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Abstract. Mitochondrial 3-hydroxy-3-methylglutaryl-CoA
lyase (HMGCL) deficiency is an autosomal recessive disorder
affecting the leucine catabolic pathway and ketone body
synthesis, and is clinically characterized by metabolic crises
with hypoketotic hypoglycemia, metabolic acidosis and
hyperammonemia. In the present study, we initially used PCR
with genomic followed by direct sequencing to investigate
the molecular genetic basis of HMGCL deficiency in two
patients clinically diagnosed with the condition. Although we
identified a mutation in each patient, the inheritance patterns
of these mutations were not consistent with disease causa-
tion. Therefore, we investigated HMGCL using multiplex
ligation-dependent probe amplification (MLPA) to determine
the copy numbers of all exons. A heterozygous deletion that
included exons 2-4 was identified in one of the patients. MLPA
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polymorphism; LOH, loss of heterozygosity

Key words: multiplex ligation-dependent probe amplification,
mitochondrial 3-hydroxy-3-methylglutaryl CoA lyase, Alu element,
uniparental disomy, microarray

revealed that the other patient had two copies for all HMGCL
exons. Paternal uniparental isodisomy of chromosome 1
was confirmed in this patient by microarray analysis. These
findings indicate that MLPA is useful for the identification
of genomic aberrations and mutations other than small-scale
nucleotide alterations. To the best of our knowledge, this is
the first study describing HMGCL deficiency caused by
uniparental disomy.

Introduction

Mitochondrial 3-hydroxy-3-methylglutaryl-CoA lyase
(HMGCL; EC 4.1.3.4) deficiency is an autosomal recessive
disorder that affects leucine catabolism and ketogenesis. The
HMGCL gene, located on chromosome 1p36.1, contains nine
exons and spans approximately 25 kb (1). In the majority of
HMGCL-deficient patients, the first hypoglycemic crisis
occurs before the age of one, while one-third of all cases may
have neonatal onset. In acute episodes, laboratory data have
shown patients with non- or hypoketotic hypoglycemia with
high levels of free fatty acids and severe metabolic acidosis
with liver dysfunction and hyperammonemia (2). In Japan,
HMGCL deficiency is one of the inborn errors of metabolism
screened for in newborns by tandem mass spectrometry. Six
Japanese HMGCL-deficient patients, including those previ-
ously reported (3) were re-evaluated (2). Among them, three
had neonatal onset. Follow-up data showed that two patients
experienced hypoglycemic crises even after ten years of age.
Developmental delay and epilepsy were noted in two and three
patients, respectively (2).

We recently encountered two Japanese HMGCL-deficient
patients, whose inheritance patterns of single nucleotide muta-
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tions were not consistent with transmission within their families.
HMGCL has 23 Alu elements in introns. Recombination
between Alu elements results in genomic deletions associ-
ated with a number of human genetic disorders (4). Hence,
we hypothesized that these patients may have an intragenic
deletion by non-equal homologous recombination between Alu
elements (5-7). Large homozygous deletions can be suspected
by the absence of the deleted exons detected by PCR ampli-
fication. However, the detection of heterozygous deletions is
difficult using routine PCR amplification of genomic DNA
and direct sequencing. Multiplex ligation-dependent probe
amplification (MLPA) has been proven to be an efficient and
reliable technique for the copy number analysis of each exon in
a gene (5,8-10). In the present study, we applied MLPA for the
analysis of copy numbers in exons of HMGCL and confirmed
mutations in the two patients with HMGCL deficiency.

Patients and methods

Patients. Patient 1 was of the female gender, born to non-
consanguineous parents, who presented with hypoglycemia at
the age of 2 days. She also experienced hypoketotic hypogly-
cemic crises at the age of 6,8 and 13 months. She was diagnosed
as having HMGCL deficiency at the age of 13 months by urine
organic acid analysis, which detected 3-hydroxymethylgluta-
rate, 3-methylglutaconate and 3-hydroxy-3-methylglutarate.
The patient is currenlty 13 years old. She has epilepsy and
developmental delay.

Patient 2 was of the male gender, born to non-consanguin-
eous parents, who presented with vomiting and unconsciousness
at the age of 3 months. He was diagnosed as having HMGCL
deficiency at the age of 3 months by urine organic acid analysis
and blood acylcarnitine analysis. He has experienced ten or
more hypoketotic hypoglycemic crises, the last of which was at
the age of 4 years. He is currently 8 years old and has achieved
normal development. A case report for this patient has been
previously published in Japanese (11).

Mutation analysis at the genomic DNA level. The present
study was approved by the Ethics Committee of the Graduate
School of Medicine, Gifu University, Gifu, Japan. Genomic
DNA was purified from peripheral blood samples using Sepa
Gene kits (Sanko Junyaku Co., Ltd., Tokyo, Japan). Mutation
screening was performed at the genomic level by PCR and
direct sequencing, using a set of primer pairs that amplify
fragments, including exons and their intron boundaries. The
primer sequences are presented in Table 1.

Establishment of MLPA for the analysis of HMGCL. The
MLPA reaction is an efficient and reliable technique for the
analysis of exon copy numbers. We designed a pair of MLPA
probes for each HMGCL exon, using the human MLPA probe
design program (H-MAPD), as previously described (12).
The MLPA probe sets for the HMGCL exon are listed in
Table II. MLPA reactions were performed according to the
manufacturer's instructions (MRC-Holland BV, Amsterdam,
The Netherlands) using 100 ng of genomic DNA, the
EK1MLPA reagentkit and the P200-A1 Human DNA reference
kit, which includes reference probes and MLPA control frag-
ments (MRC-Holland BV). The PCR products were separated
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Table I. Amplification primer for HMGCL exons.

Product size (bp)

Sequence

Sequence Reverse primer

Foward primer

Exon

324
275
325

HL1as 5'-GGGAGGGTCCAGGACTCCAACG-3'

5'-GTGGAGCCAGCTTCGGAAGT-3'

HL1s

5-TAACTTGTGCAGAGGAATCACATC-3'
5-TTTGCTGCAACACAGTGCTATG-3'

HI 2as
5'-ATGAATTCTGCATTTTGAGGCTGTTT-3' HI 3as

5-ATGAATTCGGTCTCCCTGGGAATTG-3'

HL2s
HL3

314
329
336
473

HLA4as 5-GATCACAGAGCAGTGAGTGGCA-3'

5'-ATGAATTCCTGCTCTTGGTGATGACT-3'
5'-GAACCCAGGAGGTGGAGGTTGCA-3'

5'-CTGGCACTGAATTGTACCAT-3'

HLA4s

5'-ATAAGCTTGAACGGTACAGAGGAAAGGA-3'

5-GGGTGAATGAATGAAGTCAGGA-3'

HL5a

HL5s

HL 6as

HL6s

5-CAGAGCTGTACACTTCACATCTG-3'
5'-GAGCCACTGCGCCTGGCTAACC-3'

HL7as

5-AACTGAGTGCGTCATACCCAGA-3'

HL7s

366

HL 8as

5'-ATGAATTCGGCAACAGACGATTGGG-3'
5'-CCTGGTGTTGAGGGCATACC-3'

HL8s

300

5'-TGCCAGGAGAGACCTCTGTGTA-3'

HI 9as

HL9s

15565
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Table II. MLPA probes for the HMGCL gene.

Product

Exon  length (base) Primer name Length Probe sequence

1 104 MLPA-HMGCLEXI1L 50 GGGTTCCCTAAGGGTTGGAM*TGGACTGCCGCGGGGGATTCTGGGCCAAGAT
MLPA-HMGCLEX1R 54 MGGCAGCAATGAGGAAGGCGCTTCCGCGGCGATCTAGATTGGATCTTGCTGGCAC

2 108 MLPA-HMGCLEX2L 52 GGGTTCCCTAAGGGTTGGA®?*CACCTCATCTATGGGCACTTTACCAAAGCGGGT
MLPA-HMGCLEX2R 56 PBGAAAATTGTGGAAGTTGGTCCCCGAGATGGACTTCTAGATTGGATCTTGCTGGCAC

3 112 MLPA-HMGCLEX3L 54 GGGTTCCCTAAGGGTTGGAPGAAGCAGGACTCTCTGTTATAGAAACCACCAGCTT
MLPA-HMGCLEX3R 58 IYOTGTGTCTCCTAAGTGGGTTCCCCAGGTGAGCCCTATCTAGATTGGATCTTGCTGGCAC

4 116 MLPA-HMGCLEX4L 56 GGGTTCCCTAAGGGTTGGAPTTCCTGGCATCAACTACCCAGTCCTGACCCCAAATTT
MLPA-HMGCLEX4R 60 B1GAAAGGCTTCGAGGCAGCGGTAAGAGGATAGCTTGTTTCTAGATTGGATCTTGCTGGCAC

5 120 MLPA-HMGCLEXSL 58 GGGTTCCCTAAGGGTTGGA'"*TTGTTCCATAGAGGAGAGTTTTCAGAGGTTTGACGCAAT
MLPA-HMGCLEX5R 62 P CCTGAAGGCAGCGCAGTCAGCCAATATTTCTGTGCGGGGTCTAGATTGGATCTTGCTGGCAC

6 124 MLPA-HMGCLEX6L 60 GGGTTCCCTAAGGGTTGGAYS*TCATTCCTCCCCTGTCTTCCCACAGGTACGTCTCCTGTGCT
MLPA-HMGCLEX6R 64 BCTTGGCTGCCCTTATGAAGGGAAGATCTCCCCAGCTAAAGTTCTAGATTGGATCTTGCTGGCAC

7 128 MLPA-HMGCLEX7L 62 GGGTTCCCTAAGGGTTGGA?? TACTCAATGGGCTGCTACGAGATCTCCCTGGGGGACACCATTG
MLPA-HMGCLEX7R 66 ZIBGTGTGGGCACCCCAGGGATCATGAAAGACATGCTATCTGCTGTTCTAGATTGGATCTTGCTGGCAC

8 132 MLPA-HMGCLEXSL 64 GGGTTCCCTAAGGGTTGGA®TCTAGATGGGAGTGAGTGTCGTGGACTCTICTGTGGCAGGACTTG
MLPA-HMGCLEXS8R 68 BIPGAGGCTGTCCCTACGCACAGGGGGCATCAGGAAACTTGGCCACAGTCTAGATTGGATCTTGCTGGCAC

9 136 MLPA-HMGCLEX9L 66 GGGTTCCCTAAGGGTTGGA™ 5CTCAGGCTACCTGTAAACTCTGAGCCCCTITGCCCACCTGAAGCCCTG

MLPA-HMGCLEX9R

70

BRGGGATGATGTGGAAATAGGGGCACACACAGATGATTCATGGATGGGGTCTAGATTGGATCTTGCTGGCAC

Left primer sequence (5'-3'), GGGTTCCCTAAGGGTTGGA,; right primer sequence (5'-3"), TCTAGATTGGATCTTGCTGGCAC. Hybridization sequences are shown in italics. MPLA, multiplex
ligation-dependent probe amplification.
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by capillary electrophoresis on an ABI 3130x! genetic analyzer
(Applied Biosystems, Warrington, UK). GeneMapper v4.0
software (Applied Biosystems) was used to analyze the sepa-
rated products and to retrieve peak intensities corresponding
to each probe in the different samples. Integrated peak areas
were exported to an Excel 2003 spreadsheet. Data generated
from a combination of the HMGCL synthetic probe mix and
the P200-A1 probe mix were intra-normalized by dividing the
peak area of the amplification product of each probe by the
total area of only the reference probes in P200-Al. Secondly,
normalization was achieved by dividing this intra-normalized
probe ratio in a sample by the average intra-normalized probe
ratio of all reference samples.

Deletion breakpoint characterization. The region surrounding
the deletion from intron 1 to intron 4 in patient 1 was amplified
using three primer pairs as follows: fragment A: sense primer
(Inlsl, 5'-ACGAACGGTGGTAAAGAGGCAACAG-3")
located at position g.6421-6445 in intron 1 and antisense primer
(Ex5as, 5"-TTGGCTGACTGCGCTGCCTTCAGGA-3")
located at position g.16255-16231 in exon 5; fragment B: sense
primer (Inls3, 5-GTGATGATTCCAGGAGGTCAGA
GGA-3") located at position g.8701-8725 in intron 1 and
antisense primer Ex5as; and fragment C: sense primer Inls3
and antisense primer (Indasl: 5-GAGAGGCATAGGACAGA
TTCTCC-3') located at position g.15110-15088 in intron 4
(GenBank accession no. NG_013061).

PCR was carried out for 40 cycles at 94°C for 1 min, 64°C
for 2 min, 72°C for 2 min followed by a 5-min extension at
72°C using Takara r-Taq (Takara Shuzo Co., Ltd., Shiga,
Japan) and a Takara PCR thermal cycler. After subcloning into
the pGEM-T Easy vector (Promega, Madison, WI, USA), the
fragments were sequenced.

Comparative genomic hybridization (CGH) and single
nucleotide polymorphism (SNP) microarray analysis. Whole
genomic copy number analysis was performed for patient 2
using an Agilent SurePrint G3 Hmn CGH + SNP 180K
Microarray kit (Agilent Technologies, Santa Clara, CA, USA),
according to the manufacturer's instructions. Genomic DNA
extracted from peripheral blood was used as a template. Data
were extracted using Feature Extraction version 9 (Agilent
Technologies) and the results were visualized using Agilent
Genomic Workbench version 6.5 (Agilent Technologies).

Results

Mutation analysis. Mutations were screened at the genomic
level using PCR amplification followed by direct sequencing.
Patient 1 had a heterozygous c. 31C>T (p.R11") mutation in
exon 1, and her mother did not have this mutation (Fig. 1).
No mutation in the maternal allele was identified. The DNA
of the father was not available. Patient 2 had a homozygous
c.242G>A (pW81") mutation in exon 3. Genomic analyses of
his patients revealed that the father was heterozygous for the
p.W81" mutation; however, the mother did not have the pW81"
mutation (Fig. 2). Hence, we hypothesized the following:
i) the maternal allele may have a large deletion not including
exon 1 in patient 1; and ii) the maternal allele in patient 2 may
have a deletion including exon 3.
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P R "R L V
8 CCGCGGCGACTEGTOG

Mother Normal

Patient 1 R11* Heterozygote

Figure 1. Sequence analysis of patient 1 and her mother. The ¢.31C>T (p. R117%)
mutation site is shown.

P K R v P
F CCTAAGCT™EGERTTCCC

Mother Normal

We1* Homozygote 7

W81* Heterozygote

Figure 2. Sequence analysis of patient 2 and his parents. The ¢.242G>A
(p-W81") mutation site is shown.

MLPA analysis of HMGCL. We successfully performed
MLPA for HMGCL. Similar patterns of amplification were
obtained in three controls, enabling copy number to be evalu-
ated in the patient samples (Fig. 3). In patient 1 and his mother,
only one copy of exons 2-4 was present, whereas two copies
of all other exons were present, suggesting a large deletion
including exons 2-4 in the maternal allele (Fig. 3). Patient 2 and
his parents all had two copies of all HMGCL exons (Fig. 3).
This means that both copies of exon 3 in patient 2 were from
the father. We, therefore, suspected that patient 2 has a paternal
uniparental disomy of the HMGCL region.

Determination of breakpoints in patient 1. Long-range PCR
amplification using DNA from patient 1 yielded fragments
that included an approximate 4-kb deletion (Fig. 4A). A large
deletion from g.9326 to g.13806 (4481 bp; NG_013061) was
identified. We confirmed that one breakpoint was within an
Alu element in intron 1 and the other was in a non-Alu element
in intron 4 (Fig. 4B).

CGH and SNP arrays in patient 2. To confirm the copy number
and SNP haplotype of the HMGCL region, microarray analysis
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Patierd 1

Mother
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Father

Mother

Figure 3. Multiplex ligation-dependent probe amplification (MLPA) of the
mitochondrial 3-hydroxy-3-methylglutaryl-CoA lyase (HMGCL) gene. The
MLPA profiles of each HMGCL exon are shown. The peaks derived from the
P200-Al reference probes followed by the peak of exon 9 are not shown in
this figure. The histogram shows the calculated exonic dosage normalized as
described in the Materials and methods. Blue and red columns indicate the
dosage in the subject and in one control, respectively. Red arrows indicate that
the bands had a significantly decreased dosage compared with the control,
indicating that only one copy of exons 2-4 was present in patient 1 and her
mother. Patient 2 and his parents had two copies of each exon including exon 3
(green arrows).

using CGH + SNP array was performed for patient 2. In the CGH
array, no copy number aberration was detected in the whole of
chromosome 1 including the HMGCL region, which confirmed
the homozygous status of the HMGCL mutation (Fig. 5).

Furthermore, a loss of heterozygosity (LOH) for almost
all of chromosome 1, where HMGCL is located, was revealed.
This indicated paternal uniparental disomy of chromosome 1.
In conclusion, a homozygous mutation in HMGCL was deter-
mined to be caused by non-Mendelian inheritance due to
paternal uniparental isodisomy of the whole chromosome 1,
including the 1p36.1 region.

Discussion

In the present study, we investigated the molecular genetic
basis of two Japanese HMGCL-deficient patients using stan-
dard Sanger sequencing. Although we identified a mutation in
each patient, inheritance patterns were not consistent in their
families. Human HMGCL is an Alu element-rich gene, having
23 Alu elements within 23 kb. We first hypothesized that a
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Figure 4. Characterization of a deletion that includes exons 3 and 4.
(A) Long-range PCR. Fragments A, B and C were electrophoresed following
amplification using genomic DNA and primer pairs of Inlsl and Ex5as, Inls3
and Ex5as, and Inls3 and In4as, respectively. The position of primers and
their orientation are indicated in panel B. (B) Schematic representation of the
rearranged mitochondrial 3-hydroxy-3-methylglutaryl-CoA lyase (HMGCL)
gene in patient 1. Alu elements in introns 2-4 are indicated by arrowheads.
Patient 1 had breakpoints within an Alu-Sx element in intron 1 and in a
non-Alu sequence in intron 4, as indicated by the inverted triangle.

heterozygous intragene deletion caused by non-equal homolo-
gous recombination between Alu elements was a possible
cause of HMGCL mutation in these patients. Therefore, we
used the MLPA method to detect the copy numbers of each
exon in HMGCL.

Patient 1 had a heterozygous p.R11" mutation from the
father, but a mutation from the mother was not identified by
conventional sequence analysis. MLPA revealed that patient 1
and her mother had only one copy of exons 2-4, which was
consistent with our hypothesis. However, this large deletion that
included exons 2-4 was not caused by non-equal Alu-mediated
homologous recombination. One breakpoint was within an
Alu element in intron 1 and the other was in a non-Alu element
in intron 4. There were no homologous sequences around the
breakpoint. The genesis of this deletion is unknown.
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Figure 5. Results of chromosomal microarray testing using the comparative
genomic hybridization and single nucleotide polymorphism (CGH + SNP)
platform. The results of genomic copy number (left) and loss of heterozy-
gosity (LOH) status (right) are shown for chromosome 1 of patient 2 according
to the chromosome view of the Agilent Genomic Workbench. No genomic
copy number aberration was detected in chromosome 1. Regions showing LOH
status, judged by computer analysis, are depicted in purple; other non-LOH
regions are considered to be false due to SNP artifacts. Patient 2 was, therefore,
regarded to have LOH across the entire chromosome 1.

Patient 2 had an apparent homozygous p.W81" mutation
and his father was heterozygous for this mutation; however, his
mother did not have this mutation. MLPA revealed that patient 2
had two copies of each HMGCL exon. Hence, our new hypoth-
esis was that LOH of the HMGCL region may be the molecular
basis for HMGCL deficiency in this patient. We successfully
identified a paternal uniparental isodisomy of almost the entire
chromosome 1 by microarray analysis using a CGH + SNP
array. To the best of our knowledge, this is the first case of
HMGCL deficiency shown to be caused by uniparental disomy.

There are two types of uniparental disomy, heterodisomy
and isodisomy. In heterodisomy, a pair of non-identical chro-
mosomes is inherited from one parent and in isodisomy a
single chromosome from one parent is duplicated. Isodisomy is
potentially dangerous as it may lead to the duplication of lethal
recessive genes, while heterodisomy is essentially benign.
Uniparental disomy in humans is mainly caused by meiotic
non-disjunction events followed by i) gamete complementation;
ii) trisomy rescue; iii) monosomy duplication; and iv) somatic
crossing over (13). Our present results from HMGCL gene anal-
ysis, MLPA and CGH + SNP arrays indicate that patient 2 had a
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monosomic duplication of paternal chromosome 1. Partial and
whole uniparental disomy of chromosome 1 has been reported
in autism, fumarase deficiency, Stargardt disease, Pelizaeus-
Merzbacher-like disease, leptin receptor deficiency, rhizomelic
chondrodysplasia punctata type 2 and CD45-deficient severe
combined immunodeficiency (14-20). This study demonstrates
the advantage of using MLPA method for the analysis and
identification of such heterozygous gene alterations. The iden-
tification of such mutations may facilitate mutation analysis in
newly diagnosed patients.

Acknowledgements

We are grateful to the patients for their participation in this
study. The present study was supported in part by a Grant-in-Aid
for Scientific Research from the Ministry of Education, Culture,
Sports, Science and Technology of Japan (26114708, 24591505)
and Health and Labor Science Research Grants for Research
on Intractable Diseases from the Ministry of Health, Labor and
Welfare of Japan to T'.F.

References

1. Wang SP, Robert MF, Gibson KM, Wanders RJ and Mitchell GA:
3-Hydroxy-3-methylglutaryl CoA lyase (HL): mouse and human
HL gene (HMGCL) cloning and detection of large gene deletions
in two unrelated HL-deficient patients. Genomics 33: 99-104, 1996.

2. Fukao T, Mitchell G, Sass JO, Hori T, Orii K and Aoyama Y:
Ketone body metabolism and its defects. J Inherit Metab Dis 37:
541-551, 2014.

3. Muroi J, Yorifuji T, Uematsu A, Shigematsu Y, Onigata K,
Maruyama H, Nobutoki T, Kitamura A and Nakahata T:
Molecular and clinical analysis of Japanese patients with
3-hydroxy-3-methylglutaryl CoA lyase (HL) deficiency. Hum
Genet 107: 320-326, 2000.

4. Sen SK, Han K, Wang J, Lee J, Wang H, Callinan PA, Dyer M,
Cordaux R, Liang P and Batzer MA: Human genomic deletions
mediated by recombination between Alu elements. Am J Hum
Genet 79: 41-53, 2006.

5. Fukao T, Aoyama Y, Murase K, Hori T, Harijan RK, WierengaRK,
Boneh A and Kondo N: Development of MLPA for human ACAT1
gene and identification of a heterozygous Alu-mediated deletion
of exons 3 and 4 in a patient with mitochondrial acetoacetyl-CoA
thiolase (T2) deficiency. Mol Genet Metab 110: 184-187, 2013.

6. Fukao T, Zhang G, Rolland MO, Zabot M T, Guffon N, Aoki Y and
Kondo N: Identification of an Alu-mediated tandem duplication
of exons 8 and 9 in a patient with mitochondrial acetoacetyl-CoA
thiolase (T2) deficiency. Mol Genet Metab 92: 375-378, 2007.

7.Zhang G, Fukao T, Sakurai S, Yamada K, Michael Gibson K and
Kondo N: Identification of Alu-mediated, large deletion-span-
ning exons 2-4 in a patient with mitochondrial acetoacetyl-CoA
thiolase deficiency. Mol Genet Metab 89: 222-226, 2006.

8. Gatta V1, Scarciolla O, Gaspari AR, Palka C, De Angelis MV,
Di Muzio A, Guanciali-Franchi P, Calabrese G, Uncini A and
Stuppia L: Identification of deletions and duplications of the DMD
gene in affected males and carrier females by multiple ligation
probe amplification (MLPA). Hum Genet 117: 92-98, 2005.

9. Janssen B, Hartmann C, Scholz V, Jauch A and Zschocke I
MIPA analysis for the detection of deletions, duplications and
complex rearrangements in the dystrophin gene: potential and
pitfalls. Neurogenetics 6: 29-35, 2005.

10. Lalic T, Vossen RH, Coffa J, Schouten JP, Guc-Scekic M,
Radivojevic D, Djurisic M, Breuning MH, White SJ and
den Dunnen JT: Deletion and duplication screening in the DMD
gene using MLPA. Eur J Hum Genet 13: 1231-1234, 2005.

11. Tomoko T, Takanori S, Kazumi O, et al: A case of 3-Hydroxy-
3-methylglutaryl CoA lyase deficiency. J Jpn Pediatr Soc 112:
1249-1254, 2008 (In Japanese).

12. Zhi J and Hatchwell E: Human MLPA Probe Design (H-MAPD):
a probe design tool for both electrophoresis-based and
bead-coupled human multiplex ligation-dependent probe ampli-
fication assays. BMC Genomics 9: 407, 2008.

— 222 —



1560

13.

14.

15.

16.

Ledbetter DH and Engel E: Uniparental disomy in humans:
development of an imprinting map and its implications for
prenatal diagnosis. Hum Mol Genet 4 Spec No: 1757-1764,
1995.

Riveiro-Alvarez R, Valverde D, Lorda-Sanchez I, Trujillo-
Tiebas MJ, Cantalapiedra D, Vallespin E, Aguirre-Lamban J,
Ramos C and Ayuso C: Partial paternal uniparental disomy
(UPD) of chromosome 1 in a patient with Stargardt disease. Mol
Vis 13: 96-101, 2007.

Shimojima K, Tanaka R, Shimada S, Sangu N, Nakayama J,
Iwasaki N and Yamamoto T: A novel homozygous mutation of
GJC2 derived from maternal uniparental disomy in a female
patient with Pelizaeus-Merzbacher-like disease. J Neurol Sci 330:
123-126,2013.

Wassink TH, Losh M, Frantz RS, Vieland VJ, Goedken R, Piven J
and Sheffield VC: A case of autism and uniparental disomy of
chromosome 1. Hum Genet 117: 200-206, 2005.

17.

18.

19.

20.

— 223 —

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 35: 1554-1560, 2015

Zeng WQ, Gao H, Brueton L, Hutchin T, Gray G, Chakrapani A,
Olpin S and Shih VE: Fumarase deficiency caused by homo-
zygous P131R mutation and paternal partial isodisomy of
chromosome 1. Am J Med Genet A 140: 1004-1009, 2006.
Nimmo G, Monsonego S, Descartes M, Franklin J, Steinberg S
and Braverman N: Rhizomelic chrondrodysplasia punctata
type 2 resulting from paternal isodisomy of chromosome 1. Am
J Med Genet A 152A: 1812-1817, 2010.

Roberts JL1, Buckley RH, Luo B, Pei J, Lapidus A, Peri S, Wei Q,
Shin J, Parrott RE and Dunbrack RL Jr: CD45-deficient severe
combined immunodeficiency caused by uniparental disomy.
Proc Natl Acad Sci USA 109: 10456-10461, 2012.

Le Beyec J, Cugnet-Anceau C, Pépin D, Alili R, Cotillard A,
Lacorte JM, Basdevant A, Laville Mand Clément K: Homozygous
leptin receptor mutation due to uniparental disomy of chro-
mosome 1: response to bariatric surgery. J Clin Endocrinol
Metab 98: E397-E402, 2013.



F—U—-ROERAHHRRE Pk HAH BE

@ FUsic

FRAHREEIL, —RICE B EEE
BT, RERIBUILIFEDERSEOKRIE - K
ZULORBICEEVELZ-DIGEZ S RE
Thb. 7T3I/BRBREE RETAIVE
HIE, ARBAHEREE RIBRAHREE
BERHREE SBAEREEZED LD ITH
Hahizh, BEShLIMEANNEEZ PO
I baACFUTHR, FAVV—AH StF
VYV LRBEEDLIICHFESINZDT S, H
RERRBREEETE, ERAHBETELY
FEICRERLTH B, HREFEOBEL AL EE
L5 B72001C 10 F£Ri 55 HEERRBRES
&I F—2HBLTVS. BiTiZEE 300~
400 ZEHFBIMLTHE Y, BRAHREEDRO
BEIIEEIER > TE TV A,

B ERABEBEDREC TR

SERL 26 SEEIZIE Y Y F AT AT X DL
B=R « A2 Y=oV FHEEENCEDY, SR
B 6 RENS, 73 BABEEE B
BMABEEE, FHEBRAHERFTEOVL 25N
BMENTI9HEBENLHMLA. BNsShiz
RER, ZPNERM~ZUE) BRI,
REBET SV F—V R, 7 YV ESTIHER ED
EELRBIELRITEESDLERTHS. @

EISECRL L7 0 B8E 2R3 W EEIE W
RETHY, BEBH, BEBEM/ICLD, &
DYEVHFRINT 5,

Z D15 FETHRRRBEEEIINT 2 ERK
BHORELMELZ QEANTIEEDIL T
PHARTIERARE VS EHID, Ww{D2rERN
TOEALPTERE 2o/l b, OBEMHIZE
D RERERORBILEAIZZ &, QBB
M, WL COBEBREIN) Ao/
&, @QmEEIbEr SR EREEFEM S mEL
=T ETHLE. FRICEY, RELEGEFH
BHELTWwS, REEFEEEE D THF
L, MRBICOAERTIELVEVIER
FZ47% <, RABOMRAHELL T,

BT IREN R ERRBREEL ZOFH,
BAOMBEAICODWTRER LAV,

1. 73/ BRBERYE
7 x I b URE

72 BRREREEORRNKEETHS 7 =
=N b YR#EE (phenylketonuria ; PKU) &,
ERFECTEIEBEORMEERE LY. LR
YRR Y=o X D ERBIICBI R
NBZET, BEROILPLTz=NVT I
v (Phe) B 3 V27 % 8FF L 7> Phe HIBR &L
ETH) XD MT RSB L. RER
BRIZHFIZNERICEE TH 5795, £EHT LS
EMEE LW RABIICBWTHE Phe L

Long-term prognosis and medical problems in adulthood for patients with inborn errors of metabolism
Toshiyuki Fukao : Department of Pediatrics, Graduate School of Medicine, Gifu University

BB R R EREERDERHIE (DEFRES)

BEEMES 551438 $105/ M7 (015)E 1 B

2121

— 224 —



JE, #) 0% EoRMAER, MRI THHERE
ERTEENTEN®, FLBELX ML ADIT
EEN L CEGHMRERE RIZTT I EARBE X
NTWEYR5THSE. FlogHEiconTik, &
IREFICHEIES B Phe RMICE L ENH I ET
L HMIESE, ERBEE (¥ —F IV PKU) %
B 7z, BEREOMBRIRLET, —H&EM
LTLEA &, EREAMICHRLIHBLETZ L
MUFEE LS.

L LAEFICB VT, 2004 FORECIL,
1977~1981 T HAE L 72 23~27 RO BED
60%, BIUENDIFEICHAEL 18~22 KD
BED30% (X Phe HIREZ A IE L T
BRAEE CERFEEN D F L o TWZER
Th, RENOEFLPHRBIC X VTN
D, L THRZZPHL Y, BHEHRE
ASRETS L I RBICHEME R TLE S 2 &2t
BEREND. 20 REZBR B L/NRBHESEERE
X BB 2D, ERAIVY, K
T Uy EHBOBEA R ERFN L BENKEN
CELHEIIKESEEBLTWAEEZOLNS
[MAMD T 2 =4 bV REE(PKU). 367k 3 v 7 158
2011 ;47 : 6-39].

2. REYAVILERRE
O FINZF L ML RPN S —ERIBE

RFF A7 VERBER, —RIIBT7 2T
MEZRTFHROEBVWEREBBTHY, To/AE
MEFNZF L FF L RAAAIINTZ—F(OTC) R
IRAETdH A, REIE XEHBEREED, £
BB RET S0, X BEBERELORY T
WIZHBIET S L BB VWEKRBETH S,

2009 FED 7 o — MREVICI L, FHER
FHE (EERD) o OTC RIBEDOHBRIZBWT
E, FAERBIZ20% T o TwaEA, £
TS NIEIL 20 FE TIERIZERFLT
Wb, A RBIDIERED OTC RIBHES BN
BYTH, 20 RICBIF B EFHFRIE 1998 £
LA 45% THh o 72D L, 2009 EDORET
13 89.4% LEL, FAERMMESIEORE

2122

BUIBWTDH 29.8% 75 83.8% LEL T
WY ZOEGTFHROEILX YRS, MM
WELIC X 2 BMEEER, ¥ o 7 fIRRED
EEPELL, F-FRBHEIEA SR TH&T
ELEFANVHEE CE/DEEILNRD.

L LAEGFREIIES N TS, Mk
BFREABEROE -2 D7 Y EZTHEIEV
BE, BMLOHENDH S, 360pmol/L UL ET
Ho7EFIO 15% EFELT L, 51% DSH 25
EEEEEL, 15% IREEHEF LWL OOMH
%, WECEFEZ2L-5TW5E. HTFHh 8% »IE
FEHRZEL, BHBEPHREICEREN VLWV O
BRTH B, ToLHiz, A%
KOBEINGTF1Fxov7%8dL, S5IH
B SLELRINELEE A 5.

3. HHMBMABREE
e 4 3 Bz RISt X FIb~v O > BRINAE

FREAHREEORERNLERBED 12N
¥y I ryBeARBEAF Lo v BilE
(methylmalonic acidemia ; MMA) T3 5. &
MUEEEE S 545, 2009 |ITbh-HRIZE
BTy — bREYTIE, ¥ 3 ¥ B Ao
MMA i 69.8% 2520 RCTHEFLTHB Y, £
FHREVWIHETIRIFFIZRL Z-oTWS, L1
L, BABIEED/-69% PWEELFEEOKE
FELEZONDHMEERTEZRLTEBY, £
7-EEED 35.7% AL TWA.

Bifld oy bu— VARRBITIZIFBRENSTTH
N5 Z EH b, BRIRIICEEHRRIEM S N,
Ty F—3V ABERFE LS A% %D QOLIZ
BENAZALNT WS, L LE L OFBRIES]
W, ENLBIORIEREEIC & DB ERR
EEHELTVEONHIRTH 5. FAERS
A RT) == TOMBRBE R 572D T,
SR TFHROWESHFENS.

4. SAVJ— LR

54 V= LFEOREDHIE, NNEEICHRAR
JERFRTLAILSHEE IR L, MR X §Idnk
AICABEREZRT 77 7Y —HmD 2D

BEME 551438 5105/F/27(2015)& 1 B

— 225 —



I BB, IS, BIEIEEMEREL
IEREVD D XEHEBEZEDOTA VY — LTHK
TH 5.

(1) LOSEENR
LHOSHEENIME o4 A0 i —b2-2A
778 —EDORBET, FUVIYI S B
(GAG) DEM# IF L 35, BESEE KAD
EEE ETHECEELVE DL BE,
WIRBIZBH S NDE Z EXE W, R, EER
O BETITPRMIERER, EITHEORERE
DERBICK D 20 UENICBT L7270, BER
DOBRBTIIEELRMELERFLE T TRAW
HME CEFTLHEIE D, BN HIE
DHEFT, FOERAEIC L HIPREE, LE A
DT ETEENPHIBR SN D, BLICBRIL,
BHNCERMARE BMBMEAT I L8
QOL DFICIXEELE L Oh, 5%, BEEH
FoB k72 T & D AN R BB S L B A
B Z T BEBbhs,
ARBREDS A4 VYV — AR TIZ, BAHO
HRIZ S OEE, DRI SB TV R RIS
FTDFEFNEHEIT- T, WP L o2
Lo TWVBBEENEHWIIEEEZLNS.
2 277U—-K

T Ty =R, a5 bV —Y AR
EOBUAMBETTHI &L, L T
Mm%, B, A, R EEFDMERICRA 7 1
CIHEREOERPEL, SRBEERREI Y
ERTHLS. HENT 7 7 —ROBBRAEET
i, HARE X D BRSO A DFME, BITRE
EVDHY, TORMOBEOE - HhIiFITh 525,
—HRIIERABICA > THEBO%AIMERE, &
BORE, R 37 hSEREL VS Bk
BERE, LRBIEALR EoLRREREERS—AY
BB EETE, ZRUIMEELR EORLERED
HIRT 29 PR ) BET S X EHEE
& A7z, KERREOT7+0—bEETH
5%,

INBEBLEZONTE 2D, HARIIBW

BEME $143% B105/Fm27(01DE 1 B

THBEMEEORBVIRETH S Z EXFHLDIC
oTETENY, RABEL LTR o8
FEGEREAR, FRAR, WEARRETR
MENTWDLHIH S\, BRWTERELR BRE
DFGEEWBRBEEDOHEIT L TR VWNEE» ST
RELEZ LN, ARPICBH S EETN
BAIBWTHBTAZ LIl b, RABREIC
BOTHMEMOERRBMEFELZEMNIL T
WA EERMITRE LTV, MWOMEREN
F, FRAR, MERNEIEOEBE TR TV L
ZAHLHD.

FRABERECDII DHABDRRE

LERICSR L7 7 7 —H{USNOEBOERY
Fik A OB EL TV 2RGS0
HREENHLL, AGFPEIEEL, ZL0
HRABEFERZTICBVT, RATOBZRESS
BELR->TETHS, AGFFRIZRL 2T
BB A, BMEHREIIN T4 F Yy TR
Do THAMEZBEZ THWDERENFSE V. N
FAFXRYy TESoBEORAIL, FlEHEE
KRB L EBHOP DO PEETHLI &
EED T TH RS, MAEEI VW EFRLL
BEOBEICH L, KIBKRFOERBMER >SRN
FUODCADEBRNOBITHYLEE R S.

NS AR O R REERE £ Julic
ZTTLON? BEL L HAROHEIKRTIE, /I
WHICEBCE N RBOEMZOF F #kT
BN = PHENEEZOND. LI LHART
HBHD, NEBEISINEIHE D A OEHE
BoOBEIEFTHY, AEROATEXIGT
ELRVHIEISIE E HITKELL - TL B, &K
NACEBLRERERT A7 77V —FDLS
ZEBUSNTH, BEINBEBICRET AR
REEREEVRABRICRBETZZLLH D,
BRADBIIH 7 5 BB RAHREREICD
WTHHIERE L DI L IZEETH S.

Iy ROERREREEFES T 20104
WCHRRRBEEEORNCELOH 5 BRED

2123

— 226 —



#£FEDH, F—0 v ERABEEESRNH
BEEBWRES V-7 %2R L, 2011 FOER
HE2XPOLBAOFERRFICEAT LTI~ ay
TELEBELCHEEICHELIEE o TETY
L. B, PR EER RoWE AR
BEI )= s R EOFEEDEMTIN—T
EIREL L TWBDS, TR SOV,
BT —u v SERRIC, WE BRESDH
Bob TRAMOERRBREEEZTODRL
ITHOHYENTETLIZDL 12OFEMET
BhwhreEZ s L2rLNERoRTHLER
RERFELEMNCTIEMID VT, §
CIZEBT AR RV, ERXRHEEES
WCAREBOEMD D - LML T VWBEED
KDZFTHIENBEELEIOLND.

@ aholc

BEIC, ERRHBEBEOS 3N RBMHER
ERBTHY, 20 RRKMWE TOERBRLATRIE
DR ENTVWDS, &%, FFERBIC—HBITT
HEHFEEINDEY, BITLa o mREBIIBY
Tk, RAMOEBREOBEIKE LHEEL 2
R EERE L.

AR Z A2 e RRBEEERE), BE
DRRIIG Uid 2B e 2T oA 44
BED LIFTw 2 &A%, BARERARBEEE
KELTDLDO2O5HBDOEGTH 5.

BR OB EAORFII RSP ERRERER
BRAFFEHE BT LW ARRBREIEA 7 ) —= ¥ BN
GBI L2 A FS5 4 ofElB L UEEIIb
B ARG OFEL SN /AR I (R RE  F
BXERICBCT, ERERBEREORALIZE TS
FBAIC DWW T OB R ENTE Y, BRKRERE

2124

Rtk sy B ERT SR AR N BB 0 I - B STREFEIC T
BlwiaZ2aF Lz S ZIE#esLET.

1) AokiK, Ohwada M, Kitagawa T : Long-term follow-up
study of patients with phenylketonuria detected by
the newborn screening programme in Japan. J n-
herit Metab Dis 2007 ; 30 : 608.

ten Hoedt AE, de Sonneville LM, Francois B, et al :

High phenylalanine levels directly affect mood and

sustained attention in adults with phenylketonuria : a

randomised, double-blind, placebo-controlled, cross-

over trial. J Inherit Metab Dis 2011 ; 34 : 165-171.

Weglage J, Fromm J, van Teeffelen-Heithoff A, et al :

Neurocognitive functioning in adults with phenylke-

tonuria : results of a long term study. Mol Genet Me-

tab 2013 ; 110(Suppl) : S44-548.

Sanayama Y, Nagasaka H, Takayanagi M, et al : Ex-

perimental evidence that phenylalanine is strongly

associated to oxidative stress in adolescents and
adults with phenylketonuria. Mol Genet Metab 2011 ;

103 : 220-225.

Kido J, Nakamura K, Mitsubuchi H, et a/ : Long-term

outcome and intervention of urea cycle disorders in

Japan. J Inherit Metab Dis 2012 ; 35 :777-785.

6) Fujisawa D, Nakamura K, Mitsubuchi H, et al : Clini-
cal features and management of organic acidemias in
Japan. J Hum Genet 2013 ; 58 : 769-774.

7) Jones SA, Alméssy Z, Beck M, et al : Mortality and

cause of death in mucopolysaccharidosis type -a

historical review based on data from the Hunter Out-

come Survey (HOS).J Inherit Metab Dis 2009 ; 32 :

534-543.

Kobayashi M, Ohashi T, Sakuma M, et al : Clinical

manifestations and natural history of Japanese het-

erozygous females with Fabry disease. J Inherit Me-
tab Dis 2008 Jan 21. [Epub ahead of print]

Inoue T, Hattori K, lhara X, et al : Newborn screening

for Fabry disease in Japan : prevalence and geno-

types of Fabry disease in a pilot study. J Hum Genet

2013 ;58 :548-552.

10) WHRH, EANEL, HME e RARCBE S

7o R BRI - IR AU R B 0 BRRE. BRAE
2013;53:191-195.

2

~

3

=

4

~

5

<

8

g

~

9

BEME 55143% - 810S/Fae7(R01D)E 1 B

— 227 —



Redox Biology 6 {2015} 297-310

Contents lists available at ScienceDirect

Redox Biology

journal homepage: www.glsevier.com/locatefredox

The role of lipoxygenases in pathophysiology; new insights and future
perspectives

CrossMark

Ryuichi Mashima *, Torayuki Okuyama

Department of Clinical Laboratory Medicine, National Center for Child Health and Development, 2-10-1 Ohkura, Setagaya-ku, Tokyo 157-8535, Japan

ARTICLE INFO

ABSTRACT

Article history:
Received 16 July 2015

Lipoxygenases (LOXs) are dioxygenases that catalyze the formation of corresponding hydroperoxides
from polyunsaturated fatty acids such as linoleic acid and arachidonic acid. LOX enzymes are expressed
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in immune, epithelial, and tumor cells that display a variety of physiological functions, including in-
flammation, skin disorder, and tumorigenesis. In the humans and mice, six LOX isoforms have been
known. 15-LOX, a prototypical enzyme originally found in reticulocytes shares the similarity of amino
acid sequence as well as the biochemical property to plant LOX enzymes. 15-LOX-2, which is expressed in
Keywords: epithelial cells and leukocytes, has different substrate specificity in the humans and mice, therefore, the

Lipoxygenase role of them in mammals has not been established. 12-LOX is an isoform expressed in epithelial cells and
g?;r:l’?rzis duction myeloid cells including platelets. Many mutations in this isoform are found in epithelial cancers, sug-
Resolvins gesting a potential link between 12-LOX and tumorigenesis. 12R-LOX can be found in the epithelial cells
of the skin. Defects in this gene result in ichthyosis, a cutaneous disorder characterized by pathophy-
siologically dried skin due to abnormal loss of water from its epithelial cell layer. Similarly, eLOX-3, which
is also expressed in the skin epithelial cells acting downstream 12R-LOX, is another causative factor for
ichthyosis. 5-LOX is a distinct isoform playing an important role in asthma and inflammation. This iso-
form causes the constriction of bronchioles in response to cysteinyl leukotrienes such as ITCy4, thus
leading to asthma. It also induces neutrophilic inflammation by its recruitment in response to LTB,.
Importantly, 5-LOX activity is strictly regulated by 5-LOX activating protein (FLAP) though the dis-
tribution of 5-LOX in the nucleus. Currently, pharmacological drugs targeting FLAP are actively devel-
oping. This review summarized these functions of LOX enzymes under pathophysiological conditions in

mammals.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommeons.org/licenses/by-nc-nd/4.0/).
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1. Introduction to the cytoplasm, leading to suppressive 5-hydro-

Lipoxygenases (LOXs) catalyze the oxygenation of poly-
unsaturated fatty acids such as arachidonic acid and linoleic acid
{1,2]. The oxygenated lipids initiate subsequent biological reac-
tions, activate cellular signaling mechanisms through specific cell
surface receptors, or are further metabolized into potent lipid
mediators. LOX can be found not only in mammals, but also in
plants. Historically, biochemical characterizations have been per-
formed mainly on soybean LOX isoforms. While the overall
structure of mammalian LOX enzymes seems to be similar, each
isoform has unique properties, such as substrate specificity (Ta-
ble 1, reviewed in [3]). In most cases, the structure depends on the
shape of the substrate cavity and the coordination of histidine
residues or alternatives to a non-heme iron atom at the catalytic
center {4,5]. Importantly, LOX enzymes require a lag period for the
activation of enzymes from an inactive ferrous form to an active
ferric form by either molecular oxygen or lipid hydroperoxides.
Enzymatic activity is also regulated by the N-terminal g-barrel
region of polypeptides, where this region has a similar amino acid
sequence to the C2-like domain; thus, Ca?*-mediated activation
via interaction with the plasma membrane has been proposed.
Earlier studies have shown that LOX enzymatic activity can be
inhibited by phenolic antioxidants such as nordihydroguaiaretic
acid and caffeic acid, suggesting a beneficial role of dietary poly-
phenol intake {6]. Alternatively, synthesized drugs for LOX are
relatively limited thus far. The 5-LOX inhibitor zileuton has been
accepted and used successfully for the control of asthma. Cur-
rently, inhibitors for 5-LOX activating protein are actively devel-
oped by many pharmaceutical companies {7]. These inhibitors
essentially modulate the transportation of 5-LOX from the nucleus

Table 1
Properties of LOX enzymes.

peroxyeicosatetraenoic acid (5-HPETE) production. This mode of
action of 5-LOX inhibitor is unique, and there are no similar reg-
ulatory mechanisms and drugs for other LOX isoforms.

From a genetic point of view, the alignment of LOX isoform
nucleotides encoded by arachidonate lipoxygenase (ALOX in hu-
mans and Alox in mice) genes has revealed that ALOX5 and other
ALOX genes have separate origins. The other ALOX genes seem to
have originated from fewer genes, as human ALOX genes are found
in a cluster in chromosome 17p13.1 and murine Alox genes are
found in chromosome 11 as active enzymes {8]. The expression
levels of ALOX genes are partially controlled by cytokines, such as
ALOX15, whose expression increases in response to Th2 cytokines.
ALOX enzymatic activity is also regulated by tissue distribution and
cell type. ALOX12B, ALOXE3, and ALOX15B are expressed mainly in
the skin and other epithelial cells, whereas ALOX15, ALOX12, and
ALOX5 are expressed in hematopoietic/immune cells. They are
involved in atherosclerosis, neuronal disorder, immune modula-
tion, skin diseases, and maintenance of the epithelium. The roles
of human enzymes (Table 2) seem to be slightly different from
what is expected from phenotypes of knockout mice (Tabie 3),
which shows that these oxygenated lipids are uniquely and finely
regulated in humans and mice.

2. 15-Lipoxygenase (15-LOX)

15-LOX is a prototypical enzyme catalyzing oxygenation of
polyunsaturated fatty acids. Among various mammalian species,
rabbit reticulocyte LOX has been characterized from earlier studies
and often used as standard for biochemical assays. When the

Proteins 15-LOX 15-LOX-2 12-LOX 12R-LOX eLOX-3 5-LOX FLAP
Human
Gene ALOX15 ALOX15B ALOX12 ALOX12B ALOXE3 ALOX5 ALOX5AP
Products®  15S-HPETE 15S-HPETE 12S-HPETE 12R-HPETE Epoxyalcohols 5S-HPETE NA
Expression Leukocytes Epithelium, leukocytes Myeloids, skin, epithelium Skin, epithelium Skin, epithelium Leukocytes Leukocytes
Motuse
Gene Alox15 Alox15b Alox12 Alox12b Aloxe3 Alox5 Alox5ap
Products®  12S-, 15S-HPETE 8R-HPETE, epoxyalcohols 15S-, 12S-HPETE 12R-HPETE Epoxyalcohols 5S-HPETE NA

Expression Leukocytes

Skin, epithelium, leukocytes Platelet, skin, epithelium

Skin, epithelium Skin, epithelium Leukocytes, epithelium Leukocytes

NA, not available. *Arachidonic acid as a substrate except eLOX-3 where 12R-HPETE as a substrate.
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Table 2
Human diseases that potentially links to lipoxygenase genes.

Genes Atherosclerosisfheart disease Immune response

¢ disorder

Neurological

Cancer Skin disease  Others

ALOX15 A near null mutant (T560M) in

coronary artery disease 140}

ALOX15B 1t in carotid plaque with
thrombosis {43}
1 in carotid lesion {32]
Variants in coronary artery dis-
ease [145]

ALOX12  Variants in subclinical athero-  Variants in Tox- Bipolar disorder
sclerosis {146] oplasmosis [147] {49]
Schizophrenia [501
ALOX12B
ALOXE3
ALOX5 Variants in atherosclerosis {152} Variants in asthma

97,154,155
Variants in AHR
{98,99]

1 in atherosclerosis {153}

Variants in subclinical athero-
sclerosis {146}

Variants in asthma
1126,156]

ALOX5AP Variants in subclinical athero-
sclerosis [146]

Bone mineral den-
sity1][56,143-144]

Rectal cancer {100}

Colon cancer |141}
Adenoma recurrence {142}
Breast cancer {39}
Prostate cancer {12}

Esophageal cancer {35]

Adrenocortical tumor [36]
Breast cancer {39}
Epithelial tumors {37}
Prostate cancer cells {38}
Head and neck carcinoma
{40}

1 in TAMs isolated from re-
nal cell carcinoma {42}

Methylation in AML[G1] Bone mineral den-
sityl]{54-57,150]
Esophageal squamous cell Fat masst{53}
carcinoma {64]

Rectal cancer {100}

Adenoma recurrence {142}

Colorectal cancer {148}

E261R mutation

Breast cancer {48]

Colon cancer {47}

Colorectal cancer {65}

Colorectal adenoma [149]

ARCI {81-82,
94,151}

NCIE {84~
6]

ARCI [82,
94,151}
NCIE [84,86]

Inverse correlation
Rectal cancer {100}

Ovarian cancer {101}
Colon cancer [47}

Rectal cancer {100]
Adenoma {100}

AHR, airway hyperresponsiveness; AML, acute myeloid lymphoma; ARCI, autosomal recessive congenital ichthyosis; NCIE, nonbullous congenital ichthyosiform ery-

throderma; TAM, tumor-associated macrophages.

potential link between atherosclerosis and its inhibition with an-
tioxidants was explored, 15-LOX has been hypothesized to initiate
and/or promote atherosclerosis through low density lipoprotein
(LDL) oxidation. This is based on the “oxidative LDL theory” that
oxidation of lipids induces atherosclerosis and its inhibition by
antioxidants prevents atherogenesis. To initiate oxidation in vivo,
there must be some initiators for lipid peroxidation. One potential
candidate includes carbon-centered free radicals, which react with
molecular oxygen to give rise to peroxyl radicals. Since these ra-
dicals trigger oxidation of lipids continuously, therefore, genera-
tion of such free radical-generating initiators must be tightly
regulated in vivo. Lipid hydroperoxides generated from poly-
unsaturated fatty acids by LOX enzyme can induce this reaction
since these oxidation products further decompose into other free

radicals in the presence of metal ions. 15-LOX can be found in
macrophages and other immune cells as well as epithelial cells.
Human and mouse enzymes are known to be induced by Th2
cytokines such as IL-4 and IL-13 via STAT6-dependent manner
{9,10].

2.1. ALOX15

It is widely accepted that cyclooxygenase (COX) inhibitor non-
steroidal anti-inflammatory drugs (NSAIDs) induce colon cancer in
humans {11]. One suggested reason is that the balance between
COX and LOX determines tumorigenesis critically. Under low COX
activity, arachidonic acid released from cell membranes in re-
sponse to external stimuli is preferentially metabolized by LOX
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Table 3
Phenotypes of LOX-deficient mice.

Genes  Atherosclerosis Immune response

Neurological disorder

Others

Alox15 | in ApoE KO [19-21] LTC41}26]

1 in LDIR KO {22,23]  Arthritist]157]

VSMC responsel{24] Schistosoma mansoni infection — {158}
Th14{159}
1L-12 |, TNF-a — [160]
Acute lung injury}[161}
Phagocytosist{162}

Alox15b

Alox12 Platelet sensitivity1{67]

Alox12b

Aloxe3

Alox5  |in LDLR KO [114]  PAF-induced lethal shock|{102,103]

OVA-induced asthmal{108]

Schistosoma mansoni infection|[158]
Early female mortality (MRL-Ipr/
Ipr)}{109]

Toxoplasma gondii elimination}{107]
Tumor-infiltrating
macrophagest{121]
OVA/alum-induced

Th2}[159]

Peritonitis}|{ 105}

LTB4.{173]

Acute pancreatits||104]

Borrelia burgdorferi elimination|{106]
Histoplasma capsulatum
eliminationy{174}

Alox5ap | in COX-2 KO {115}  PAF-induced shock}{127]

Peripheral diabetic neuropathy[ 163}
Diabetic autonomic neuropathy —{163] Insulin resistance}{164]

Anxiety-like behavior (C57BL[6)1[117]
Synaptic dysfunctiony{119]

Anxiety-like behavior (B6/129)}{175]

Osteoclast developmentt{23]

Angiogenesis|[165]

Myeloid differentiation}{27}

Erythrocyte development—[26]
Angiogenesis}|[166]

ER stress{[167]

Hypertension}{168]

Inflammatory neovascularization}| 169}
Nonalcoholic fatty liver diseasel{170]
Diabetes associated pp38 and pErk{[171}
Obesity}{29]

Ischemic cardioprotection}}25}

Airway epithelial injury in asthma}{172]

Epidermal permeability barrier| {44}

Carcinoma (B6/129)!{68]
Papilloma (SENCAR){[68]
Basal transepidermal water losst{69]

Skin barrier}[87,95}
Ichthyosiform1{88]

Skin barrier{{95]

Inflammatory neovascularizationy[169]
Endotoxin-induced Hypoxic pulmonary
vasoconstriction{{ 176}

Apc®*%8._induced intestinal polyposis{]121-123)].

Improved Alzheimer's disease-like

phenotype {133}

Zymozan-induced peritonitis}{ 127}
Collagen-induced arthritis}{129]
Cerebral inflammation[128]

Anxiety-like behaviort{134]

ApoE, apolipoprotein E; ARCI, autosomal recessive congenital ichthyosis; KO, knockout; LDLR, low-density lipoprotein receptor.

enzymes. There is evidence that a 15-LOX metabolite 13S-HPODE
(13S-hydroperoxyoctadecaenoic acid) generated from linoleic acid
induces apoptosis in colon cancer cells; thus, defective expression
of ALOX15 in colon cancers could promote tumorigenesis {11].
ALOX15 expression itself is controlled, at least in part, by the epi-
genetic process, as an alteration of methylation in the ALOX15
promoter has been observed in prostate cancer patients [12].
Furthermore, the expression of 15-LOX in epithelial cancer cells is
tightly regulated by additional mechanisms. As mentioned, STAT6
is a critical regulator of ALOX15 expression regulated by its phos-
phorylation and acetylation, as well as histone modification
[13,14]. Recent studies have also shown the ALOX15 expression can
be modulated by the chromatin-dependent STAT6-independent
mechanism {15,16]. Biochemically, the produced 13 S-HPETE in-
teracts with PPAR-8, followed by the induction of apoptosis prior

to carcinogenic conditions {17]. The importance of 15-LOX-derived
metabolites has also been defined by its aberrant failure in con-
ditional transgenic mice, expressing it in the mouse prostate, in-
ducing prostatic intraepithelial neoplasia once the apoptotic
function is dysregulated [18].

2.2. Alox15

Atherosclerosis is an inflammatory disease characterized by an
accumulation of lipid-loaded macrophages in blood vessels. Evi-
dence has suggested a close link between Alox15 expression and
atherosclerosis in the mouse, characterized mostly on the ather-
osclerosis-prone genetic background of mice lacking the ApoE and/
or LDL receptor {19-231. In both cases, the initiation and/or de-
velopment of atherosclerosis depends on 15-LOX enzymatic
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activity. Recent studies have suggested that atherosclerosis is in-
volved, at least in part, in sterile inflammation characterized by
augmented IL-1p and the activation of caspases. The accumulation
of lipids in blood vessels causes a failure of vascular function;
therefore, disruption of Alox15 shows impaired migration of vas-
cular smooth muscle cells {24{. In addition, ischemia-induced
cardioprotection plays an important role in maintaining proper
heart function. A previous study showed that Alox15 deficiency
caused its impairment after reperfusion-mediated preconditioning
by PKC activation in the heart [25]. These results suggest that this
enzyme might also contribute to the pathogenesis of cardiovas-
cular disease.

Lipid hydroperoxides, the primary reaction products of Alox15
from polyunsaturated fatty acids, readily induce oxidative stress
through their decomposition to free radicals. Thus, Alox15-defi-
cient mice might produce less oxidative stress under physiological
conditions. However, Alox15-deficient mice have shown an in-
crease in oxidative stress markers such as isoprostane 8-epi-
prostaglandin F2a in a zymosan-induced peritonitis model {26].
These apparently paradoxical results might be explained by the
concomitantly enhanced 5-LOX-, but not 15-LOX-, dependent
mechanism, which facilitates the accumulation of neutrophils by
5-HPETE and leukotrienes, thereby leading to enhanced oxidative
stress at the site of inflammation in Alox15-deficient mice.

Accumulating evidence suggests that Alox15 is critically in-
volved in the regulation of cell differentiation. For example, the
development of hematopoietic stem cells into the myeloid lineage
is impaired in Alox15-deficient mice {27]. Alternatively, the for-
mation of osteoclasts in Alox15-deficient mice and mice treated
with enzymatic inhibitors has indicated its attenuation {281. This
impaired bone-desorbing osteoclastogenesis is negatively regu-
lated by osteoblast formation, which derives from mesenchymal
stem cells. Given that this bone-absorption is impaired in Alox15-
deficient mice, bone-generating osteoblast formation is likely to be
enhanced. In this case, adipocytes, which also stem from me-
senchymal stem cells, would be impaired. Consistent with this
speculation, Alox15-deficient mice have displayed impaired obe-
sity {291, indicating a critical role of Alox15 in cell differentiation.

3. 15-Lipoxygenase, type B (15-LOX-2)

15-LOX-2 shows higher similarity to 15-LOX, initially dis-
covered in the skin in humans [30]. Human 15-LOX-2 generates
12R-HPETE from arachidonic acid specifically, showing unusual
specificity for the regioisomeric lipid mediators in contrast to most
isozymes, which produce S-regioisomers. Furthermore, mouse
ortholog of 15-LOX-2 generates 8S-HETE and 8S-, 15S-diHPETE
from arachidonic acid, thus enzymologically murine Alox15b is
considered to be similar to human ALOX12 {31]. Due to this, there
are almost no overlapping diseases/phenotypes in the human and
mouse in this isoform.

3.1. ALOX15B

Although a link between atherogenesis and ALOX15 expression
has long been hypothesized, it is known that the expression of
ALOX15B in human carotid plaque macrophages is higher com-
pared to ALOX15 {32,33]. An in vitro experiment of ALOX15B si-
lencing reported an attenuated lipid accumulation in human
macrophages, indicating that it is functional for lipid uptake into
the cells {34]. Thus, it is suggested that ALOX15B plays an im-
portant role in the initiation and development of atherosclerosis in
humans.

Several studies have shown the downregulation of ALOX15B in
epithelial tumors, suggesting that ALOX15B has an antiproliferative

role {35-40]. This reduction of 15-LOX-2 in tumor cells was re-
stored by an inhibitor for COX enzyme, demonstrating that its
expression is negatively regulated by prostaglandins, at least in
part [35]. PPAR-y, a nuclear receptor regulated by endogenous LOX
products, was upregulated in some epithelial tumors, suggesting
that the downregulation of ALOX15B is autonomously controlled
by PPAR-y in epithelial cancer cells {37]. In prostate epithelial cells,
ALOX15 expression is positively regulated by transcription factor
Sp1, whereas transcription factor Sp3, which is closely related to
Sp1, negatively regulates its expression, suggesting that ALOX15B
expression is critically regulated by multiple regulators [41]. Apart
from epithelial cells, a separate study demonstrated increased
ALOX15B expression in tumor-associated macrophages from renal
cell carcinoma, suggesting that ALOX15B expression is distinctly
regulated in epithelial cancer cells and macrophages {42]. Similar
to tumor-associated macrophages, the upregulation of ALOX15B in
carotid plaque macrophages has also been described {32,43].

3.2. Alox15b

There are a limited number of studies involving Alox15b. In
chimeric mice transplanted with Alox15b-silenced bone marrow
cells in mice lacking LDL receptor showed defective atherogenesis,
suggesting that 15-LOX-2 is required in the murine atherosclerotic
model {34]. As mentioned previously, the enzymatic action of
murine 15-LOX-2 preferentially generates 12S-HPETE rather than
15S-HPETE from arachidonic acid, suggesting that mouse Alox15b
and human ALOX12 have similar roles in vivo. The skin of Alox15b-
deficient mice has been shown to display an ichthyosiform ap-
pearance, as in Alox12b- and Aloxe3-deficient mice {44]. This ex-
ample clearly shows that the skin phenotype found in Alox15b-
deficient mice seems to require specific oxidation products from
polyunsaturated fatty acids. Furthermore, this result suggests that
Alox15b could be a functional alternative for Alox12b and Aloxe3.

4. 12-Lipoxygenase (12-LOX)

12-LOX enzymes derived from ALOX12 in humans and its
murine ortholog Alox12 (also known as platelet-typed 125-LOX)
produce 12S-HPETE from arachidonic acid. These enzymes are
expressed in leukocytes in humans and in platelets, mega-
karyocytes, and skin in mice [45,46]. Genetic studies have sug-
gested that ALOXI2 gene polymorphisms are associated with
cancers [47,48], neurological disorders [49,50], hypertension
[51,52], fat mass [53], and bone mineral density [54-57]. The
mechanism of regulation of 12-LOX expression has been studied in
several models. The ALOX12 promoter region contains at least four
binding sites for RUNX1, leading to its suppressive effect in human
erythroleukemic cells [58]. Alox12 expression is also regulated by
transcription factor p63 in the skin, which plays a key role in the
development and terminal differentiation of the epidermis [591.
Similar to other isozymes, human 12-LOX has a catalytic domain in
the C-terminal. Truncation of the N-terminal domain (which needs
to be explored in terms of function) decreases its enzymatic ac-
tivity at approximately 20% without altering substrate specificity
1601

4.1. ALOX12

Since the discovery of the high expression of LOX in platelets,
the mechanism of its expression has been studied in detail. A
previous study reported that ALOX12 expression was attenuated in
platelets by the haplodeficiency of RUNX1, a hematopoietic tran-
scription factor associated with familial thrombocytopenia, plate-
let dysfunction, and a predisposition to acute leukemia in patients
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