 months
Mental retardation No No No
Choreoathetosis Yes Yes Yes
Response to -dopa No Neo No
Brain MRI Normal Normal Normal
NKX2-7 analysis del 14q12-13 p.V205P P.V205P

Patieatd

Fig. 1. Family pedigrees of three patients. Affected members are indicated by black
squares and circles; unaffected members, white squares and circles. Patient 2 and 3
are cousins on mother’s side.

approximately 12 MBq/kg of body weight) as the radiotracer. Twenty
minutes after the injection, SPECT images were acquired using a
PRISM IRIX (Shimadzu, Kyoto, Japan), with a low-energy, high-
resolution, fan-beam collimator. In total, 120 projection datum points
in a 128 x 128 matrix were obtained in 20 min. Using an ODYSSEY
computer (Shimadzu), tomograms two pixels thick (5.8 mm) were
reconstructed after a high-frequency cutoff with a Butterworth filter.

The easy Z-Score Imaging System (eZIS; Fuji Film Rl Pharma), used
for the statistical analysis of SPECT images, standardizes brain images
using Statistical Parametric Mapping (SPM99) [24]. Each SPECT image
of the subjects after anatomical standardization followed by isotropic
12-mm smoothing was compared with the mean and SD of SPECT im-
ages of the age-matched healthy controls already incorporated in the
eZIS program as a normal database using voxel-by-voxel Z-score
analysis after voxel normalization to global mean values: Z score=
(control mean — individual value)/control SD. These Z-score maps
were overlain on tomographic sections and projection with an
averaged Z-score of 14-mm thickness to surface rendering of the
anatomically standardized MRI template,

Positron emission tomography (PET) was performed in Patients 2
and 3, 1h after administering ['®F]-fluorodeoxyglucose (1FDG) (ap-
proximately 3 MBg/kg of body weight) using a Biograph Duo, ECAT
EXACT HR™ (Siemens, Hoffman Estates, IL) or SET-2400 W (Shimadzu)
after fasting for at least 4 h. Emission scans were performed for 10 min
for the entire brain. Attenuation was corrected. Fourteen 6-mm-thick
slices parallel to the orbitomeatal line, encompassing virtually the entire
brain, were analyzed visually by two investigators independently.
When the interpretation was inconsistent, a third investigator was
called to make a decision.

2.3. Gene analysis

Gene analyses were performed with the informed consent of the
patients’ parents. Genomic DNA was extracted from peripheral
blood lymphocytes using a Sepa Gene kit (Sanko junyaku, Tokyo,
Japan). All coding exons and flanking introns in NKX2-1 were ampli-
fied by PCR. All primers were based on the NCBI reference sequence
{accession number NG_013365; the primer sequences are available
upon request). The PCR products were separated on 3% agarose gels
and purified with a QlAquick Gel Extraction kit (QIAGEN, Chatsworth,
CA, USA). The PCR products were sequenced directly using a Big Dye
Primer Cycle Sequencing kit and ABI 310 Genetic Analyzer (PE
Applied Biosystems, Foster City, CA, USA).

Subsequent array-based comparative genomic hybridization
(CGH) analysis was performed using an Agilent 244 K oligonucleotide
array (Agilent, Santa Clara, CA; www.agilent.com) with a resolution
of approximately 15 kb following the protocols provided by Agilent.
The array was analyzed with the Agilent scanner and the Feature
Extraction software (v, 9.1.3).

3. Results

From the raw nuclear image ECD-SPECT findings in all three
patients (Fig. 2, lower figures) and FDG-PET in Patients 2 and 3
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Patient 1

Patient 2

Patient 3

Fig. 2, ECD-SPECT and eZIS results.Usual color images of ECD-SPECT in three patients were shown on the lower figures in each patient. Analyzed images using eZIS were shown on
the upper figures, The converted images indicate regions of decreased cerebral blood flow by colors from blue {2.0 standard deviation) to red (6.0 standard deviation). Reduction in
cerebral blood flow was shown most common and prominent in the bilateral caudate nuclei in all three patients.

(data not shown), we could not discriminate visible areas of abnor-
mal cerebral perfusion or glucose metabolism. However, the statistical
analysis of the ECD-SPECT data using eZIS demonstrated significant
declines in cerebral blood flow in the basal ganglia, especially in the
caudate nuclei (Fig. 2, upper figure). Although several other brain
regions were shown to have decreased blood flow, these were not
shared in the three patients,

Array CGH analysis revealed that Patient 1 had an approximately
2.6-Mb hemizygous deletion including NKX2-1 in 14q12-13 (Fig. 3,
top). Direct sequencing analysis revealed a novel hemizygous mutation
in the coding exons in Patients 2 and 3 (Fig. 3, bottom), but no mutation
in Patient 1. A hemizygous G-to-T substitution at nucleotide position
613 (¢.613G>T) in Patients 2 and 3 created an amino acid substitution
at amino acid position 205 {p.Val205Phe} within exon 3, which is
localized within the NKX2-1 homeodomain. The mothers and
grandmother of Patients 2 and 3 had the same missense mutation.

4. Discussion

In this study, we diagnosed three children with brain-lung-
thyroid syndrome based on clinical findings of delayed walking,
unsteady gait, choreoathetosis, and hypothyroidism. The diagnosis
was confirmed by genetic analysis detecting a novel hemizygous
deletion and missense mutations in NKX2-1. In addition, we
performed nuclear image examinations and analyzed the results

using statistical image analysis with eZIS. We found a significant

reduction in the blood flow in the caudate nuclei in all three patients.

Recurrent respiratory infection was observed only in the patient
with the deletion in NKX2-1, but not in the two patients with
missense mutations. These phenotype-genotype correlations support
previous reports [8,10-13] that large deletions and truncation muta-
tions are related to the severe phenotype with the symptom triad,
while missense mutations have a milder phenotype {13]. The
existence of respiratory symptoms is very important for management
because no deaths have been reported in patients without lung disease
[12]. In one case with a missense mutation, hypothyroidism was not
detected until the age of 5 years, while it was detected in his cousin
with the same mutation at neonatal screening. This interfamilial
heterogeneity, as described previously [25], indicates that simple
haploinsufficiency cannot fully explain the spectrum of clinical presen-
tations, Other modifying genes might contribute to the phenotype
heterogeneity {9,121,

Central nervous impairment is the most common and essential
symptom in brain-lung-thyroid syndrome [12,13]. Typically, mental
retardation and brain MRI abnormalities are not associated with this
disease. The characteristic presentation involves delayed walking, a
staggering gait, and choreoathetosis. Since no obvious nervous
system abnormalities were detected on neurological examinations,
we speculate that the choreoathetosis in the lower limbs caused the
delay in walking and unsteady gait.

To identify the brain region responsible for the neurological
impairment, we examined brain ECD-SPECT and FDG-PET, but no
obvious pathological abnormalities were detected on visual inspec-
tion of the raw images. Further statistical analysis of the ECD-SPECT
data was performed using eZIS, while the FDG-PET was not analyzed
because we did not have an appropriate analysis method. The eZIS
method can detect a significant difference of regional cerebral blood
flow by comparison with age-matched normal controls, and shows
the result as color images. Previous reports described significant
superiority of this program over visual inspection of raw SPECT
images in several diseases [26-28). We analyzed our patients and
found a common, significant reduction in cerebral blood flow in the
caudate nuclei. Although most reports describe expression of the
NKX2-1 gene in the pallidum [8,21,22], a recent study showed
NKX2-1 expression in the postnatal mouse striatum, including the
caudate nuclei, in addition to the pallidum [29]. In humans, nuclear
image studies indicated a reduction in blood flow [23] and glucose
metabolism [15] in the basal ganglia. Hypoperfusion in the caudate
nuclei was described in a patient with Huntington's disease [30,31],
which usually involves chorea. From these reports and our ECD-
SPECT findings using eZIS, we believe that the region responsible for
the neurological symptoms in brain-lung-thyroid syndrome, patho-
logically, is the caudate nuclei. We speculate the possible mechanism
that the mutation may impair developmental differentiation and
organization of the striatum. Huntington's disease, which also
involves the caudate nuclei, partially mimics brain-lung~thyroid
syndrome clinically, although the latter is easily differentiated by
the history of delayed walking.

in our cases, oral L.-dopa [32], 2 dopamine agonist, and clonazepam
failed to improve their neurological impairment. Only a few effective
treatrent for involuntary movement has been reported [13]. Although
some reports described the choreatic movements tend to decrease over
time [7,23], the movement disability causes severe trouble with daily
life, especially writing difficulty resulting in a leaning impairment in
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Fig. 3. Deletion and missense mutation in NKX2-1. Chromosome 14 profile and detail of 14q12-13 region generated by Cytogenomics (version 1.5, Agilent Technologies) showed a
hemizygous 2.6-Mb deletion including NKX2-1 in Patient 1. Sequencing analysis showed hemizygous missense mutations {¢.613G>T) in NKX2-1 in Patients 2 and 3.

childhood. We postulate that deep brain stimulation might treat
involuntary movement, such as in Huntington's disease [33]. The
pathophysiology of this disease should be clarified to develop an
effective treatment.
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Citrin deficiency is an autosomal recessive disorder caused by mutations in the SLC25A13 gene and has two
disease outcomes: adult-onset type 1 citrullinemia and neonatal intrahepatic cholestasis caused by citrin
deficiency. The clinical appearance of these diseases is variable, ranging from almost no symptoms to coma,
brain edema, and severe liver failure. Genetic testing for SLC25A13 mutations is essential for the diagnosis of
citrin deficiency because chemical diagnoses are prohibitively difficult. Eleven SLC25A13 mutations account
for 95% of the mutant alleles in Japanese patients with citrin deficiency. Therefore, a simple test for these mu-

gmﬁmw tations is desirable. We established a 1-hour, closed-tube assay for the 11 SLC25A13 mutations using real-time
Genetic diagnosis PCR. Each mutation site was amplified by PCR followed by a melting-curve analysis with adjacent hybridiza-
Rapid diagnosis tion probes (HybProbe, Roche). The 11 prevalent mutations were detected in seven PCR reactions. Six reac-
Expanded newbomn screening tions were used to detect a single mutation each, and one reaction was used to detect five mutations that
SLC25A13 are clustered in a 21-bp region in exon 17. To test the reliability, we used this method to genotype blind
DNA samples from 50 patients with citrin deficiency. Our results were in complete agreement those obtained
using previously established methods. Furthermore, the mutations could be detected without difficulty using
dried blood samples collected on filter paper. Therefore, this assay could be used for newborn screening and

for facilitating the genetic diagnosis of citrin deficiency, especially in East Asian populations.
© 2012 Elsevier Inc, All rights reserved.
1. Introduction patients were referred to hospitals with suspected neonatal hepatitis

Citrin deficiency is an autosomal recessive disorder that results
from mutations in the SLC25A13 gene {1] and causes two diseases:
adult-onset type I citrullinemia (CTLN2; OMIM #603471) and neo-
natal intrahepatic cholestasis caused by citrin deficiency (NICCD;
OMIM#605814) [1-4]. The clinical appearance of these diseases is
variable and ranges from almost no symptoms to coma, brain
edema, and severe liver failure requiring transplantation [5-8]. In a
study of patients with NICCD, only 40% of individuals were identified
by newborn screenings to have abnormalities, such as hypergalacto-
semia, hypermethioninemia, and hyperphenylalaninemia [9]. Other

Abbreviations: CTLN2, adult-onset type Il citrullinemia; FRET, fluorescence resonance
energy transfer; HRM, high resolution melting; NICCD, neonatal intrahepatic cholestasis
caused by citrin deficiency; Tm, melting temperature.

* Corresponding author. Fax: +81 22 717 7290.

 E-mail address: akikuchi-thk@umin.acjp (A Kikuchi).

' Present address: Institute of Resource Development and Analysis, Kumamoto
University, Kurnamoto 860-0811, Japan.

1096-7192/% - see front matter © 2012 Elsevier Inc, All rights reserved.
doi:10.1016/jymgme,2011.12.024

or biliary atresia, due to jaundice or discolored stool {3]. Hypercitrul-
linemia was not observed in all patients [9]. Mutation analysis of
S1C25A13 is indispensable because of the difficulties associated with
the chemical diagnosis of citrin deficiency. The SLC25A13 mutation
spectrum in citrin deficiency is heterogeneous, and more than 31
mutations of SLC25A13 have been identified to date [1,10-18]. How-
ever, there are several predominant mutations in patients from East
Asia. As shown in Table 1, 6 prevalent mutations account for 91% of
the mutant alleles in the Japanese population [12,19]. Five additional
mutations alse occur within a 21-bp cluster in exon 17 {Table 1 and
Fig. 1D). The six prevalent mutations, together with the five muta-
tions in exon 17, account for 95% of the mutant alleles in Japan
[12.19].

Several different methods, such as direct sequencing, PCR restric-
tion fragment length polymorphism (PCR-RFLP), and denaturing
high performance liquid chromatography (DHPLC), are currently
used for the detection of mutations in SLC25A13 [1,10-14,19]. Howev-
er, these methods are too complex for clinical use. Direct sequencing
is a standard but cumbersome method. The PCR-RFLP method is
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Table1
Seven primer/probe sets and 11 targeted mutations of SLC25A13.
Primer/probe set Mutation Location Nucleotide change Effects of mutations Allele frequency”[19] References
A Mutation [i] :851deld exon 9 ¢.851_854delCTAT p.R28415(286X) 33.2% 1]
B Mutation [11) :gIVS11+1G>A intron 11 ¢.1018_1177del p-340_392del 37.6% 1]
C Mutation {11} :1638ins23 exon 16 ¢.1638_1660dup p.A554fs(570X) 3.4% i1l
D Mutation [IV} :§225X exon 7 c675C>A pS225X 5.3% {14
E Mutation [V] :gIVS134+1G>A intron 13 ¢1231_1311del p411_437del 8.2% 11t
F Mutation [XIX] :IVS16ins3kb intron 16 ¢, aberrant RNA p.A584fs(585X) 4.6% 19}
G Mutation [VI] :1800inst exon 17 ¢.1799_1800insA p.Y600X 1.3% 110}
Mutation [V} JR605X exon 17 c.1813C>T p.R605X 0.90% {10}
Mutation [Vili] (E601X exon 17 ¢1801G>T p.EGOIX 1.2% [11]
Mutation {1X] :E601K exon 17 ¢1801G>A p.EBO1K 0.30% [11]
Mutation [XXI} :L598R exon 17 ¢.1793T>G p.L598R 0% [15]
Total 95.1%

* The frequency of each mutant allele among Japanese patients with citrin deficiency.

complicated and can lead to genotyping errors, due to incomplete
digestion by the restriction enzymes. DHPLC is time-consuming and
requires expensive equipment. Thus, there is a strong need for the
development of a simple test for these mutations.

The goal of this study was to establish a rapid and simple test
for the detection of the 11 most common SLC25A13 mutations. We
adopted the HybProbe format (Roche) for the detection of the muta-
tions using real-time PCR followed by a melting-curve analysis with
adjacent hybridization probes [20,21]. This assay can be completed
in less than 1 h and has the advantage of being a closed-tube assay.
The fundamental process for detecting point mutations using the
HybProbe assay is presented in Fig. 1A. The 11 prevalent mutations
contain not only point mutations but also include a 4-bp deletion
and insertions of 1-bp, 23-bp and 3-kb genomic fragments (Table 1
and Fig. 1). Careful design of the PCR primers and HybProbes enabled
us to test for these various SLC25A13 mutations.

2. Methods
2.1. Subjects

CTLNZ and NICCD were diagnosed, as previously described
[9,10,19,22-24]. Genomic DNA of the patients was obtained from pe-
ripheral blood leukocytes using the DNeasy blood kit (Qiagen Inc.,
Valencia, CA, USA). Genomic DNA was purified from filter paper
blood samples using the ReadyAmp Genomic DNA Purification Sys-
tem (Promega, Madison, WI, USA). Mutations in these DNA samples

A) Mutation [1t}, {IV] and [V}
{Primer/probe set B, D, and E}

B) Mutation {1
(Primer/probe set A)

were analyzed at Kagoshima University using a combination of PCR
with or without restriction enzyme digestion or by direct sequencing,
as previously described [1,10-14,19]. Another set of samples was
obtained from 420 healthy volunteers (mainly from Miyagi prefec-
ture in the northeastern region of Japan) at Tohoku University. Geno-
mic DNA from leukocytes was extracted, as described above.

2.2. Detection of seven prevalent mutations in SLC25A13 using the
HybProbe assay

HybProbe probes comprise a pair of donor and acceptor oligonu-
cleotide probes designed to hybridize adjacent to their target sites
in an amplified DNA fragment [20,21]. The donor probes are labeled
at their 3’ end with fluorescein isothiocyanate (FITC), whereas the
acceptor probes are labeled at their 5’ end with LC Red640; these
acceptor probes are phosphorylated at their 3’ end to prevent exten-
sion by the DNA polymerase. When two probes hybridize to the
amplicon, the fluorescent dyes are located within 5 bases of each
other, which allows fluorescence resonance energy transfer (FRET)
between the excited FITC and the LC Red640; this process emits
light that can be quantified by real-time PCR. Following PCR amplifi-
cation, a melting-peak analysis is performed. The melting peak is pro-
duced by the reporter probe, which has a lower melting temperature
(Tm) than the other probe, called the anchor probe. As the reporter
melts from the target, the fluorophores are separated, and the
FRET ceases. The Tm of the reporter probe determines the reaction

C) Mutation it}
(Primer/probe set C)

wild-type allele — wild-type allele ——_I‘ wild-type aliele ¢
P — el el M
mutant aliele - 24 allgle ¢ mutant aliela
4bp deletion 23bp
dupiication
D) Mutation [VI}-{IX], and (XXI]  E)Mutation [XIX]
(Primer/probe set G) (Primer/probe set F) * anchor probe
. MUt19-N-F =—b —Mut19.R o rapofier probe
PAP— — e
wild-type allele wild-type aligle Attty ———
Mut1S-ing-F € Mut19.R
mulant aliele  —p————tfas— mutant allele  A0A4AAA f Bt
| / 3Kb insertion
XXX (XA v v

v X

Fig. 1. Principle of SLC25A13 mutation detection by melting-curve analysis with the HybProbe assay. In primer/probe sets A-E, and G, PCR was performed with a pair of primers,
whereas in primer/probe set F, two forward primers and one common reverse primer were used for the amplification of both wild-type and mutant alleles. Note that mutation

{XX1X], located on the anchor prabe of primer/probe set G, is a non-target mutation.
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specificity (i.e., binding of the probe to a perfectly matched sequence
rather than to regions with sequence mismatches).

Seven primer/probe sets were designed for this study. Fig. 1 shows
a schematic diagram of the strategy for mutation detection using
these primer/probe sets, Tables 1 and 2 list the primer/probe sets

and corresponding sequences and primer concentrations that were |

used to target the 11 mutations. Primer/probe sets A, B, C, D, E, and
F were designed to detect mutations [1], [II}, {111}, [IV], [V], and [XIX],
respectively. Primer/probe set G was designed to detect the five
mutations clustered on exon 17: mutations [VI], [VI], [VIIi], [IX],
and [XXI] (Fig. 1D). All primers and probes were synthesized based
on the NCBI reference SLC25A13 gene sequence (GenBank accession
no. NM_014251) with the exception of mutation [XIX]:IVS16ins3kb,
which was designed according to {19].

Real-time PCR and subsequent melting curve analyses were per-
formed in a closed tube using a 20-pL mixture on a LightCycler 1.5
(Roche Diagnostics, Tokyo, Japan). The PCR mixture contained 2.0 pL of
genomic DNA (10-50 ng), 0.5 M of forward primer, 0.5 or 0.1 UM of re-
verse primer, 0.2 uM of each sensor and anchor probe, and 10 piL of Pre-
mix ExTaq™ (Perfect Real Time) reagent (TaKaRa Bio Inc,, Otsuy, Japan).

The thermal profile conditions were identical for all seven assays
and consisted of an initial denaturation step (30 s at 95 °C), followed
by 45 amplification cycles with the following conditions: denatur-
ation for 5 s at 95 °C and annealing and extension for 20 s at 60 °C.
The transition rate between all steps was 20 °C/s. After amplification,
the samples were held at 37 °C for 1 min, followed by the melting
curve acquisition at a ramp rate of 0.15 °C/s extending to 80 °C with
continuous fluorescence acquisition.

Table 2
Primers, probes and target amplicon sequences, target mutation sites, and primer concentrations.
Primer/probe Name Sequences of PCR products, primer locations, probe sequences, and mutation sites (5’ to 3') Concentration
set (umol/L)
A GGCTATACTGAAATATGAGAAatgaaaaaagggatgttittaaattttataatgtaaatigtaataaatigglatattigtigertgigetgrtertccectacagac
gtatgaccrtageagacattgaacggattgctectetggaagagggaactctgccCTTTAACTTGGCTGAGG (181 bp)
Mut1-F GGCTATACTGAAATATGAGAA 05
Mutl-R CCTCAGCCAAGTTAAAG 05
Mut1-UP ATGTAAATTGTAATAAATTGGTATATITGTTGCTTGTGTI-HTC
Mut1-DW 1C Red640-GTTTTTCCCCTACAGACGACC-P
B GAATGCAGAACCAACGAtcaactggetcttttgtgggagaactcatgtataaaaacagetttgactgtittaagaaagtgctacgetatgaaggeectt
tggactgtatagaggttagtgccacatgctcaatacctgttaggtgaaataacactcaaaggtttggtitcteatcttagtg cctGACATGAATTAGCAAGACTG (205 bp)
Mut2-F GAATGCAGAACCAACGA 05
Mut2-R CAGTCTTGCTAATTCATGTC 0.1
Mut2-UP ACCTAACAGGTATTGAGCATGTG-FITC
MUR2-DW LC Red640-CACTAACCTCTATACAGTCCA-P
C GCAGTTCAAAGCACAGTTATTttatatagtgagaatgtgaccagactgagatggtgttgtgtetetectgeaggtatgectgeageatetitageg
acccctgetgatettatcaagacgagattacaggty
gergeceggg(gagattacaggtggetgcccggg ) crggecaaaccaCTTACAGCGGAGTGATAGAC (175 bp)
Mut3-F GCAGTTCAAAGCACAGTTATT a5
Mut3-R GTCTATCACTCCGCTGTAAG 05
Mut3-UP ACCCCTGCTGATGTTATCAAGACGAGATTACAGGT-FITC
Mut3-DW LC Red640-GCTGCCCGGGGAGATTA-P
D TCAATTTATITGAGGCTGCtggaggtaccacateccatcaagttagtitctectattttaatggattaattegetecttaacaac
atggaactcattagaaagatctatagcactc
tggctggeaccaggaaagatgttgaagtGACTAAGGGTGAGTGAGAA (164 bp)
Mut4-F TCAATTTATTTGAGGCTGC 05
Mut4-R TTCTCACTCACCCTTAGTC 0.5
Mut4-Up AATGGATTTAATTCGCTCCTTAACA-FITC
Mut4-DW LC Red640-ATGGAACTCATTAGAAACATCTATAGCACTC-P
E TGCACAAAGATGGTTCGgteccacttgeageagaaatictigetggaggeigegtaagtaceittigaagetcteticatigaaaagactigtitcac
atatatatcactaccatggtcaacaggtgtggactaaggctictgttTAACCACAGATCCTGCA (162 bp)
Mut5-F TGCACAAAGATGGTTCG 0.5
Mut5-R TGCAGGATCTGTGGTTA 05
Mut5-UP GTGAAACAAGTCTTTTCAATGAAGAGAGCTTC-FITC
Mut5-DW LC Red640-AAGGTACTTACGCAGCCTC-P
F normal aliele GGAGCTGGTGGTATGGAAataatggitcttaactaactctitggtatcaggtaaattittaaaatatctaattatateiggattecte
cattittitaaagctcgtgtatitcgatcctcaccccagtttggt
gtaactttgetgacttacgaattgctacagegatggtictacattgattttggaggagtataagtatcatgetaaatetgetgetaaatttt
GGCTGCTGCTAATGCTC {244 bp)
insertion allele  CCATCTTCCTCCTCCCTTggeageeccgecceccgattictecatttttttaaagetegtgtatttegatectcaccecagtttggt
gtaactrtgctgacttacgaattgctacagegatggttctacattgatttt
ggaggagtgtaagtatcatgetaaatetgetgetaaattttGGCTGCTGCTAATGCTC (196 bp)
Mut19-N-F GGAGCTGGTGGTATGGAA 05
Mut19-ins-F CCATCTTCCTCCTCCCTT 05
Muti9-R GAGCATTAGCAGCAGCC 0.5
Mut19-UP ACCAAACTGGGGTGAGGATCGAAATACACGAGCTTTAAAAAAATG-FITC
Mut19-N-DW  LC Red640-AGAAATCACAGATATAATTAGATATTT-P
Mut19-ins-DW  LC Red640-AGAAATCGGGGGGCGGGG-P
G TCTTAACTAACTCTTTGGTATCAGGTaaatttttaaaatatctaattatatctgtgattictecatttttttaaagetcg
tgtatttcgatcctcaccccagtttggtgtaactttgetgactta(a)cgaattgetacagega
tggttctacattgattitggaggagtgtaagtatcatgetaaatctgetgetaaatttt GGCTGCTGCTAATGCTC (217 bp)
Mut6-9, 21-F TCTTAACTAACTCTTTGGTATCAGGT 05
Mut6-9, 21-R GAGCATTAGCAGCAGCC 035
Mut6-9, 21-UP  TGTATTTCGATCCTCACCCCAGTTTGGTGTAACTT-FITC

Mut6-9, 21-DW  LC Red640-GCGGACTTACGAATTGCTACAGCGA-P

Upper case and underlined letters indicate the locations of primers and probes, respectively. Inserted DNA is shown in parenthesis. Nucleotides in boldface were used for mutation

detection,

F: forward, R: reverse, UP: upstream, DW: downstream, N: normal allele, ins: insertion allele, FITC: fluorescein isothiocyanate, P: phosphate.
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Fig. 2. Typical melting curves used in the detection of mutations {1-V] and [X1X]. Each assay using primer/probe sets A-F is displayed in a separate graph (A-F). WT: wild-type allele,

Mut: mutant allele, NTC: no DNA template control,

2.3. Validation of the mutation detection system

After establishing the protocol for detecting the 11 prevalent mu-
tations, 50 DNA samples from patients' blood were sent from Kago-
shima University to Tohoku University for the validation of this
system in a single-blind manner. Similarly, 26 DNA samples purified
from paper-filter blood samples were analyzed in the same manner
as the blood DNA samples.

2.4, Estimation of the carrier frequency

For the estimation of the heterozygous carrier frequency, 420 ge-
nomic DNA samples from healthy volunteers were screened using
the HybProbe analysis for the 11 prevalent mutations. All detected
mutations were confirmed by direct sequencing.

2.5, Ethics

This study was approved by the Ethical Committees of Tohoku
University School of Medicine and Kagoshima University. Written in-
formed consent was obtained from all participants or their guardians.

3. Results
3.1. Development of the mutation detection system

In primer/probe sets B, D, and E, the reporter probes were
designed to be complimentary to the wild-type allele (Fig. 1A). To
allow for an improved detection of the mutations, primer/probe sets
A and C were designed to be complementary to the mutant allele
(Figs. 1B, C). In the primer/probe set F, two forward PCR primers,
which were specific to the wild-type and the mutant alleles, were
used with a common reverse primer for the co-amplification of the
wild-type and 3-kb insertion alleles (Fig. 1E). Two reporter probes,
which had a common anchor probe, were used for the detection of
the wild-type and mutant alleles. Because the two reporter probes
had different melting temperatures, we were able to identify the
allele that was amplified. Fig. 2 shows representative results of the
melting curve analyses using the primer/probe sets A-F, in which all
of the mutant alleles generated distinct peaks corresponding to the
wild-type alleles.

In the primer/probe set G, we used a reporter probe that was com-
plementary to the mutant [XXI] allele (Fig. 1D). All five mutations in
exon 17 were successfully differentiated from the wild-type allele
{Figs. 3A-E). The [XXIX] mutation is an additional mutation in exon
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Fig. 3. Typical melting curves used in the detection of mutations [VI-X1], [XX1], and {XXIX] on exon 17. Genotyping was performed using primer/probe set G. Each melting curve for a
target mutation is displayed in a separate graph {A-F). Note that mutation [XXIX] (F) is a non-target mutation on the anchor probe. W wild-type allele, Mut: mutant allele.
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17 that is not listed in Table 1. The [XXIX]} mutation is located in the
anchor-probe binding site and not on the reporter-probe binding
site (Fig. 1D). To examine the effect of mutations on the anchor
probe, we genotyped a patient with a heterozygous [XXIX] mutation
using primer/probe set G (Fig. 3F). We found no change in the melt-
ing curves between the wild-type allele and the [XXIX] allele, thereby
suggesting that point mutations within the anchor probe sequence
have little effect on the melting curve analysis.

3.2. Validation

The genotypes determined at Tohoku University using the pro-
posed method and those determined at Kagoshima University using
a previously published method were identical for the 11 common
mutations {Table S1 in supplementary material). We performed a
similar test using DNA samples purified from filter-paper blood sam-
ples to determine if this method could be used for newborn screen-
ing. The genotypes determined in both laboratories were identical
for all 26 DNA samples (Table S2 in supplementary material).

3.3. Frequency of eleven prevalent mutations

We found four heterozygous carriers of mutation [I], three of
mutation [Il], and two of mutation [V]. In addition, primer/probe
set G detected one heterozygous mutation, which was confirmed as
mutation [VIII] by direct sequencing. Altogether, 10 mutations were
detected in 420 Japanese healthy controls.

4. Discussion

We developed a simple and rapid genetic test using real-time PCR
combined with the HybProbe system for the 11 prevalent mutations
in SLC25A13: mutations {1}, (1], [11], [IV], [V], [V1], [viI], [vi), [IX),
[XIX], and [XXI). This genetic test is a closed-tube assay in which no
post-PCR handling of the samples is required. In addition, the geno-
typing is completed within 1 h. This test can utilize DNA samples
purified frorm both peripheral blood and filter-paper blood. The reli-
ability of the test was confirmed by genotyping 76 blind DNA samples
from patients with citrin deficiency, including 50 peripheral blood
and 26 filter-paper blood DNA samples. Because screening for the
11 targeted mutations would identify 95% of mutant alleles in the
Japanese population [19], both, one, and no mutant alleles are
expected to be identified in 90.4%, 9.3%, and less than 0.3% of pa-
tients, respectively. This genetic test would be useful not only in
Japan but also other East Asian countries, including China, Korea,
Taiwan and Vietnam, in which the same mutations are prevalent.
Qur test is expected to detect 76-87% of the mutant alleles in the
Chinese population {12,19,25], 95-100% in the Korean population
[12,19.26], 60-68% in the Taiwanese population [27,28], and
100% in the Vietnamese population [12,19]. If we were to prepare
a primer/probe set for mutation [X]:g.lVS6+5G>A |12}, which is
prevalent in Taiwan, the estimated sensitivity would exceed 90% in
the Taiwanese population [27,28].

Recently, the high resolution melting (HRM) method was
reported to be suitable for the screening of mutations in the diagnosis
of citrin deficiency [28]). HRM analysis is a closed-tube assay that
screens for any base changes in the amplicons. The presence of SNPs
anywhere on the amplicons can affect the melting curve, thereby sug-
gesting that HRM is not suitable for screening for known mutations,
but rather, is best suited to screening for unknown mutations,
When we detected one heterozygous prevalent mutation, we per-
formed HRM screening for all 17 exons of SLC25A13. After HRM
screening, only the HRM-positive exons were subjected to direct
sequencing analysis. Several mutant alleles were identified using
this approach.

The frequency of homozygotes, including compound heterozy-
gotes, presenting SLC25A13 mutations in the population at Kagoshima
(a prefecture in the southern part of Japan) has been calculated to be
1/17,000 based on the carrier rate (1/65) [19]. The prevalence of
NICCD has been also reported to be 1/17,000-34,000 [29]. In this
study, the carrier rate in Miyagi (a prefecture in northern Japan)
was 1/42 (95% confidential interval, 1/108-1/26), thereby yielding
an estimated frequency of patients with citrin deficiency of 1/7,100.
Our result, together with the previous report [19], suggests that a
substantial fraction of the homozygotes or compound heterozygotes
of SLC25A13 mutations was asymptomatic during the neonatal
period.

The early and definitive diagnosis of citrin deficiency may be ben-
eficial for patients with citrin deficiency by encouraging specific die-
tary habits and avoiding iatrogenic worsening of brain edema by
glycerol infusion when patients develop encephalopathy [30,31],
Because the screening of blood citrulline levels by tandem mass anal-
ysis at birth does not detect all patients with citrin deficiency, the
development of a genetic test would be welcomed. In this study, we
demonstrated that genomic DNA extracted from filter paper blood
samples was correctly genotyped, thereby indicating the feasibility
of newborn screening using this genetic test. If 100,000 babies in
the northern part of Japan were screened by this method, we would
detect 14 homozygotes or compound heterozygotes with SLC25A13
mutations and 2400 heterozygous carriers. In 2400 heterozygous
carriers, we would expect to observe only 1 to 2 compound heterozy-
gotes with one target and one non-target mutation. The estimated
frequency of babies with two non-target mutations is 0.04/100,000,
Our genetic method would therefore allow us to screen newborn
babies efficiently. If we performed this genetic test in a high-
throughput real-time PCR system, such as a 384- or 1,536-well
format, the cost per sample could be lowered.

In conclusion, we have established a rapid and simple detection
system using the HybProbe assay for the 11 prevalent mutations in
SLC25A13. This system could be used to screen newborns for citrin
deficiency and may facilitate the genetic diagnosis of citrin deficiency,
especially in East Asian populations.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.ymgme.2011.12.024.
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Introduction

Chromosomal translocations that result in MLL {mixed-lincage
leukemia}-fusion oncogenes are associated with acute myeloid
leukemia (AML), acute lymphoblastic leukemia (ALL), myelodys-
plastic syndrome, and secondary therapy-related acute leukemia
[1]. More than 60 partner genes that form MLL-fusion oncogenes
have been identified [2], and the partner usually characterizes the
specific pathological phenotype of the MLL-rearranged leukemia.
For example, MLL-rearranged AMLs, more than 60% of which
involve the MLL-AF9, MLL-AF10, or MLL-AF6 fusion gene,
often exhibit the morphological subtypes acute myelomonoblastic
leukemia and monoblastic leukemia, which are classified as
French-American-British (FAB] M4 and M5, respectively [3].
Although patients with MLL-rearranged leukemia usually show a
poor prognosis and arc sometimes resistant to therapy {3,4], the
development of efficient therapies targeting the MLL-fusion genes
has been slow, in part because much is still unknown about the
cellular and molecular mechanisms underlying this disease.

To gain insight into the etiology and pathogenesis of MLL-
rearranged leukemia, several mouse models have been developed.
Mice with a knocked-in MLL-AF9 fusion gene develop AML as
they age [5], although in humans the congenital MLL-AF9

@ PLoS ONE | www.plosone.org

rearrange typically affects infants. Leukemia has also been
generated in mice by exogenously expressing an MLL-fusion gene
in the animals or by transplanting mouse hematopoietic stem cells
{HSCs) that have been retrovirally transduced with an MLL-fusion
gene [6]. However, the phenotype and pathogenesis of the
leukernia produced in these murine models sometimes do not
match those observed in human leukemia associated with the same
genetic lesion. For example, the MLL-ENL fusion gene is
frequenty associated with B-precursor ALL in humans, but
generates AML in mice ([7}]. Thus, there is a gap in our
understanding about mouse versus human leukemogenesis, and
further leukemia modeling studies using human primary leukemia
cells are needed [8].

In vivo studies in which primary human leukemia cells were
transplanted into immunodeficient mice, provided significant
advances in our understanding of the pathogenesis of human
leukemia [9,10]. However, these models, in which the leukemia
cells had already developed in human patients before being
transplanted into mice, are not suitable for studying physiological
leukemogenesis, including the initiation and progression processes
since these processes do not oceur in the model. Therefore, a new
experimental model for analyzing leukemogenesis in which

June 2012 | Volume 7 | Issue 6 | 37892

— 316 —



primary human HS8Cs are converted into leukemia cells by genetic
hits is needed.

In the past two decades, a number of studies have tried to graft
human HSCs into immunodeficient mice, but these attempts to
reconstitute human blood cells in mice have failed [11]. However,
the recent development of a new immunodeficient mouse strain
has opened up the possibility for generating better xenotransplan-
tation systerns. NOD/SCID mice with a targeted mutation of the
1L-2-receptor ¥ chain gene (NOD/Shi-seid IL-2Ry™'~ (NOG)
and NOD/LtSz-scid IL-2Ry™’™ (NSG) mice) lack T, B, and NK
cells and some innate immunity functions [11,12]. When human
HSCs are transplanted into these mice, human T, B, NK, and
dendritic cells develop normally and are maintained in the mice
for at least 10 months[13-17]. Thus, these immunodeficient mice
may be good recipients for examining, not only the normal
development of human HSCs, but also their abnormal develop-
ment, including leukemogenesis. Two previous studies modeled
the initiation and progression of human acute leukemia by
ectopically expressing MLL-fusion genes in human HSCs, and
transplanting these cells into special immunodeficient mice
[18,19]. Dick et al demonstrated that ectopic expression of AF9
or MLL-ENL in human HSCs caused leukemia in NOD/SCID
mice in which the NK cells were depleted by an anti-NK cell
antibody [18]. Similarly, Mulloy et al successfully modeled acute
leukemia by transducing MLL-AF9 into human HSCs, and
transplanting these cells into NOD/SCID mice that expressed
transgenic human SCF, GM-CSF, and IL-3 genes [19]. However,
in a similar model using NSG mice, the enforced expression of
MLIL-AF4 in HSCs did not induce leukemia [20].

Despite intensive studies on MLL-ENL, MLL-AF4, and MLL-
AF9, there has been no report investigating the i vive oncogenic
potential of MLL-AF10 in human HSCs, even though MLL-AF10
is the second most common MLL rearrangement (13%) in
pediatric MLL-rearranged AML [3]. Here, using NOG mice,
we demonstrated that MLL-AF10 could enhance the multilineage
hematopoiesis of human HSCs, even though the MLL-AF10 in
mouse HSCs preferentially enhances myeloid differentiation
{21,22]. More importanty, the co-transfection of MLL-AF10
with an active form of the K-ras gene induced acute monoblastic
leukemia with the FAB M5 phenotype. These results provide a
novel leukemia model using human cells showing the requirement
of two genetic hits for leukemogenesis.

Methods

All procedures were performed according to the protocols
approved by the Institutional Committee for Use and Care of
Laboratory Animals of Tohoku University, which was granted by
Tohoku University Ethics Review Board (No. 2010MA165) and
the Guide for Care and Use of Laboratory Animals published by
the U.S. National Institutes of Health (NIH publication 85-23,
revised 1996,

CD34% Hematopoietic Stem Cell Isolation

Cord bloed from full-term human deliveries was obtained from
the Miyagi Cord Blood Bank (Miyagi, Japan} and RIKEN
Bioresource Center Cell Bank {Tsukuba, Japan), following the
institutional  guidelines approved by the Tohoku University
Committee on Clinical Investigations. Mononuclear cells were
isolated from the cord blood by density gradient centrifugation
using Lymphocyte Separation Medium (MP Biomedicals, Solon,
OH, USA) after removing the phagocytes with silica Immuno
Biological Laboratories, Takasaki, Japan). The cells were washed
and suspended in PBS containing 2%FCS. CD34™ stem cells were
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obtained by magnetic cell sorting (MACS) (Miltenyi Biotech,
Bergisch Gladbach, Germany). Briefly, CD34" cells were labeled
with a biotin-conjugated anti-human CD34 monoclonal antibody
{Serotec, Oxford, UK] after blocking the Fc receptor. The cells
were then incubated with anti-biotin Microbeads Miltenyi
Biotech). The magnetically labeled CD34" cells were purified
twice on LS columns {Miltenyi Biotech). The purity of the CD34"
fraction was >95%. The purified CD34™ cells were suspended in
Cell Banker (Juji Field, Tokyo, Japan} and cryopreserved at
—80°C in a deep freezer undl use.

Plasmid Construction

The retroviral vector, pDANsam-IRES-EGFP, which is based
on Murine Stem Cell Virus with enhanced green fluorescent
protein (EGFP) as a marker under an internal ribosomal entry site
(IRES}, was kindly provided by Dr. Masafumi Onodera {Tsukuba
University) [23]. PLAT-F, a package cell line that produces a
pseudotype virus with an RD114 envelope, was previously
established and provided by Dr. Toshio Kitamura (Institute of
Medical Science, University of Tokyo) [24]. The human MLL-
AF10 ¢DNA [22], which was kindly provided by Dr. M.L. Cleary
(Stanford University}, was inserted into a cloning site in the
pDANsam-IRES-EGFP vector to make the pDANsam-MLL-
AF10 plasmid. To construet the pDANsamIRES VENUS vector,
the EGFP ¢DNA of the retroviral vector was replaced with Venus
cDNA [25], which was provided by Dr. Hiroyuki Miyoshi
(RIKEN, Tsukubaj. The human flag-tagged K-ras®'?" cDNA,
which was previously described [26], was inserted into the Xho T
site in the cloning _site of pDANsamIRES Venus to make
pDANsam-K-ras®",

Gene Delivery into CD34" Cells by Retrovirus

The CD34™ cells isolated from cord blood were cultured in X-
VIVO15 (Cambrex Bioscience, Walkersville, MD, USA), supple-
mented with 1% human serum albumin (HSA) {Kaketsuken,
Kumamoto, Japan} and stimulated with a cytokine cocktail
[100 ng/ml stem cell factor, 100 ng/ml Fit-3 ligand, 100 ng/ml
thrombopoietin, and 100 ng/ml IL-6 {Peprotech)] in a 24-well
plate (2107 per well} for 48 h. The stimulated CD34™ cells were
then harvested and placed into non-tissue culture-treated 6-well
plates {Becton Dickinson} that had been coated with 20 pg/ml
CH-296, a recombinant fibropectin fragment (Retronectin,
Takara, Japan). {3x10° cells per well} in the presence of the
respective virus supernatant. The virus supernatants were diluted
1:2 with X-VIVO15 containing 1% HSA and the cytokine cocktail
described above. Every 12 h, the medium was replaced with fresh
virus supernatant. After 48 h of culture, the frequency of GFP-
and/or Venus-expressing CD34" cells was examined by FACS.

Cell Transplantation into Mice
NOD/Shi-scid, IL—QR‘{_/_ (NOG} mice were obtained from
the Central Institute for Experimental Animals (CIEA, Kawasaki,

Japan} and maintained in an animal facility at Tohoku University

Graduate School of Medicine under specific pathogen free
conditions. All procedures were performed according to the
protocols approved by Tohoku University Ethics Review Board
No. 2010MA165,. Neonatal (1-3 days) NOG mice were
irradiated with 30 cGy of X-rays, and the cultured CD34" cells
(1.0—1.5%10% in 70 ul PBS were intrahepatically injected into the
mice later the same day. From one cord blood sample, donor cells
could be prepared for transplantation into 3 recipient mice.
Therefore, 2 to 4 different cord blood samples were used for each
mouse group. Since even NOG mouse sometimes failed to engraft
human HSCs, 9 recipient mice that had no human CD45"
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Figure 1. Enforced expression of MLL-AF10 augmented multilineage hematopoiesis, but was insufficient to induce leukemogenesis
in vivo. (A) Representative RT-PCR results confirming the long-term expression of the MLL-AF10 transcript in the BM cells of mice 25 weeks after
transplantation (lane 1; water, lane 2; cells from a mouse in the EV-transfused group, lane 3; cells from a mouse in the MLL-AF10-transfused group,
and lane 4; positive control (MLL-AF10 plasmid}}. (B) Flowcytometric analysis of the frequency of GFP” cells. The indicated vector (EV, left or MLL-AF10,
right)-transduced human CD34" cells, whose in vitro GFP expression is shown in the upper panels (Before} of the flowcytometric analysis, were
transplanted into NOG mice. Twenty-five weeks later, the GFP-expressing cells gated on human CD45" hematopoietic cells in the BM was measured
(lower panels of the FACS profiles). The data shown are representative of 3 independent expetiments. The graphs show the frequency of GFP* cells in
human CD34" cells just before transplantation (Before) and the mean = SD of the frequency of GFP™ cells in the BM and spleen of mice receiving
transplants of EV-transduced HSCs (n= 8} or of MLL-AF10-transduced HSCs (n = 6) 25 weeks after transplantation, in one representative experiment of

three, Similar results were obtained in the 3 independent experiments.
doi:10.137 1/journal.pone.0037892.g001

hematopoietic cell in the BM and spleen at the sacrifice were
excluded from this study.

Antibodies and Flow Cytometric Analysis

Surface markers were detected with the following fluorescent
human specific antibodies from BD Biosciences, San Jose, CA,
USA: CD33-PE, HLA-DR-PE, CD14-PE, CD19-APC, CD11b-
APC, CDI13-APC, and CD45-APC-Cy7. To monitor the recon-
stitution of human blood in NOG mice, peripheral blood was
periodically taken from the tail vein. To examine the spleen, bone
marrow (BM), and liver, single-cell suspensions were prepared
from the spleen and Liver by mincing with metal mesh and from
the BM by flushing the tibiac and femurs with PBS containing 2%
FCS, using a 27-gauge needle. The cells were stained with the
relevant antibodies for 135 min on ice, then washed with cold PBS
containing 2% FCS, and stained with the appropriate secondary
antibodies when necessary. After the final wash, the cells were
subjected to floweytometric analysis with a FACSCanto 11
cytometer {BD Biosciences). To distinguish between the EGIP
{310 nm} and Venus {535 nm) fluorescences, an apporopiate
combination of mirrors and optical filters was used. The
proportion of each lineage was calculated using FACS Diva
software (BD Biosciences).

Reverse Transcription-PCR (RT-PCR)

Total RNA was prepared from cells using Trizol Reagent
(Invitrogen, Carlsbad, CA, USA). The concentration of total
RNA was measured by a NanoDrop 1000 (Nanodrop Technol-
ogies Inc., Wilmington, DE, USA), and first-strand ¢cDNA was
synthesized using Superscript 11 {Invitrogen} with an olige {dT)
primer. The ¢cDNA for MLL-AF10, Flag-K-ras, or B-actin was
amplified with specific primers using Ex-Taq polymerase
{Takara). The primer sets were as follows; MLL-AF10: forward,
5- ccamaagaaaaggaaaaacca and  reverse, 3-gacticageattce-
tanaatgtea; Flag-K-ras: forward, 5-gactacaaagacgalgacg and
reverse, J-ccogiottgrettige;  Peactin: forward,  S-gotegtegtega-
caacggete and reverse, H-camacargatctgggreatcticte.

DNA Extraction and Southern Blot Analysis

Genomic DNA was extracted from spleens using the GenE-
lute™ Mammalian Genomic DNA Miniprep kit (Sigma-Aldrich,
USA). For Southern blot analyses, 10 pg genomic DNA was
digested with BglII {Toyobo, Osaka, Japan) overnight at 37°C and
separated by electrophoresis on a 0.7% agarose gel for 12 h at
40 V. The DNA was transferred overnight to a Hybond N*
membrane (GE Healthcare, Chalfont St. Giles, UK). The DNA
was fixed onto the membrane with a UV Stratalinker 1800
(Stratagene). The membrane was probed with 10° cpm/ml of
[C*2P]dCTP (Perkin Elmer)-labeled EGFP ¢cDNA. This EGFP
probe was derived from a 700-bp Scal fragment of the pDANsam-
IRES-EGFP vector, and radiolabeled using a random prime
labeling kit (Takara}. The membrane was then washed and
exposed to a BAS-IIT imaging plate (Fuji Photo Film Co., LTD,
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Japan), and the image was produced and analyzed using a BAS-111
software (Fuji Photo Film Co., LTD).

Histopathology

The BM, spleen, and liver were examined macroscopically, and
the spleen was weighed. Tissues were fixed in 10% formalin for at
least 48 hours, Hematoxylin and eosin staining or May-Giemsa
staining was performed on 3-itm sections using a routine protocol.
For CD45 immunostaining, after dewaxing and antigen retrieval
by microwave, the sections were incubated for 1 h with mouse
anti-human CD45 (Dako Japan, Tokyol. Immunodetection was
performed using HRP as the visualization enzyme and DAB as the
substrate chromogen. All slides were examined by light micros-
copy using an Olympus IX50 microscope {Olympus, Tokyo,
Japan) and a SPOT camera.

Statistical Analysis

Data are presented as the mcan * standard deviation {SD).
Statistical analyses were performed using either a paired or
unpaired Student’s t-test. Statistical significance was defined as a
P-value <Q.0} (¥*).

Results

Enforced Expression of MLL-AF10 Augmented
Multilineage Hematopoiesis, but was Insufficient for
Leukemogenesis in vivo

To examine the pathogenesis of the MLL-AF10 fusion gene
during the differendation of hurman blood cells from HSCs, MLL-
AF10-infected cord blood CD34* cells were transplanted intrahe-
patically into sublethally irradiated neonatal NOG mice. None of
the recipient mice showed any sign of disease, such as body weight
loss or the appearance of abnormal peripheral leukocytes, 25
weeks after transplantation (data not shown). The expression of the
rransduced MLL-AF10 gene in the reconstituted human blood
cells was confirmed (Figure 1A}, indicating that the enforced
expression of MLL-AF10 in human HSCs could not induce any
hematological disorders including leukemia in this model
However, the MLL-AF10 appeared to augment hematopoiesis.
As shown in Figure 1B, when empty control vector (EV) was
wansdused into human CD34" HSCs, the frequency of the GFP*
population did not change significantly {60% before transplanta-
tion and 24% and 48% after transplantation in the spleen and
BM, respectively} (Figure 1B). In contrast, when MLL-AF10 was
exogenously expressed, the GFP* population markedly increased
from 2% {beforc) to 11% {25 weeks after transplantation}
{Figure 1B). Therefore, the MLL-AF10-positive blood cells may
have a growth advantage in zizo compared to the MLL-AF10-
negative normal blood cells (CD45 " GFP" cells).

We next characterized the lineage composition of the human
CD45"GFP” cells in the BM and spleen of both groups. The GFPT
MLL-AF10-expressing cells did not show a skewed lineage
differentiation compared to the EV-transfected hematopoietic

June 2012 | Volume 7 | issue 6 | 37892

— 319 —



Multi-Step Leukemogenesis Model of Human Leukemia

A Gated on hCD45*GFP*cells
EV MLL-AF10 EV MLL-AF10

5% *1 61.6%
3.2%
o]
<« T
Q W
(%)
*149.5% *148.4%
ALl | e
29 2
r;‘ ﬂg‘: ;
B 21.3% "= \23.2%
- D S P R " T
—>  CD19 —> CD3

CD33 CD19 CD3

100 100 100
BM 75 75 ¢ 75
(%) 50 50 50
0 : 0 0 L mmilmn . seiies |
EV  MLL-AF10 EV  MLL-AF10 EV  MLL-AF10

CD33 CD19 cD3

100 100 100
7’ -
Spleen > & &
(%) 90 50 | 50
25 25 | 25 | - -
—oemilime el | :
0 0 : 0
EV  MLL-AF10 EV  MLL-AF10 EV  MLL-AF10

Figure 2. Flowcytometric analysis confirming multilineage engraftment. (A} Representative flowcytometric results of EV- or MLL-AF10-
transduced human hematopoietic cells. The human CD45* GFP* cells were analyzed for their lineage distributions to B cells (CD19%), T cells (CD3%),
and myeloid cells (CD33™). (B) Multilineage differentiation of MLL-AF10-transduced cells. The data shows cells gated on the CD45"GFP™ cell
population, The graph represents the mean = SD of the frequencies of CD33™ myeloid cells, CD19" B cells, and CD3" T cells in the BM (upper) and
spleens {lower) of mice engrafted with EV-transduced (n=8) or MLL-AF10-transduced {n=6) CD34" HSCs. No difference in the graft composition
between the EV- and MLL-AF10-expressing CD34" HSCs was found. Similar results were obtained in 3 independent experiments.
doi:10.1371/journal.pone.0037892.g002
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cells (Figures 2A and 2B}. In contrast to the previous reports with
mouse HSCs, which showed skewed myeloid differentiation by the
exogenous expression of MLL-AF10 [21,22], the enforced
expression of MLIL-AFI0 in human HSCs enhanced the
hematopoictic repopulation of HSCs without affecting cell
differentiation.

Co-transduction of Activated K-ras and MLL-AF10 into
CD34" HSCs

As described above, transduction of the MLL-AF10 gene alone
was not sufficient to induce leukemogenesis from human HSCs in
the present model. Similarly, Menendez et al recently demon-
strated that the MLL-AF4 gene alone cannot induce leukemia
from human CD34" HSCs in a humanized mouse model [20].
These observations prompted us to generate a two-hit model of
leukemogenesis using MLL-AF10 and one additional oncogene.
We thus used the K-ras®'?Y oncogene because K-ras®'?Y is a very
well-characterized oncogene, and because ras mutations are found
in about 30% of the cases of pediatric MLL-rearranged AML [3].
To evaluate two hits in one cell, we needed to distinguish the
MLL-AF10 and K-ras®'™ expressions. We thus retrovirally
wansfected CD34” HSCs with MLL-AF10-EGFP and K-ras®'?"
that was co-expressed with the Venus fluorescent protein, which
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can be distinguished from EGIP by flowcytometry (Figure 3A).
The MLL-AF10 and K-ras co-infected {GFP"Venus') cells were
quite rare {(.9% (Figure 3B} Nevertheless, we injected the CD34%
HSCs, which contained 74% non-transduced, 0.9% MLL-AF10-
alone-transduced, 24% Keras®'*V.alone-transduced, and 0.9%
co-transduced cells, intrahepatically into NOG mice (Figure 3B},

Cooperation of MLL-AF10 with Activated K-ras Induced
Acute Monoblastic Leukemia

By 8 weeks after transplantation, several mice in the MLL-
AF10/K-ras®'? co-transduced group showed a rough coat, slow
movement, and weight loss, while no mice in the other groups
(EV, MLL-AF10 alone, and K-ras®'*" alone) demonstrated any
disease manifestations (data not shown). As the mice in the co-
transduced group got sick, most of their peripheral leukocytes
became double positive for GFP and Venus {Figure 4B} In
addition, morphologically identifiable leukemia cells, character-
ized by abnormal nuclei and cytoplasmic vacuoles, were found in
the peripheral blood {Figure 4C). The morphology of the leukemia
cells was compatible with that of the M5 type of FAB classification,
which is relatively common in MLL-rearranged AML. Further-
more, splenomegaly in the mice engrafied with the MLL-AF10/
K-ras®'?V co-transduced human HSCs was observed 8 weeks after
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