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ABSTRACT rig (rat insulinoma gene) was first isolated
from a cDNA library of rat insulinomas and has been found to
be activated in various human tumors such as Insulinomas,
esophageal cancers, and colon cancers. Here we isolated the
human homologue of rig from a genomic DNA library con-
structed from a human esophageal carcinoma and determined
its complete nucleotide sequence. The gene is composed of
about 3000 nucleotides and divided into four exons separated
by three introns: exon 3 encodes the nuclear location signal and
the DNA-binding domain ofthe RIG protein. The transcription
initiation site was located at -46 base pairs upstream from the
first ATG codon. The 5'-flanking region of the gene has no
apparent TATA-box or CAAT-box sequence. However, two
GC boxes are found at -189 and -30 base pairs upstream from
the transcription initiation site and five GC boxes are also
found in introns 1 and 2. The gene is bounded in the 5' region
by CpG islands, regions of DNA with a high GC content and
a high frequency of CpG dinucleotides relative to the bulk
genome. Furthermore, the human genome contains at least six
copies of RIG pseudogenes, and four of them have the char-
acteristics of processed pseudogenes. From these results to-
gether with the finding that RIG is expressed in a wide variety
of tissues and cells, we speculate that RIG belongs to the class
of "housekeeping" genes, whose products are necessary for the
growth of all cell types.

rig (rat insulinoma gene) has been isolated from a cDNA
library of rat insulinomas (1) induced by the combined
administration of streptozotocin and a poly(ADP-ribose)
synthetase inhibitor (2, 3). rig encodes a 145-amino acid
protein that contains a nuclear location signal and a DNA-
binding domain (1, 4). rig was highly expressed not only in the
chemically induced rat insulinomas but also in a BK virus-
induced hamster insulinoma and spontaneously occurring
human insulinomas (4, 5). The 145-amino acid sequence
deduced from the cDNA sequences remained invariant in rat,
hamster, and human proteins, suggesting that rig has evolved
under extraordinarily strong selective constraints (4). Micro-
injection of antisense oligonucleotides complementary to rig
mRNA suppressed DNA synthesis in hamster insulinoma
cells (4). RIG was also activated in various human tumors
such as esophageal cancers and colon cancers (6). Moreover,
we have found that rig is transiently expressed in rat regen-
erating liver and in synchronously cultured rat hepatocytes:
rig expression was stimulated prior to DNA synthesis and
RIG protein accumulated in the nucleus during the S phase of
the cell cycle (7). These results suggest that rig can be
involved in a more general way in cell growth or replication
(6, 8).

In the present study, we have isolated genomic RIG from
a DNA library derived from a human esophageal carcinoma
and determined the complete nucleotide sequencet Avail-
able data suggest that RIG belongs to the class of "house-
keeping" genes, whose products are necessary for the growth
of all cell types.

MATERIALS AND METHODS
Materials. A tumor-containing portion of the esophagus

was obtained from a patient (52-year-old male) at Tohoku
University Hospital (Sendai) under an approved protocol.
The tumor, diagnosed as squamous cell carcinoma of the
esophagus, and the normal esophageal mucosa were excised
from the surgical specimen and kept frozen below -80'C
until the isolation of nucleic acids. Deoxycytidine 5'-[a-
32P]triphosphate ([a-32P]dCTP) (3000 Ci/mmol; 1 Ci = 37
GBq), cytidine 5'-[a-32P]triphosphate ([a-32P]CTP) (800 Ci/
mmol), and a Multiprime DNA labeling system were pur-
chased from Amersham. AEMBL3, AEMBL4, AgtlO, pBS,
and T7 RNA polymerase were from Stratagene. Restriction
enzymes, T4 DNA ligase, Klenow fragment of DNA poly-
merase I, and reverse transcriptase were from Takara Shuzo
(Kyoto).
RNA Extraction and Northern Blot Analysis. Total cellular

RNA was extracted as described (9), electrophoresed on a
1.5% (wt/vol) agarose gel containing 1.1 M formaldehyde,
and transferred onto a nitrocellulose membrane filter. The
filter was hybridized (10) to an RNA probe that had been
synthesized (11) from human RIG cDNA insert in pBS (4) in
the antisense orientation with T7 RNA polymerase and
[a-32P]CTP.
DNA Extraction and Southern Blot Analysis. High molec-

ular weightDNA was extracted from tissues as described (12)
and digested with restriction endonucleases. The digested
DNA was electrophoresed on a 0.8% (wt/vol) agarose gel and
transferred onto nitrocellulose filters (13, 14). Filters were
hybridized (15) to a cDNA probe that had been labeled in the
presence of [a-32P]dCTP by the random priming method (16)
to a specific activity of 1-2 x 109 cpm/.ug. The cDNA probe
was the 500-base pair (bp) EcoRI fragment of human RIG
cDNA that had been isolated from a human pancreas cDNA
library (17): the EcoRI fragment contains the entire coding
region of the cDNA.

Isolation of Genomic Clones. Three different genomic li-
braries were constructed from the esophageal carcinoma
DNA. The first library was constructed as described (18) with
the partially Sau3AI-digested DNA, which was ligated to
bacteriophage AEMBL3 DNA, packaged in vitro, and prop-
agated in P2392, a strain ofEscherichia coli K-12. The second
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library was constructed with the completely Dra I-digested,
size-fractionated DNA [9-23 kilobase pairs (kbp)] and
AEMBL4 in P2392, and the third library was constructed with
the Dra I-digested, size-fractionated DNA (5.5-7.5 kbp) and
Agt1O in E. coli Y1089. Libraries were screened as described
(19) with the 32P-labeled 500-bp EcoRI fragment of human
RIG cDNA. Positively hybridized clones were plaque-
purified and DNA was isolated from the recombinant phages
as described (20).

Nucleotide Sequencing. Cloned DNA was cleaved with
various restriction endonucleases and subcloned into pBS
vector. The nucleotide sequences of restriction fragments
were determined by the dideoxy chain-termination method
using deoxy-7-deazaguanosine triphosphate as a substrate
(21, 22).

RESULTS
Northern and Southern Blot Analyses of a Human Esopha-

geal Carcinoma. We analyzed RNAs from a surgically re-
moved human esophageal carcinoma and from its normal
counterpart (i.e., esophageal epithelium) from the same pa-
tient using human RIG cDNA as probe. As shown in Fig. 1A,
an RNA species that hybridized to RIG cDNA was present
at a much higher level in the carcinoma than in the normal
counterpart. The RNA was 0.7 kb long, the same size as
human RIG mRNA in insulinomas (4). In Southern blot
analysis of genomic DNA from the carcinoma (Fig. 1B),
BamHI, Bgl II, Dra I, EcoRI, EcoRV, HincIl, Hpa I, and
Xmn I generated several restriction fragments that hybridized
to human RIG cDNA. Southern blots ofDra I-digested DNA
from the normal counterpart showed the same pattern of
positive bands (14.0, 6.8, 4.0, 3.2, 1.8, 1.0, and 0.8 kbp) as
that obtained with the carcinoma DNA (Fig. 1C), indicating
that the gene had been neither amplified nor extensively
rearranged in the carcinoma.

Isolation and Nucleotide Sequence Determination of Human
RIG. A genomic DNA library constructed with 5.5- to 7.5-kbp
fragments ofDra I-digested esophageal carcinoma DNA and
AgtlO was screened with human RIG cDNA as probe. Six
positively hybridized clones were isolated, and these clones
were found to have an insert with the same restriction map
and thought to correspond to the 6.8-kbp Dra I fragment
shown in Fig. 1C. The DNA insert was excised from the
vector DNA and subcloned. As shown in Fig. 2, all of the
bases of the 2.8-kbp fragment (nucleotides -549 to 2313)

A
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were sequenced. Comparison of the genomic sequence with
the human RIG cDNA sequence (4) revealed that the coding
region is divided into four exons separated by three introns:
the nucleotide sequence of the coding region of the gene is
identical to that of the cDNA. As shown in Fig. 2B, exon 1
of the gene is 49 bp long and encodes the 5'-untranslated
region of the RIG mRNA and the initiator methionine. Exon
2 is 86 bp long and encodes the amino-terminal portion of the
RIG protein. Exon 3 is the longest exon at 235 bp long and
encodes both the nuclear location signal and the DNA-
binding domain of the RIG protein (4). Exon 4, 145 bp long,
encodes the carboxyl-terminal portion of the protein and the
3'-untranslated region of the mRNA. Introns 1, 2, and 3 are
377, 1125, and 94 bp long, respectively. All exon-intron
junctions conform to the "GT-AG" rule (24). Alu sequences
were found at the 5' end of the sequence (nucleotides -549
to -500) and in the middle of intron 2 (nucleotides 901-1310).

Features of the Promoter Region ofHumanRIG. A synthetic
oligonucleotide was used in a primer extension reaction to
define the 5' end of the gene transcript. As shown in Fig. 3,
a primer-extended product 35 nucleotides in length was
obtained with RNA from a human esophageal carcinoma. S1
nuclease mapping was used to further define the end of RIG
mRNA molecules and similar results were obtained (data not
shown). Thus, we concluded that the cap site was at the C/G
pair, 46 bp upstream from the first ATG codon (Fig. 2B).
Neither apparent TATA-box nor CAAT-box sequences ex-
isted in the 540-bp 5'-flanking region, but two GC-box
sequences were found 189 and 30 bp upstream from the cap
site. GC-box sequences were also found in introns 1 and 2.
Upstream from the transcription initiation site, there were
several kinds of direct or inverted repeats: TTTTTGTA, at
nucleotides -496 to -489, -455 to -448, -445 to -438;
TTlT-AT, at -486 to -481, -478 to -473, -391 to -386;
TCCCAC.GTGGGA, at -311 to -299; GACTT.
AAGTC, at -182 to -168; GGCGCG.... CGCGCC, at -81
to -66; GTGCGCGCAC, at -48 to -39. A heptamer se-
quence, GTAGGCG, found in the human hypoxanthine phos-
phoribosyltransferase gene promoter (25), was noted at po-
sition -265. The DNA sequence from the 5'-flanking region
201 bp upstream from the transcription initiation site to intron
2 (nucleotides -201 to 664) has an average G+C content of
as high as 70% (Fig. 4). Furthermore, within this segment of
the gene the ratio of observed to expected frequencies of the
CpG dinucleotide was found to be extremely high, with the
average value of 1.00 (Fig. 4) indicating that there has been
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FIG. 1. (A) Northern blot analysis ofRIG mRNA in human esophageal mucosa and carcinoma. Lanes 1 and 2, RNA from human esophageal
mucosa (12.5 and 25 ,ug, respectively); lanes 3 and 4, RNA from human esophageal carcinoma (12.5 and 25 ,ug, respectively). Bars indicate 28S,
18S, and 4S RNAs on the same gel. (B) Southern blot analysis of human genomic RIG. Ten micrograms of DNA from human esophageal
carcinoma was digested with BamHI (lane 1), Bgl II (lane 2), Dra I (lane 3), EcoRI (lane 4), EcoRV (lane 5), HincIl (lane 6), Hpa I (lane 7),
and Xmn I (lane 8) and hybridized with human RIG cDNA. Molecular standard markers are indicated at the right in kbp. (C) Southern blot
analysis ofDra I-digested DNA. Ten micrograms ofDNA from human esophageal mucosa (lane 1) and carcinoma (lane 2) from the same patient
was digested with Dra I and hybridized with human RIG cDNA. The size of each hybridizing band is indicated at the right in kbp.
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FIG. 2. (Legend appears at the bottom of the opposite page.)
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FIG. 3. Mapping of the transcription initiation site by primer
extension analysis. Primer extension analysis was performed as
described (19). A synthetic 18-mer (5'-CTCAGAAGAGATCGC-
TTT-3') complementary to the 5' end of human RIG cDNA (4) was
5' end-labeled with [y-32P]ATP and T4 polynucleotide kinase. The
labeled primer was hybridized to esophageal carcinoma RNA and
extended by reverse transcriptase. Dideoxy sequencing reaction
using the same 18-mer primer described above was performed to
align the extended fragment. Primer-extended products and dideoxy
sequencing reaction products were electrophoresed on a 5% poly-
acrylamide/8.3 M urea gel. Lanes 1, 2, 3, and 4, A, C, G, and T of
a sequencing ladder, respectively; lane 5, primer extension experi-
ment; lane 6, primer extension control experiment without RNA;
lane 7, labeled primer. Three DNA bands differing in length by one
nucleotide each were detected (lane 5) and the cytosine residue
corresponding to the largest band was defined as the transcription
initiation site and labeled +1. The nucleotide sequence of the sense
strand and nucleotide numbers are indicated at the left.

very little suppression of this dinucleotide in the 5' region of
the gene. The further upstream portion of the 5'-flanking
region (nucleotides -549 to -202) and the middle portion of
intron 2 containing an Alu sequence (nucleotides 665-1415)
had relatively low G+C contents (46% and 55%, respective-
ly). The G+C content in the 3' region of the gene containing
exons 3 and 4 and intron 3 (nucleotides 1416-2313) was 63%.
Human RIG Pseudogenes. As shown in Fig. 1C, Southern

blot analysis ofDra I-digested DNA showed several positive
bands that hybridized to human RIG cDNA at stringent
criterion, suggesting that human genomic RIG consists of a
multigene family and/or that several copies of the pseudo-
genes exist in the human genome. We constructed a DNA
library with Sau3AI partially digested esophageal carcinoma
DNA and AEMBL3 and screened it with human RIG cDNA
as probe. Twenty-one positively hybridized clones were
plaque-purified and the phage DNAs were digested with Dra
I. Southern blot hybridization revealed that the DNA library
contained five types of independent clones and that these
clones contained DNA fragments of 4.0, 3.2, 1.8, 1.0, and 0.8
kbp, as seen in Fig. 1C. Another genomic library, constructed
with the 9- to 23-kbp Dra I fragments of the esophageal
carcinoma DNA and AEMBL4, was found to contain an
additional clone that corresponded to the 14-kbp Dra I

fragment shown in Fig. 1C. Thus, all of the members of the
RIG family that appeared on the Southern blots have now
been accounted for.
To see the nature of the members of the RIG family, entire

nucleotide sequences were determined for genomic clones
1.8 and 1.0, which contained 1.8-kbp and 1.0-kbp Dra I
fragments, respectively, and partial sequences of genomic
clones 4.0, 3.2, and 0.8, which contained 4.0-, 3.2-, and
0.8-kbp Dra I fragments, respectively, were also obtained
(data not shown). Although clones 4.0, 3.2, 1.8, and 0.8 had
nucleotide sequences homologous to human RIG cDNA,
they did not contain any introns and possessed a stretch of
adenylic acid residues shortly downstream from the poly(A)
consensus sequence, all of which are characteristic of the
processed type ofpseudogene (27,28). Clone 1.0 had a 180-bp
sequence highly homologous (87%) to nucleotide sequence
133-312 of the RIG cDNA (4). Clone 14, which contained the
14-kbp Dra I fragment, was regarded as a pseudogene or a
related sequence, because some oligonucleotide primers spe-
cific to human RIG cDNA did not work on the insert of this
clone in the dideoxy sequencing reactions.

DISCUSSION
Several copies ofRIG found in the human genome have been
characterized. One has the characteristics of a functional
gene, and six have been identified as pseudogenes. The
functional gene has four exons and three introns, and the
nucleotide sequences at the exon-intron boundaries are
similar to the consensus sequences found in many eukaryotic
gene sequences (24). The nucleotide sequences of the exons
are identical to the RIG cDNA sequences (4). A single size
class of mRNA (0.7 kb) was detected by RNA blotting (Fig.
LA). When the same filter in Fig. 1B was hybridized using the
BamHI fragment of intron 1 ofhuman RIG (Fig. 2A) as probe,
only a single band was detected in each digest (data not
shown). These results indicate that there is a single copy of
the functional RIG in a haploid set of the human genome and
that RIG mRNA is transcribed from this gene.

In the 5'-flanking region of human RIG there is no typical
TATA or CAAT sequence. This is consistent with the 5'
sequences of housekeeping genes, such as hypoxanthine
phosphoribosyltransferase (25), adenosine deaminase (37),
and dihydrofolate reductase genes (29, 30). The most char-
acteristic feature of the gene is its extraordinarily high GC
content. The 5'-flanking region, exon 1, intron 1, exon 2, and
the 5' portion of intron 2 are particularly rich in G+C, and
these regions contain "CpG islands" (Fig. 4), regions ofDNA
with a high GC content and a high frequency of CpG
dinucleotides relative to the bulk genome (26, 31, 32). Seven
copies of GGGCGG, a basic motif of Spl-binding sites (33),
are found in the CpG islands at positions -189 to -184, -30
to -25, 191-196, 517-522, 575-580, 583-588, and 613-618
(Fig. 2B), and the second sequence, GGGGCGGGAC, at 30
bp upstream from the transcription initiation site is com-
pletely identical with the consensus sequence of Spl-binding
sites (34, 35), suggesting that expression of the gene may be
regulated by binding of the transcription factor Spl. There-
fore, as the gene is expressed in all tissues and cells so far

FIG. 2 (on opposite page). (A) Restriction map and sequencing strategy of human RIG. The direction of transcription is from left to right.
Restriction sites are shown on the top: B, BamHI; D, Dra I; E, EcoRI; K, Kpn I; P, Pst I; S, Sac 1. Exons are indicated by open boxes
(untranslated regions) and by closed boxes (protein coding regions). Arrows indicate the direction and the extent of sequence determination.
Open circles indicate synthetic primers. (B) Nucleotide sequence of human RIG. The nucleotide sequence of the sense strand is shown.
Nucleotide residues are numbered in the 5'-- 3' direction, beginning with the transcription initiation site, and nucleotides on the 5' side of residue
1 are indicated by negative numbers. Exons are indicated by thick solid line boxes. The ATG codon for initiator methionine and the TAA
termination codon are indicated by asterisks. The amino acid sequence is shown above the nucleotide sequence. GC boxes are indicated by
double underlines. Direct repeats are indicated as follows: TTlTGTA, thin underline; TTTTAT, dotted underline. Inverted repeats are indicated
by an underline with arrowhead. Sequences homologous to Alu consensus sequence (23) are indicated by underline.
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