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Abstract

Genomic cloning and sequencing of a human homologue (the gene name, endonuclease IlIl-like 1; gene symbol, NTHLI or
NTH]1) for Escherichia coli endonuclease III, that is involved in pyrimidine base excision repair, were performed. The sequence
covered the entire NTHLI gene consisting of six exons and five introns spanning 8 kb with 5" flanking (8 kb) and 3’ flanking
(3.8 kb) regions. Southern blot analysis suggested that the NTHLI gene exists as a single copy in a haploid genome. The sequenced
5" flanking region lacks typical TATA and CAAT boxes, but contains a CpG island having putative binding sites for several
transcription factors such as Etsl and Spl. The NTHLI gene lies immediately adjacent to the tuberous sclerosis 2 (7'SC2) gene
on chromosome 16p13.3 in a 5'-to-5’ orientation. Transcription initiation sites of both NTHLI and T'SC2 genes were suggested
to be multiple by 5 RACE experiments. The northern hybridization experiment suggested that both genes are expressed in all
tissues, but at different levels. Downstream of the NTHLI gene, the gene for the regulatory factor 2 (SLC9A3R2/E3KARP; also
called OCTS2, TKA-1 and SIP-1) of the solute carrier family 9 (sodium/hydrogen exchanger), isoform A3, lies in a 3’-to-3’
orientation. This paper demonstrates for the first time the spatial relationship of these three genes (7’SC2, NTHLI and SLC9A3R2)
at the nucleotide level, and the presence of multiple transcription initiation sites of the NTHLI and T'SC2 genes. © 1998 Elsevier
Science B.V. All rights reserved.

Keywords: Thymine glycol DNA glycosylase; AP lyase; NTHI; Tuberous sclerosis 2; E3KARP; OCTS2 gene

1. Introduction

Oxidative DNA damage produced by endogenously
and exogenously generated reactive oxygen species has
been implicated in cell death, mutagenesis, carcinogene-
sis, and aging (Lindahl, 1993; Friedberg et al., 1995;
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Abbreviations: NTHLI1 (alias NTH1, OCTS3), endonuclease III-like
1; TSC2, tuberous sclerosis 2; SLC9A3R2 (alias E3KARP, OCTS2,
SIP-1, TKA-1), solute carrier family 9 (sodium/hydrogen exchanger),
isoform 3 regulatory factor 2; RACE, rapid amplification of cDNA
ends; BLAST, basic local alignment search tool; PCR, polymerase
chain reaction; cDNA, DNA complementary to RNA; dNTP, deoxyri-
bonucleoside triphosphate; kb, kilobase(s).

Martin et al., 1996). Thymine residue of DNA is known
to be especially susceptible to oxidative DNA damage,
and the major detectable product is thymine glycol
(Cathcart et al., 1984; Higgins et al., 1986). Ames and
co-workers (Cathcart et al., 1984) have shown that the
average human cell repairs about 320 thymine glycol
sites/day based on an examination of the thymine glycol
content of urine. Repair of the lesion is generally initi-
ated by the DNA glycosylase activity of such enzymes
as endonuclease III (endolll) of Escherichia coli (E.
coli) which is followed by the AP lyase activity of the
same enzymes (Bailly and Verly, 1987; Friedberg et al.,
1995; Krokan et al., 1997). Actually, endollI is known
to have a broad specificity for DNA base excision repair
in that it removes numerous forms of modified thymine
and cytosine bases from DNA (Krokan et al., 1997).

0378-1119/98/$ — see front matter © 1998 Elsevier Science B.V. All rights reserved.
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Recently, the cDNAs for the eukaryotic homologues of
endollIl have been cloned from yeast (Roldan-Arjona
et al.,, 1996; Eide et al., 1996; Augeri et al., 1997),
human (Aspinwall et al., 1997; Hilbert et al., 1997;
Ikeda et al., 1998, accession no. AB001575) and mouse
(Sarker et al., 1998, accession no. AB006812). The
human and mouse homologues (the corresponding gene
name is endonuclease IIl-like 1 and the gene symbols
are NTHLI and Nthil, respectively) have been shown
to have thymine glycol DNA glycosylase, urea DNA
glycosylase and AP lyase activities (Aspinwall et al.,
1997; Hilbert et al., 1997; Sarker et al., 1998; Ikeda
et al., 1998) similar to those of endonuclease III.

Concerning the genomic organization, the gene for
the human NTHLI (also called NTHI and OCTS3) has
been shown to lie on chromosome 16p13.3, immediately
adjacent to the tuberous sclerosis 2 (7SC2) gene in a
5’-to-5" orientation (Hilbert et al., 1997; Aspinwall et al.,
1997), and adjacent to the OCTS2 gene (European
Chromosome 16 Tuberous Sclerosis Consortium, 1993).
Several tuberous sclerosis patients with large deletions
affecting both the 7SC2 and NTHLI/NTHI/OCTS3
genes have been described (European Chromosome 16
Tuberous Sclerosis Consortium, 1993). Considering the
possibility that some of the highly variable phenotypes
observed in TSC patients might be due to the deletion
of the NTHLI/NTHI (and/or OCTS?2) gene contiguous
to the TSC2 gene, it is important to know the genomic
structure and sequence of the NTHLI/NTHI gene and
its relation to the neighboring genes (7.SC2 and OCTS?2)
for genetic analyses of TSC patients.

In the present paper, the genomic organization and
the sequence of a 19.8 kb genomic fragment containing
the NTHLI gene and partial sequences of the neighbor-
ing genes (TSC2 and OCTS?2 genes) are reported. The
OCTS2 gene is shown to be the gene for the regulatory
factor 2 (SLC9A3R2/E3KARP; also called OCTS2,
TKAL1 and SIP1) of solute carrier family 9 (Na*/H™
exchanger), isoform A3, whose cDNA sequence was
reported recently (Yun et al., 1997; Poulat et al., 1997;
Reczek et al., 1997).

2. Materials and methods
2.1. Materials

The reagents used in these experiments were obtained
from the following sources: restriction enzymes from
Toyobo Biochemicals, Osaka, Japan; Moloney murine
leukemia virus reverse transcriptase from Gibco
BRL Life Technologies; RNasin from Promega;
Megaprime® DNA labeling system, [o->’P]dCTP
(3000 Ci/mmol) and positively charged nylon mem-
brane (Hybond-N*) from Amersham. The human
TSC2 cDNA clone used for northern blot analysis was

kindly provided by Dr. Mark Nellist of the Department
of Clinical Genetics, Erasmus University, Rotterdam,
Netherlands. Plasmid containing cDNA for the human
S26 ribosomal protein was kindly provided by Professor
J. Fujita of Kyoto University, Kyoto, Japan (Kaneko
et al., 1995). The cDNA for the human homologue
(NTHLI/NTHI) of endonuclease III was cloned by
screening a human bone marrow cDNA library with
the 3?P-labeled mouse Nthll/Nthl cDNA (Sarker et al.,
1998). A human leukocyte genomic library in EMBL-3,
E. coli strain NM538, a ‘Human Multiple Tissue
Northern Blot’, ‘ExpressHyb Hybridization Solution’
and ‘Human Brain PolyA™ RNA’ were obtained from
Clontech Laboratories, Inc. A human placenta genomic
library in Lambda FIXII and E. coli strain XL1-Blue
MRA(P2) were obtained from Stratagene. ABI
Prism® Dye Terminator Cycle Sequencing Ready
Reaction Kit was obtained from Perkin Elmer Corp.

2.2. Southern blot analysis of human genomic DN A

High molecular weight DNA was isolated from
human peripheral leukocytes as described (Sambrook
et al.,, 1989). DNA (5pg) digested with restriction
enzymes were electrophoresed on a 0.7% agarose gel in
an electrophoresis buffer containing 89 mM Tris base,
89 mM boric acid and 2mM EDTA (pH 8.0), and
transferred onto a nylon membrane (Hybond N+).
The 3?P-labeled probe was prepared using the
NTHLI/NTHI cDNA as a template and [o-3*P]dCTP
(3000 Ci/mmol) as the labeled nucleotide by the random
priming method (Sambrook et al., 1989). The blotted
membrane was hybridized with the 3*P-labeled probe.
Hybridization was carried out at 68°C for 15h in
6 xSSC (1xSSC: 150 mM NaCl and 15 mM sodium
citrate, pH 7.0), 5 x Denhardt’s reagent (1 x Denhardt’s
reagent: 0.02% Ficoll, 0.02% polyvinylpyrrolidone and
0.02% bovine serum albumin), 0.5% sodium dodecylsul-
fate (SDS) and 100 pg/ml denatured, fragmented salmon
testes DNA. The membrane was washed at room tem-
perature in 0.1% SDS-2 x SSC, and then at 68°C in 0.1%
SDS-1 xSSC. After washing, the membrane was air-
dried and autoradiographed at —80°C using Fuji X-ray
film with an intensifying screen.

2.3. Cloning of the NTHLI gene

Recombinant bacteriophage clones in a human leuko-
cyte genomic library in bacteriophage vector EMBL-3
(Clontech) were plated with E. coli NMS538.
Approximately 1x10° bacteriophage clones were
screened using the 3?P-labeled NTHLI/NTHI cDNA
probe by the plaque hybridization technique (Sambrook
et al., 1989).

Hybridization and washing were conducted as
described in Section 2.2. 12 positive clones were
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obtained, and the recombinant phage DNA was isolated
from the positive clones by the plate lysate method. The
isolated DNA was analyzed by digestion with restriction
enzymes and southern blot analysis using the
NTHLI/NTHI cDNA. From these clones, a 7 kb EcoRI
fragment of the clone C was selected for further analysis.
The 7kb fragment subcloned into plasmid vector
pBluescript KS(—) had a 3’ region of the NTHLI gene
(from the intron 4 to the 3’ flanking region). The 5’
region of the NTHLI gene was not present in the 12
clones isolated from the human leukocyte genomic
library. Then, a human placenta genomic library in
bacteriophage vector A (lambda) FIXII Stratagene was
screened with a 5" region (Narl fragment) of the
NTHLI/NTHI cDNA to obtain a 5" region of the
NTHLI gene. From eight positive clones, the clone 3
having a 17 kb insert was selected for further analysis.
The 17 kb fragments were subcloned into the plasmid
vector pBluescript KS(—) for sequencing.

2.4. DNA sequencing and sequence analysis

DNA sequence was determined on both strands by
the dideoxy chain termination method (Sanger et al.,
1977) using double-stranded templates and the modified
AmpliTaq DNA polymerase (AmpliTaq DNA polymer-
ase, FS, Perkin Elmer). Sequence primers used were the
M13 universal primers and specific oligonucleotide prim-
ers synthesized according to the sequences determined.

The CpG islands (CpG-rich regions) were defined
and determined according to Gardiner-Garden and
Frommer (1987), as described previously (Akiyama
et al., 1994, 1995).

2.5. Northern blot analysis

The ‘Human Multiple Tissue Northern Blot’
purchased from Clontech contained polyadenylated
RNA (2 pg per lane) from the human heart, brain,
placenta, lung, liver, skeletal muscle, kidney and pan-
creas. The blotted membrane was hybridized with the
32p_labeled NTHLI/NTHI cDNA probe. Hybridization
was performed at 68°C for 1h in ExpressHyb
Hybridization Solution (Clontech). The membrane was
washed at room temperature for 40 min in 0.05%
SDS-2 x SSC, and then at 50°C in 0.1% SDS-0.1 x SSC.
After washing, the membrane was processed for autora-
diography. Northern blot analysis was also performed
using the same membrane with the 3?P-labeled T.SC2
c¢DNA and the 3*P-labeled S26 ribosomal protein cDNA
probes. The latter was used as an internal standard to
normalize RNA levels on northern blots (Vincent
et al., 1993).

2.6. Analysis by 5" RACE and RT-PCR techniques

The transcription initiation site(s) was analyzed by
sequencing the 5’ ends of NTHLI/NTHI-specific or
TSC2-specific cDNAs produced by the 5" RACE (rapid
amplification of 5" cDNA ends) technique (Hirzmann
et al., 1993). 0.5 pg of polyadenylated RNA isolated
from a human whole brain (Clontech) was heated to
65°C for 3 min and cooled on ice. The reverse transcrip-
tion reaction was performed at 37°C for 2h in a 10 pl
reaction mixture containing 0.5 pg of the 65°C-treated
RNA, 50 mM Tris-HCI (pH 8.3), 75 mM KCI, 3 mM
MgCl,, 5 mM dithiothreitol (DTT), 1 mM each dNTP,
0.5 unit/ul RNasin (Promega Biotec), 1 uM oligonucleo-
tide primer (the hRACE2 primer for NTHLI/NTHI,
5-ATGGCACGGATGTTGACCAG-3’; the R10 primer
for TSC2, 5-TGCCCTATCATCCGGATGCG-3’), and
10 units/ul Moloney murine leukemia virus reverse tran-
scriptase. Excess primer molecules and substrate were
removed by washing six times through a Microcon-30
membrane (Amicon Corporation; washing each time
with 0.5 ml of 10 mM Tris-HCI, 1 mM EDTA, pH 8.0).
For dG tailing, an aliquot of the reaction products
(equivalent to 140 ng mRNA) was incubated at 37°C
for 20min in a 20 ul reaction mixture containing
100 mM cacodylate buffer, pH 6.8, I mM CoCl,,
0.1 mM DTT, 100 pg/ml bovine serum albumin, 0.2 mM
dGTP, and six units terminal deoxynucleotidyl transfer-
ase (Promega Biotec). The reaction was stopped by
heating at 75°C for 10 min. The dG-tailed products were
used for PCR amplification with an EcoRI-BamHI-

(dC)12-oligonucleotide primer (EBPC: 5-TTCT-
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Fig. 1. Southern blot analysis of the NTHLI gene. Human leukocyte
genomic DNA was digested with the restriction enzymes indicated on
the top. 5 pg of DNA per lane was subjected to electrophoresis on
0.7% agarose gel and then transferred to a nylon membrane. The blots
were hybridized with the 3?P-labeled NTHLI/NTHI cDNA. Numbers
in the left column indicate size markers in kilobase pairs.
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Fig. 2. Organization and restriction maps of the human NTHLI gene and its flanking regions. In order to assign tentatively a base position within
the gene and in the flanking regions, the adenine residue in the translation initiation codon of the NTHLI gene was designated as position +1
and the 5’ neighboring residue cytosine as position — 1. With this as a starting point, positive numbers are given to positions downstream from
the starting point and negative numbers to those upstream. (A) Scale in kilobases. (B) (Top) Inserts of overlapping clones 3 and C sequenced.
(Middle) A diagram of the NTHLI gene and portions of the neighboring 7SC2 and SLC9A3R2/OCTS?2 genes. The exons are numbered from the
5" end of the genes. Filled and open boxes represent translated and untranslated regions, respectively. (Bottom) The restriction maps of the NTHLI
gene and its flanking regions. (C) Nucleotide sequences of the exon-intron boundaries of the NTHLI gene. Sequences of introns are given in
lowercase letters, and those of exons in uppercase letters. On both sides of the parentheses for the number and size of each exon, the first and last
five nucleotides are shown. The nucleotide numbers of the first and last residue of each exon are shown in parentheses before and after the first
and last five nucleotides, respectively. The size of each intron is shown in parentheses on the right side.

AGAATTCGGATC,,-3; Hirzmann et al., 1993) and a
specific primer for NTHLI/NTHI (exo-1R5 primer,
5-CCCGGGCTCCTCCCTACACC-3'), or for TSC2
(TSC2elRA primer for the first round RACE,
5-TGGCCTCGGTGTTCCCAGTC-3, TSC2e1RB
primer for the second round RACE, 5-TG-
TTGGTTTGGCCATGGTGG-3). The RACE pro-
ducts were cloned into a pGEM-T-plasmid vector
(Promega) and sequenced.

3. Results
3.1. Southern blot analysis

Southern blot analysis of human genomic DNA was
performed using the 3?P-labeled NTHLI/NTHI cDNA
probe which covers almost the entire transcribed region.
Restriction enzymes which do not cut the
NTHLI/NTHI cDNA (Xbal, EcoR1, BamHI and Sacl)

or cut at a single site (HindlII ) were used. The restriction
fragment lengths determined by the southern blot experi-
ment correspond well to the lengths deduced from the
sequence analysis of the 19.8 kb genomic fragment con-
taining the whole region of the NTHLI gene
(Fig. 1Fig. 2). The present results suggest that the
human NTHLI gene is present as a single copy in a
haploid genome, and that a gene(s) highly homologous
but not identical to the NTHLI gene does not exist in
the human genome.

3.2. Isolation, sequencing and analysis of the human
NTHLI gene

Two human genomic libraries were screened using the
NTHLI/NTHI cDNA as a probe. 20 positive clones
were isolated from 2 x 10° independent clones. The insert
DNAs from two overlapping clones (designated as
clones 3 and C, respectively) were subcloned into the
plasmid vector pBluescript KS(—), and sequenced. The
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resultant 19.8 kb sequence contained the entire region
of the NTHLI gene (accession no. AB014460).
By comparing the sequence with the published
NTHLI/NTHI cDNA sequence (accession no.
ABO001575), we assigned the exon/intron structure of
the human NTHLI gene (Fig. 2). The gene consists of
six exons and five introns, with a total length of 8 kb.
All exon/intron junctions follow the GT/AG rule
(Breathnach and Chambon, 1981). The nucleotide
sequence of each exon is perfectly identical to that of
the corresponding region of the NTHLI/NTHI cDNA
deposited by Ikeda et al. (1998); accession no.
ABO001575. A base position within the NTHLI/NTHI
gene and in the flanking regions is numbered tentatively
as described in the legend to Fig. 2. The translation
initiation codon (ATG) of the NTHLI gene is located
in the exon 1 (Fig.3). The translation termination
codon (TGA) and the polyadenylation signal
(AATAAA) of the NTHLI gene are located in the exon
6 at base positions 7899/7901 and 7983/7988,
respectively.

3.3. Genes adjacent to the NTHLI gene

A previous study on tuberous sclerosis (TSC)-associ-
ated deletion at 16p13.3 showed that a number of genes
are located in regions deleted in one or more affected
patients (European Chromosome 16 Tuberous Sclerosis
Consortium, 1993). In addition to the T'SC2 gene and
the polycystic kidney disease (PKDI) gene that lies
immediately proximal to 7SC2, two genes (OCT'S3 and
OCTS2) lying immediately distal to TSC2 were partially
characterized (European Chromosome 16 Tuberous
Sclerosis Consortium, 1993). The 19.8 kb genomic frag-
ment sequenced contained the NTHLI gene (8 kb) with
the 8 kb, 5" flanking region and the 3.8 kb, 3’ flanking
region (Fig. 2). Analysis of the 5’ flanking sequence of
the NTHLI gene using the human 7SC2 mRNA
sequence (European Chromosome 16 Tuberous Sclerosis
Consortium, 1993; accession no. X75621) revealed that
the NTHLI gene lies immediately adjacent to the 7SC2
gene in a 5-to-5" orientation and coincides with the
OCTS3 gene reported previously (Aspinwall et al., 1997)
(Figs.2 and 3). BLAST analysis of the 3’ flanking
sequence, corresponding to the region of the OCTS2
gene, of the NTHLI gene revealed that the sequence
contains a partial genomic sequence for a double PDZ-
containing  protein  (denoted in  Fig.2 as
SLCY9A43R2/OCTS?2), as discussed later.

3.4. Further analysis of possible promoter regions of the
NTHLI and TSC2 genes

To identify the 5 termini of NTHLI and TSC2
transcripts, we performed 5 RACE experiments using
the polyadenylated RNA isolated from a human whole

brain (Clontech). The 5’ ends of the 5" RACE products
for the NTHLI transcripts were mapped on multiple
positions within the exon 1 of the NTHLI gene
(Fig. 3A).

The 5" ends of the TSC2 transcripts were distributed
into three exons (exons 1, la and 1b) (Fig. 3A). The
exon 1 of the TSC2 gene was the exon which was
previously assigned by the European Chromosome 16
Tuberous Sclerosis Consortium (1993). Significant num-
bers of the 5" RACE products were also mapped in two
novel exons (designated exons la and 1b). The presence
of the exon la in the TSC2 gene was recently suggested
by Kobayashi et al. (1997) in the rat Tsc2 gene and
human 7SC2 gene and Seki et al. (1997) in the mouse
Tsc2 gene. Our RACE experiment confirmed the pres-
ence of the exon la in the human 7SC2 gene. The 5’
ends of the RACE products belonging to exons 1 and
la were mapped on multiple positions as shown in
Fig. 3A. Some of the RACE products carried an extra
G residue in their 5’ end sequences that is not present
in the sequence of the genomic clone. This extra G
residue is thought to be derived from the terminal cap
G nucleotide, as reported by Hirzmann et al. (1993)
(Akiyama et al., 1995). Another novel leader sequence,
exon 1b, was also detected in the RACE products
(Figs. 2 and 3A). The RACE products belonging to the
exon lb carried the extra G residue. The exon
la-containing transcripts showed that the exon la joins
not via the exon b, but directly with the exon 1
(Fig. 3B).

The present results indicate that the transcription
initiation sites of the 7SC2 are multiple and distributed
into three exons (the exons 1, la and 1b). The closest
exons for the NTHLI and TSC2 genes, the exon 1
(125 bp) of the NTHLI gene and the exon la (83 bp)
of the TSC2 gene, lic within the 357 bp-sequence in a
head-to-head orientation (Fig. 3A).

Multiple transcription initiation sites suggest the pres-
ence of multiple (alternative) promoters (Ayoubi and
Van de Ven, 1996). Referring to their patterns of struc-
tural organization of genes containing alternative pro-
moters, the case of the NTHLI gene is thought to be
classified in the pattern C-like, where the leader exons
are overlapping, and the case of the 7SC2 gene in the
pattern B-like, where alternative promoter usage will
result in alternative first exons that will be spliced to a
common second exon (Ayoubi and Van de Ven, 1996).
The promoters of NTHLI and TSC2 genes may be
overlapped or bidirectional. A CpG island is found
between the sequences of the intron 1b of the 7'SC2
gene and the intron 1 of the NTHLI gene. The 5’
flanking region of the NTHLI gene contains consensus
sequences for Spl, Etsl, LBP-1 and others. The 5’
flanking region of the 7.SC2 gene also contains consen-
sus sequences for Spl, Etsl, NF-IL6, AP2 and others.
The putative promoter regions of the NTHLI and
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exon 1
GTTCCCAGTCCCAACAGAATCTTAAACTTCTCCTTCAAGCCTGAATCTTTGCTTGTTGGTTTGGCCATGGTGGACCAGGACGCACCAGAAAACCCCTCTG 200

Meil o 4_0‘_0
(4) (1) (1)
TGCAAACGAAACAGGAATGGGGACATC TGAGCAACACCTCTGCCCACCTTCCCCACTGCGGACCTCCAGCCGTCAGGACCCTGGGTCTCTGGTGGGCATA 300
ACGTTTGCTTTGTCCTTACCCCTGTAGACTCGTTGTGGAGACGGGTGGAAGGGGTGACGCC TGGAGGTCGGCAGTCCTGGGACCCAGAGACCACCCGTAT

ACCTTTCCTCCCACACTCCCTGGGAGAACTCAACTACAGCCCAGCTGACCAGCTCGCAAACAGGCACCTAGGARAGCCCGGGAGACACCAGGCCTGGTCT 400
TGGAAAGGAGGGTGTGAGGGACCCTCTTGAGTTGATGTCGGGTCGACTGGTCGAGCGTTTGTCCGTGGATCCTTTCGGGCCCTCTGTGGTCCGGACCAGA

spl Spl
AGAGAGCTCTCTACTCAGACGCTGCCGCCCGCCCCGCCCGACTCAGTGCACGGGT TAGGACTGCCGCCGCGAAGTCCTGGGAGCCCCGACGTTTGCCGTC 500
TCTCTCGAGAGATGAGTCTGCGACGGCGGGCGGGECGGGCTGAGTCACGTGCCCAATCCTGACGGCGGCGCTTCAGGACCC TCGGGGCTGCAAACGGCAG

spl Spl
TCTCCTCTACCCATGTGAAGCAGGAGCTGTCACGGAGCCGCCTGCAGCAGAGACCCGTTCGCACCCGCCATGACT TARAACTAAGGGATGCTCGGAGCTC 600 TSC2
AGAGGAGATAGGTACAC TTCGTCC TCGACAGTGCC TCGGCGEACETCATCTCTGEGCARGCGTGGGC GG TACTGAAT TR TGAT TCCCTACGAGCC TCGAG exon 1b
[ ]
(2)

CGGAGTCGGGTTGCAGTGGGCGCGGGTGAGGGCCCGGGACCCGGACACTGCGGGGTCCGCCTCTCTAGGCCGCTGCCCCGTGGGGACCGCCACTTGCCCC 700
GCCTCAGCCCAACGTCACCCGCGCCCACTCCCGGGCCCTGGGCCTGTGACGCCCCAGGCGGAGAGATCCGGCGACGGGGCACCCCTGGCGGTGAACGGGG

Spl Etsl
GTGGGGACCGCCACTTACCCCGCGCCGCGCCACCGCGCTCCGGGCCGCCCCGACGCGGAGAAAGGCGCACCCCCCTGGCCCCGGGACGCCGCCGGAAGCG 800 TSC2
CACCCCTGGCGGTGAATAEGGCECEGCEEGETGECECGAGGECCCEGEaGGECTECaCETCTITCCGCGTEEGEGGACCEa8aCCCTECEGCEEECTTCRC exon 1a

. — .
AP-2 <4—
<4 spl <+
(2) P (2) Spl LBP-1
CGACCCGCACTTCCGGTAGCGGCATTGCGCGGAGGGCCGCCTTGGGAGC TTGC TGGGAGTTGTAGTTCTGTGCCGCCCTCTGGCGGARAGGCCGGCGATC 900
EQCTGGGCGTGAAGGCCATCGCCGTAACGCGCCTCCCGGCGGAACCCTCGAACGACCCTCAACATCAAGACACGGCGGGAGACCGCCTTTCCGGCCGCTAG
(<] ————
Etsl (1 (12. (3 Spl
(1) 2> 5 o et
CTTGCATCACGTGACGJGGCCGCATGGGCCGCCGGGATGTGTAGTCCGCAGGAGTCCGGCATGACCGCCTTGAGCGCGAGGATGC TGACCCGGAGCCGGA] 1000
GAACGTAGTGCACTGCCCCGGCGTACCCGGCGGCCCTACACATCAGGCGTCCTCAGGCCGTAC TGGCGGAACTCGCGCTCCTACGACTGGGCCTCGGCCT

NFIL-6 CREB NTHL1
exon 1
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Fig. 3. Putative promoter regions and multiple transcription initiation sites of the NTHLI and TSC2 genes. (A) Nucleotide sequence of the 5
flanking and 5" end region of the human NTHLI gene. Two line sequences complementary to each other are shown. The upper, downward sequence
is the sense strand for NTHLI, and the lower, upward sequence is the sense strand for 7SC2. Open- and shaded-boxed sequences are the NTHLI

and TSC2 exons, respectively, as indicated in the right column. The 5’ ends were determined by the 5" RACE technique (see Section 2.6). The
RACE products were cloned into a pPGEM-T-plasmid vector (Promega), and the positive clones were picked up randomly and sequenced. The 5’
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TSC2 genes both have no typical TATA and CAAT
boxes.

3.5. Northern blot analysis

Northern blot analyses of expression of the NTHLI
and TSC2 genes using the same ‘Northern Blot
Membrane’ showed that all of the examined tissues
express NTHLI/NTHI mRNA as well as TSC2 mRNA,
although the variations of expression levels among
different tissues are high (Fig. 4A,B). The results also
showed the tendency of some tissues (heart and brain),
which show relatively high expression of NTHLI/NTHI
mRNA, to show high expression of T'SC2 mRNA.
Further analysis, in the form of well-controlled experi-
ments, is necessary to better understand these tissue-to-
tissue variations in expression.

4. Discussion

A 19.8 kb genomic fragment containing the NTHLI
gene, a gene for a human homologue (NTHLI/NTHI)
of E. coli endonuclease III, and portions of T.SC2 and
SLCY9A3R2 genes was cloned and sequenced.

The present study confirmed at the sequence level that
the human NTHLI/NTHI gene lies immediately adja-
cent to the 7SC2 gene in a 5-to-5’ orientation as
reported previously (Aspinwall et al., 1997; Hilbert
et al., 1997; Seki et al., 1997; Kobayashi et al., 1997,
Sarker et al., 1998). Genomic deletions at the TSC2
locus on chromosome 16pl13.3 are known to cause
tuberous sclerosis (TSC) (European Chromosome 16
Tuberous Sclerosis Consortium, 1993). TSC is a domi-
nantly inherited hamartomatous disorder characterized
by seizures, mental retardation, skin lesions, eye lesions
and widespread development of hamartomatous and
tumorous growths. The TSC2 gene has also been sug-
gested to function as a tumor suppressor gene, in
accordance with Knudson’s hypothesis (Green et al.,
1994; Yeung et al., 1994). The TSC-associated genomic
deletions at the TSC2 locus are fairly large, frequently
involving not only the 7’SC2 gene but also the neighbor-
ing genes termed OCTS2 and OCTS3 genes (European
Chromosome 16 Tuberous Sclerosis Consortium, 1993).
Recent and present studies on the NTHLI/NTHI gene
revealed that the NTHLI/NTHI gene coincides with the

OCTS3 gene (Aspinwall et al., 1997; Hilbert et al., 1997,
Seki et al., 1997).

Both the NTHLI and TSC2 genes possess such prop-
erties common to housekeeping genes as ubiquitous
expression, putative promoters in a CpG island, multiple
transcription initiation sites and no typical TATA box.
These genes may mutually influence each other’s expres-
sion, because of the fact that putative promoters of both
genes are overlapping (or bidirectional ). The results of
northern blot analysis showed that both NTHLI and
TSC2 genes are expressed ubiquitously, and that there
is a tendency for some tissues showing a relatively high
expression of NTHLI/NTHI mRNA also to show a
high expression of 7SC2 mRNA, although the correla-
tion between their expression levels may not be so tight.

The 3’ flanking sequence (3.8 kb) of the NTHLI gene
contained a 3’ region of the OCTS2 gene, which lies
adjacent to the NTHLI (OCTS3) gene in a 3'-to-3’
orientation (European Chromosome 16 Tuberous
Sclerosis Consortium, 1993). BLAST analyses of the 3’
flanking sequence of the NTHLI gene revealed that the
OCTS?2 gene coincides with the gene for a double PDZ
domain-containing protein variably designated as fol-
lows: Based on the protein properties characterized, it
has been called Na*/H™* exchanger 3 kinase A regula-
tory protein (E3KARP; Yun et al., 1997), SRY-inter-
acting protein 1 (SIP-1; Poulat et al., 1997), tyrosine
kinase activator 1 (TKA-1; Reczek et al., 1997), and
Na*/H* exchanger regulatory factor 2 (NHERF-2
in Data Bases, accession no. AF035771). The
HUGO/GDB-approved human gene symbol for
Na*/H* exchanger 3 (NHE3) is the SLC9A3 [solute
carrier family 9 (sodium/hydrogen exchanger), isoform
A3]. Two regulatory factors (NHERF and
E3KARP/NHERF-2) for the SLC9A3 protein have
been reported (Yun et al., 1997). Therefore, the
SLCY9A3R2 (regulatory factor 2 for the SLC9A3)
is adopted here as the gene symbol for the OCTS?2
gene encoding E3KARP/NHERF-2. The human
SLC9A3R2/OCTS?2 gene consists of seven exons span-
ning 11.5kb (Seki et al., unpublished results). The 3’
flanking sequence (3.8 kb) of the NTHLI gene contained
exons 3 through 7 of the SLC9A3R2 gene.

Combining the present results with the previous infor-
mation (European Chromosome 16 Tuberous Sclerosis
Consortium, 1993) on genomic organization of poly-
cystic kidney disease 1 (PKDI) and TSC2 genes, these

ends determined are indicated by open and dark circles. The number in brackets over or under each circle indicates the number of independent
clones in which the 5" end of the insert was located at this position. Within these positions, dark circles indicate the positions assigned by the 5’
RACE products having an extra G residue which is thought to be derived from the terminal cap G nucleotides. Arrows indicate the direction of
transcription. The codons indicated by Met over the NTHL! exon 1 sequence and under the 7.SC2 exon | sequence indicate the translation
initiation sites for the NTHLI and TSC2 genes, respectively. Consensus sequences of potential binding sites for some transcription factors are
indicated with double lines. (B) Structural organization of 5’ end regions of TSC2 transcripts. Exons are depicted as boxes. Coding regions are
shaded. Intervening sequences are depicted by solid lines. Dotted lines connecting exons indicate splicing patterns.
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Fig. 4. Expression of NTHLI and TSC2 genes in human tissues. (A)
Northern blot analyses. Polyadenylated RNA obtained from the indi-
cated human tissues was electrophoresed at 2 pg in each lane and
blotted on a nylon membrane (‘Human Multiple Tissue Northern
Blot’, Clontech). The membrane was hybridized with the 3?P-labeled
NTHLI/NTHI c¢cDNA probe and later with the 3?P-labeled 7'SC2
cDNA probe. The same membrane was rehybridized with the cDNA
probe for the human S26 ribosomal protein to correct for the amount
of mRNA loaded. The smaller massage (~0.5 kb) present only in liver
may be due to alternate splicing or specific degradation. (B) Relative
levels of NTHLI and TSC2 mRNAs in various tissues.
Autoradiograms of the northern blots shown above were scanned and
hybridization signals were quantified using a densitometric software
(Intelligent Quantifier, Bio Image). Data were normalized against the
S26 ribosomal standard.

genes on chromosome 16p13.3 are arranged in order of
PKDI, TSC2, NTHLI and SLC9A3R2/OCTS2 genes
from centromere to telomere, and the gene orientations
are 3'-to-3’ between the PKDI and TSC2 genes, 5'-to-5'
between TSC2 and NTHLI, and 3’-to-3’ between
NTHLI and SLC9A43R2/OCTS2 (Fig.2). Considering
the fact that tuberous sclerosis-associated deletion at
16p13.3 is fairly large and frequently involves deletion
of the NTHLI/NTHI1/OCTS3 and SLC9A4A3R2/OCTS?2
genes in addition to the deletion of the T'SC2 gene
(European Chromosome 16 Tuberous Sclerosis
Consortium, 1993), some of a wide variety of signs,
symptoms and complications observed in TSC patients
may be caused by abnormal NTHLI/NTHI and/or
SLCY9A3R2/OCTS?2 gene products.

The present study will further facilitate our under-
standing of the genetic bases of tuberous sclerosis as
well as the products of the NTHLI/NTHI and
SLCY9A3R2/OCTS?2 genes.

5. Note

The nucleotide sequence data reported in this paper
have been deposited in the GSDB, DDBJ, EMBL, and
NCBI nucleotide databases under the accession no.
AB014460.
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