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The nuclear factor 1 (NF1) protein family functions as a cellular transcription factor as well
as an adenovirus DNA replication factor. This family consists of four subtypes, NFI-A,
NFI-B, NFI-C, and NFI-X, each encoded by a different gene. Each subtype possesses
different isoforms generated by alternative splicing. To date, only a porcine NFI-C gene has
been cloned, and the gene structures of the other NF1 proteins have not yet been identified.
We recently isolated four kinds of NFI-A cDNA clones from the rat liver. To gain additional
insight into the structure of NFI-A, we isolated the rat NFI-A gene. This gene is composed
of 11 exons spanning over 70 kb. All of the exon/intron boundaries are consistent with the
GT/AG rule, and consensus sequences surrounding the splice boundaries are also found.
The 5'-flanking region lacks a canonical TATA box, but contains several GC-box and AP2
binding sites. A 5-rapid amplification of cDNA end analysis indicated that the transcrip-
tion of the NFI-A gene is initiated at multiple sites. We also found conservation in the
genomic structure between the rat NFI-A and the porcine NFI-C, suggesting that duplica-
tion of an ancestral gene occurred rather recently to produce the NFI-A and NFI-C genes.
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Nuclear factor 1 (NF1) was originally described as a DNA
binding protein purified from HeLa cells that stimulates
the replication of adenovirus DNA in vitro (1, 2). It was
subsequently demonstrated that NF1 also activates tran-
scription for the promoters of the human <*-globin (3),
human papillomavirus type 16 (4), and mouse myelin basic
protein genes (5), and inactivates the transcription of the
rat glutathione transferase P gene (6).

In vertebrates, the NF1 family of proteins consists of
four subtypes, NFI-A, NFI-B, NFI-C, and NFI-X, each of
which is encoded by a different gene (7, 8). In addition, each
subtype possesses different isoforms generated by alterna-
tive splicing (5-7, 9). All of the NF1 polypeptides iden-
tified thus far display a conserved amino-terminal domain
and can be distinguished through their divergent carboxy-
terminal regions. The amino-terminal parts of NF1 pro-
teins contain the domain for DNA-binding, dimerization,
and replication functions, while the carboxy-terminal
domain is involved in the regulation of transcription (10,
11).

We recently identified four kinds of NFI-A cDNA clones
(NFI-A1, NFI-A2, NFI-A3, and NFI-A4) from rat liver
(6). NFI-A1 had no deleted region compared with NFI-A2,
NFI-A3, and NFI-A4. It is unclear which exons are deleted
in the latter three splicing isoforms, since only a porcine
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NFI-C gene has been cloned, and the gene structures of
other NF1 proteins are not yet known (12).

To gain additional insight into the structure of NFI-A as
well as to approach the question of how NFI-A gene
expression is regulated, it is necessary to determine the rat
NFI-A gene structure. Here we present the complete
genomic organization of the rat NFI-A gene, including the
complete exon/intron boundaries and the 5'-flanking re-
gion. The results of our investigation revealed a gene
comprised of 11 exons and spanning more than 70 kb of
genomic DNA. The putative promoter was located within a
G+C-rich region which lacks a canonical TATA box and
contains several Spl binding sites. Our 5'-rapid amplifica-
tion of cDNA end (RACE) assay revealed multiple tran-
scription initiation sites, a typical characteristic of a
TATA-less gene promoter as found in housekeeping genes.

MATERIALS AND METHODS

Screening of Genomic Library and Sequence Analysis—
An EMBL3 SP6/T7 genomic DNA library from adult
Sprague-Dawley male rat liver (Clontech Lab., Palo Alto,
CA, USA) was probed with the rat NFI-A cDNA fragments
generated by restriction enzyme digestion or polymerase
chain reaction (PCR). To isolate the entire rat NFI-A gene,
3.3 xlO6 recombinant phage clones were screened. The
probes were labeled using a BcaBEST Labeling Kit (Ta-
KaRa, Kyoto) and O-32P]dCTP (Amersham, Buckingham-
shire, England). Positive clones were purified, and the DNA
fragment from each clone was isolated. The DNA frag-
ments including exons were identified by Southern blot
analysis and cloned into pBluescript vector. The nucleotide
sequence was determined by an automated DNA sequencer
DSQ 1000 (Shimadzu, Kyoto) and the dideoxy method
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using 32P (23).
Long and Accurate PCR (LA PCR)—LA PCR was

employed to determine the intron sizes. The reaction was
performed on 1 ng of phage DNA or 250 ng of genomic DNA

from rat liver in 50 //I containing 1X LA PCR buffer, 2.5
MM MgCl2> 400,/M dNTP, 0.2 pM each primer, and 2.5
units of LA Taq DNA polymerase (TaKaRa). The PCR was
run for 30 cycles as follows: denaturing at 94°C for 1 min;
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I
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BstXI(1132)
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probe 3 •

probe 2 •
623 bp

703 bp

probe 4 '
650 bp

probe 5 •
303 bp

probe 6
120 bp

B 10 kb

ATG
A77(~14kb) A 251 (~14kb)

A0(~15kb)

X 12 (~ 13 kb)

X 252 ( -15 kb)

8 9^—v
X 294 (~ 14 kb)

A 201 (~14kb)

10 11

144 (~14kb) Stop

X 165 (~ 16 kb)

Fig. 1. Structure and organization of the gene encoding rat
NFI-A. (A) Schematic representation of the probes used for the
screening of the rat NFI-A gene. The upper panel shows a diagram of
the cDN A isolated previously (6). The slanting-striped box represents
the open reading frame and the closed boxes indicate 5'- and 3'-un-
translated regions, respectively. The lower panel shows the positions
of the probes for screening which were generated by the restriction

enzyme digestion of the NFI-A cDNA (probes 1, 2, and 3) or PCR
(probes 4, 5, and 6). (B) Schematic representation of the rat NFI-A
genomic structure. The boxes show the exons with the relative size and
the positions in the rat NFI-A gene. Numerals above the boxes
indicate exon numbers. The DNA fragments isolated from nine
overlapping phage clones are represented in the lower part of the
figure. The checkered boxes show the 5'- and 3'-untranslated regions.
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Fig. 2. Schematic representation
of the rat NFI-A cDNA isoforms.
Numerals indicate the exons. The
checkered boxes show exons, and the
open boxes indicate 5'- and 3'-un-
translated regions. The frame-shifted
region in NFI-A4 is marked by a
slanting-striped box. The o'-terminal
portion of NFI-A4 has not been iso-
lated yet. Filled and open triangles
represent the start and stop points of
translation, respectively.
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annealing at 59-62°C (depending on the primer length) for
1 min; and extension at 72°C for 2 or 4 min (depending on

the product length). The products were applied to 0.7%
agarose gels, and their sizes were estimated by comparison

TABLE I. Oligonucleotides used for determination of NFI-A gene structure.
Sequence (5—3) GC% Position"

S-91
S-81
S-72
S-88
S-92
S-93
S-94
S-95
S-63
S-96
S-89
S-97
S-98
S-99
S-101
S-102
S-103
S-104
S-105
S-106
S-107
S- 64
S-108

CCGAGTTGGAAATGTGAACGCA
AGACAGAGCGGAGAATACAT
TCGGGTCGGATATCTTTCCG
GTCATGGTGATCTTGTT
AGTCAATCTGAAAGTCCCAGCC
TCTGGCTGGTCCTTAATGTCAG
ACATTTGGGCTTCCAGGACAGC
TGACACTCTTACTAGCTCAGTC
AGGAACCGGCCCCAATTTTT
TGGTAGAGGATGTGCTGGGTAG
GGTGAAGAACCATTTTACACAGGCC
GGCTCTACTTCATGCCATCCGC
ATGCCATCTCCAACCACTCTGA
TCCTGTTATGACAGGTCGGTGA
CATCGACTCTCCACTTTCCAACGTC
GGCAGACAAGTTGGACAAACTCCTTC
GTTCCTCAATCCCAATGGAAGCAGT
AGGCTGCACCGCCTTCTGTTGATGTG
CGCAAACCGATTCGTCAGTGTTGGA
GTCTGTTGAGGGATATTTACAAAGC
GGTACCTGGGATAAAAGTTGCAGCG
AGGATGGTGGGACGCTGCAA
GTTGAGGTTGCGTCCATGTTACAGA

50
45
55
41
50
50
54
45
45
54
48
59
50
50
52
50
48
57
52
40
52
60
48

-155—33
1-20

237-257
394-410
564-586
599-620
627-648
675-696
714-733
795-817
865-889
923-944
949-970
1047-1068
1094-1118
1188-1213
1245-1269
1380-1405
1446-1470
1484-1508
1513-1541
1534-1553
1583-1607

"Position +1 is the A residue of the translation start codon.

TABLE II. Nucleotide sequences of the exon/intron boundaries in the rat NFI-A gene.8

No.
1
2
3
4
5
6
7
8
9

10
11

Exon size (bp)
320
532

66
75

118
128
129
179
166
91

>150

5' splice donor
ACCCAG
CAGCAG
AAAATG
CACAAA
TACCAG
AGCCAG
CGACAG
CTCAAT
CACCGA
GACACA
CTGGGA

gtaact
gtaagt
gtaagt
gtaagt
g taa t t
gtgagc
gtagtt
gtaagg
gtgagt
gtgggc

Intron size (kb)
~ 9.0
~ 2 0
~ 7.0
~ 5.5
~ 6.6
~ 8.0
~ 6.0
~ 2.3
~ 6.5
~ 8.0

3' splice acceptor
ccctag
t t t cag
ccacag
ctctag
tttcag
tgccag
ttgtag
ttgcag
tcacag
ttccag

GATGAG
GATTCA
GACATT
CACCAA
CTCTAG
GCATGC
CAAGCC
CCCAAT
CCTACT
GTCCTG

"The nucleotide sequence of each exon/intron boundary and the sizes of the exon and the intron are shown. Exon sequences are in capital letters;
intron sequences are in lower case letters.

TABLE III. Frequency

G
A
T
C
NFI-A
Consensus

of nucleotides at the exon/intron

G
A
T
C
NFI-A
Consensus

- 1 7

1
0
9
0
T
Y

- 1 6

2
1
6
1
T
Y

- 1 5

0
2
4
4

Y
Y

- 1 4

1
0
7
2
Y
Y

+ 4
1
2
0
7
C
N

- 1 3

0
0
6
4
Y
Y

boundaries

Exon
+ 3
0
4
0
6

A/C
A/C

- 1 2

0
0
8
2
T
Y

+ 2
1
7
1
1
A
A

- 1 1

2
1
5
2
Y
Y

+ 1
6
3
1
0
G
G

in the rat NFI-A gene."
Donor frequencies

- 1

10
0
0
0
G
G

Acceptor
Intron

- 1 0

1
2
5
1
T
Y

- 9
2
0
6
2

Y
Y

- 8 - 7
0 0
0 0
6 8
4 2
Y Y
Y Y

- 2

0
0
10
0
T
T

Intron
- 3

3
7
0
0
A
R

frequencies

' - 6
0
0
7
3
Y
Y

- 5
1
0
6
3
Y
Y

- 4

2
8
0
0
A
A

- 4

2
2
2
4
N
N

- 5

7
0
2
1

G
G

- 3
0
0
3
7
Y
Y

- 6

1
0
7
2
T
T

- 2
0
10
0
0
A
A

- 1

10
0
0
0
G
G

+ 1
5
0
0
5

G/C
G

Exon
+ 2
0
5
2
3
N
N

+ 3
0
2
3
5
N
N

+4
2
3
3
2
N
N

"The frequencies of the different nucleotides at the exon/intron boundaries of the rat NFI-A gene are compared with the consensus sequence
(20). Splice junctions are between —1 and + 1 . N, any nucleotide; R, purine; Y, pyrimidine.
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with the size markers of A DNA and pBluescript digested
with ffmdIII and Hpall, respectively.

Analysis of the Transcription Start Site—The transcrip-
tion start site was determined by 5'-RACE PCR according
to the manufacturer's instructions (Clontech, Palo Alto,
California, USA). Five micrograms of total RNA extracted
from rat liver was used as the substrate for the first-strand
cDNA synthesis. Second-strand synthesis was performed
and then an adapter was attached. The PCR was then
performed using the adapter-specific primer 1 (API) and
oligonucleotide S-123 as described below.

API: 5'-CCATCCTAATACGACTCACTATAGGGC-3'
S-123: 5'-CGCTGAACTTTAACCCCGCCTAGAGTTT-

CC-3'

Plasmid Construction—The fragment containing —597
to +130 was inserted into the Xhol site and the HmdIII
site in a promoter-less luciferase vector, PGV-B (Toyo Ink
Mfg., Tokyo) according to the standard protocol (14). The
constructs used here were checked by sequencing according
to the dideoxy method using denatured plasmid templates
(13).

Cell Culture, Transfection, and Luciferase Assay—HeLa
cells were cultured in minimal essential medium (MEM),
containing 10% fetal bovine serum (FBS). The cells were
transfected by the calcium phosphate co-precipitation
technique described by Chen and Okayama (15) using 5.5
Hg of reporter plasmid DNA and 0.5 jug of pRSVGAL, a
eukaryotic expression vector that contains the Escherichia
coli y3-galactosidase structural gene controlled by the Rous
sarcoma virus long-terminal repeat, as an internal control.
The cells were harvested after a 40-h incubation following
the transfection, and the luciferase activities were deter-
mined with Pikka Gene (Toyo Ink). The transfection ex-
periment was performed three times using two different
preparations of DNA, and the results are presented as
mean values for the luciferase activity relative to /J-ga-
lactosidase activity with standard deviations. The activity
of /?-galactosidase was assayed as described (16).

RNA Isolation and Northern Blot Analysis—Total RNA
from the rat brain was extracted using TRIzol (Gibco BRL
Life Technologies, Grand Island, NY, USA). For the
Northern blot analysis, 30 jig of total RNA was electro-
phoresed on a 1.0% agarose gel containing 2% formalde-
hyde, and then transferred to a nitrocellulose filter (Schlei-
cher & Schuell, Dassel, Germany). The upstream regions of
rat NFI-A genomic DNA were used as a probe for the
hybridization.

RESULTS AND DISCUSSION

Isolation of the NFI-A Genomic Clones—Our initial
screening of an EMBL3 SP/T7 library of rat genomic DNA
using a 439-bp-long fragment of the EcoRl/Scal fragment
as a hybridization probe (which corresponds to nucleo-
tide - 6/ + 433 of the NFI-A cDNA sequence from the ATG
translation start codon) (Fig. 1A) identified one positive
clone, X 0. This clone, however, only contained exon 2 of the
NFI-A gene based on the result of sequencing. To isolate
the entire rat NFI-A gene, five other DNA fragments cor-
responding to different regions of NFI-A cDNA (Fig. 1A)
were employed, and about 300 positive clones were ob-
tained. According to the results of PCR analyses using

oligonucleotide primers which were based on estimated
exon sequences, eight clones were further analyzed (Fig.
IB). The genomic structure was investigated by subcloning
phage DNA into pBluescript. The exon/intron boundaries
were sequenced by using the exon-specific oligonucleotide
primers shown in Table I. The intron sizes were estimated

x
x
x
x
x
x
x
x
x
x
x
x
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x
x
XX
XX
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• •• •
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B
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-1034 -597 -262 t i «130
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Fig. 3. Mapping of the transcription start sites of the NFI-A
gene. (A) The result of sequencing of 5'-RACE PCR products. The 5'
ends of 25 clones are shown by X on the NFI-A gene sequence. Since
13 of the 25 clones were localized at the C residue at 293 bp upstream
from the translation start codon, this nucleotide was designated the
transcription start site of the NFI-A gene. (B) Northern blotting
analysis of NFI-A mRNA. Three probes which covered the transcrip-
tion start site and a further upstream region are shown in the lower
panel. The first and second probes covered —1034 to — 598 and — 597
to -263 of the NFI-A gene, respectively (lanes 1 and 2). The third
probe covered —262 to +130 of this gene (lane 3), which contains the
assigned transcription start site. (C) Promoter activity of the 5'-flank-
ing region of the NFI-A gene. The left and right panels show the
schematic structures of the constructs and the results of the luciferase
assay, respectively. The fragment containing —597 to +130 was
subcloned into PGV-B, a promoter-less luciferase vector, in normal
orientation as well as reverse orientation. These plasmids were
transfected into HeLa cells and the luciferase activities were deter-
mined. The data are the mean values for the luciferase activity
relative to /S-galactosidase activity with standard deviations.
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Structure of Rat Nuclear Factor I-A Gene 799

by combining the results of the LA PCR and Southern
blotting.

According to the NFI-A cDNA and the genomic DNA
sequences as well as the results of the LA PCR and
Southern blot analyses, we concluded that the entire NFI-A
gene had been isolated. The comparison of the genomic
DNA and the NFI-A cDNA suggested that the rat NFI-A
gene consists of 11 exons spanning approximately 70 kb
(Fig. IB). The exon of the NFI-A gene varied in size from
66 to 532 bp. Exon 2 is the largest exon (532 bp), corre-
sponding to a part of the NFI-A DNA binding domain. The
average length of the remaining exons is 135 bp, similar to
the average length of eukaryoti-: exons of 140 bp (17). The
introns range in size from 2.8 to 20 kb. All of the exon/
intron boundary sequences are consistent with the GT/AG
rule (Table II) (18, 19). The consensus sequences sur-
rounding the splice boundaries in RNA polymerase II

transcribed genes are also found to be in agreement with
the exon/intron boundary of the NFI-A gene (Table III).
Such an extreme conservation strongly suggests that a
functional splice junction must possess a good match for the
consensus, and that a component of the splicing mechanism
binds at consensus sequences in the 5' to 3' direction until
an AG is found (20).

Structure of Rat NFI-A cDNA—We have isolated four
kinds of NFI-A cDNA clones from rat liver as described
previously (6). They were designated NFI-A1, NFI-A2,
NFI-A3, and NFI-A4 (Fig. 2). Our comparison of the
genomic DNA of rat NFI-A with those of these NFI-A
cDNA clones revealed that NFI-A1 had no deleted region,
consisting of all of the exons. NFI-A2 and NFI-A3, how-
ever, lacked exon 3, and exons 3 to 6, respectively, leaving
the protein coding frame unchanged. In contrast, NFI-A4
lacked exon 10, leading to a frame shift. Since the 5'-

GGATCCAA ACAAGGTACC CTTCTAGCGT GTGTCTGGGG

GGATACAAAC ATATCCCTTT TCTAAGGGGG TAACTCTTTC

TTGTTTCTGA CGTGACAGAA CTTTTTTGGG CGTTTGTGTT

TCTCCGCCTT CCTTTTTCCA GATTCCCCCC CCCCCCCGCA

GACTGCTATG GGGCCGTAGC

AGAGATTACA ATGCTTTGAG

CATGCAAATG TACCGCGCGC
Oct

CCAATCGTCT ACCGACGTCC
CCAAT
ATGGCAGCCT ATAGCCGCCC

Spl
GGGAGGCAGC GACCGCGGAG CAAGCGACGG GCGGGCGGGC

Spl
GCTCCCCCCA CCCCACCCCA CCCCATCCCC CCCACCCCCA

AP2 AP2 AP2
AACGCGGCGC AGGCGGGCGG CGGGCAGCTC GGCGGGCACC

Spl

GCGTACAGTA GACAGTATAG TGGAGTGTAG GGAAACTCTA

GTTGAGCCGA GTTGGAAATG TGAACGCAAG AAGCAGGCTT

CTCGCACCCA CACTCACGCA CACCTCCAGC CCGCACACAG

AP2

TGTAAAGTTA

CTTTACCGCA

CCTTCTCTGA

GCGGAGGGCT

GGAGGACACG

CAAGCGACGG

AP2

GTAGGCTTTT

TTTCAGAGGA

GGTTCCTAGG

GCGGCGCGGG

GTGAAAACCG

AACAGGGGAC TCAAATGTTA GCCCATGTCT

ACGGTTTTCC TTCTCAGTTA TACAGAAAAA

CAAACCCACC AGCTCCTGAG TTCTGGAAGA

NF-IL6
ATCTGGGGAC GCTTTGGGGT GATCTTACTA

GTGCATATTA CCTCTGCGGA CGACACTATT

AGGGGGGAAA AGTTACCTAG AAGGTCTGAT

GAGCCCACCC GGCGGCCCAC GGGGGTGCGG
AP2

GGGAGGAGGA AAAGTAGTTT
AP2

TGGGGGGATG

CTCCCCCCGCAP2
GTGCAGACTG

CCCCCCGCGG
AP2+1

CGGCCGGCCG

GGCGGGGTTA

GATTTTTTTT

ACGTGCACGC

_GTTCCCGGGA CCGCGCGCGA

GGGACCGGTG TCAGCGCCGC

CGGCGGCGCG AGCGGGCGGC
Sp1

GCGCGGGAGC GGGAAAGGGT

AAGTTCAGCG CGTGGAGCGG

TCCTCCCCCC TCTCCTAGCT

ACCCCCCGCC GCCCGGCAGT

AGTCCTGGG CTCCCATTTGG -9 4 9

ATGTCCCAGC TAAACCACTG -859

GAAGAGCGGT CGCTCACGAC -7 69

GTCCCCCGCA CCCAGATTCT -6 7 9

CCCACAGAAA GCTTCGCAGG -589

TTTTACAAGA AATTTGCATA -4 9 9
Oct

GGCGCCCGGA CAAAGTTGCC -409

TGTTTGCTTA AGCACATCCT -319
HNF-5

GGGGAGGGGG CGGGGACCGA -229
Spl

AGCCGCCCCT CCCCCACCCG -139
Sp1 AP2

GGCCGTGCGG TGCGGTGCAG -4 9

GCGCTATGCC TTTAACGCCC +42

CAAGAGCGCT GGCTGCTGCA +132

CTCTCCTCCT CTCTCTCCCT +222

TATG +296

B

-300 -240

Fig. 4. Nucleotide sequence and GC content of the upstream region
of the rat NFI-A gene. (A) Nucleotide sequence of the promoter region
with putative cis-acting regulatory elements including six Spl-binding
sites (double underlined) and several other elements (underlined). The
major transcription start site and the translation start codon are shown
as +1 and in boldface, respectively. (B) Percentage distribution of G+C
along the upstream region.
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terminal end of this cDNA has not been isolated yet, it is
unclear whether NFI-A4 has the entire exons 1 and 2 as
found in the other three kinds of NFI-A. The question thus
arose as to whether these exons contain sequences of
functional relevance which might distinguish the different
proteins formed from the different cDNAs. However,
luciferase assay of the carboxy terminal of the NFI-A
splicing variants which were fused to the DNA-binding
domain of GAL4 (1-147) revealed that the carboxy-termi-
nals of all of the NFI-As could function as repressors of
transcription in a DNA binding site-dependent manner, and
that the differences in repression activities were indistin-
guishable among the NFI-As (6). DNA binding assays have
revealed that the amino-terminal region, including exons
1-4, of the NF1 proteins is involved in the DNA-binding
activity (21, 22). Since the rat NFI-A splicing variants
NFI-A2 and NFI-A3 lack a part of this region, they may
possess lower DNA-binding activity than that of the full-
length NFI-A1.

Identification of Transcription Start Site—We perform-
ed a 5'-RACE PCR analysis to determine the transcription
start sites, because our attempts to do so by primer ex-
tension and Si nuclease protection analyses were unsuc-
cessful. The cDNA was synthesized using total RNA from
rat liver. The oligonucleotides S-123 located at position 221
bp upstream from the ATG translation start codon and API
were used for the PCR amplification of the cDNA as
primers. The amplified fragments (about 150 bp) were
subcloned into pBluescript vector. Twenty-five indepen-
dent clones were sequenced to determine the 5' ends of the
products. We found that the 5' ends of 13 of the 25 clones
were localized at 293 bp upstream of the cytosine residue
from the ATG translation start codon, and those of an
additional 12 clones surrounded this nucleotide (Fig. 3A).
We therefore concluded that the former nucleotide might
be the main transcription start site (+1). However, addi-
tional transcription start sites might exist nearby, because
multiple 5' ends of the 5'-RACE PCR products were de-
termined.

The transcription start sites estimated above were

confirmed by Northern blotting analysis using three
gemonic fragments corresponding to the positions —1034
bp/ -598bp , - 5 9 7 b p / - 2 6 3 b p , and -262 bp/ + 130bp
upstream from that of the estimated transcription start
site, respectively (Fig. 3B). If the estimation of the tran-
scription start site is correct, only the third probe would
hybridize to the NFI-A mRNA. As anticipated, only probe
3 containing the transcription start site hybridized with the
rat brain RNA, in which NFI-A mRNA is expressed at a
high level.

Next, the results of the 5'-RACE PCR were confirmed by
the luciferase assay of the promoter activity of the 5' -flank-
ing region. In general, the — 400-— 300 bp fragments from
the transcription start site were used to determine the
promoter activity (23). Hence, the fragment corresponding
to positions — 597 bp/ +130 bp from that of the estimated
transcription start site was used in our experiment. This
fragment was joined to a promoter-less luciferase gene in
normal orientation as well as reverse orientation, and then
transfection analysis was performed with HeLa cells, in
which NFI-A mRNA was expressed at a high level. As
shown in Fig. 3C, the region comprising —597 to +130 bp
in normal orientation exhibited a high level of promoter
activity compared with that of the promoter-less luciferase
vector. In contrast, the promoter activity was almost
undetectable with the construct in the reverse orientation.
This result indicates that we have cloned a functional
promoter for the rat NFI-A gene. The Northern blotting
analysis and luciferase assay results further supported the
validity of the determination of the NFI-A gene transcrip-
tion start sites by the 5'-RACE PCR.

Sequence Analysis of the 5' -Flanking Region—A 2.5 kb
BamHI fragment from A. 77 known to contain the first exon
and a portion of the 5'-flanking region was sequenced to
characterize the potential regulatory sequences involved in
NFI-A gene expression. Figure 4A shows the sequence of
the 5'-flanking region 1.3 kb upstream from the ATG
translation start codon. The NFI-A gene promoter lacks a
canonical TATA-like element in close proximity to the
transcription start sites and exhibits a high content of GC
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Fig. 5. Comparison of the structures of
the rat NFI-A and porcine NFI-C genes.
(A) Schematic representation of the gene
structures of rat NFI-A and porcine NFI-C.
The closed boxes show the exons with the
relative sizes and the positions in each gene.
The numerals above the boxes indicate the
number of the exons. The major transcrip-
tion start sites are marked by arrows. (B)
Comparison of the length of exons and amino
acid sequences between the two genes. The
number of amino acid residues in the respec-
tive exons and the percent of homology
between each exon of the two genes are
indicated.
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(more than 80%) in the 300 bp immediately upstream of
the transcription start site (Fig. 4B). Six GC-boxes, which
are known to guide initiation in some TATA-less pro-
moters, are present at —304 (inverted), —241, —200,
—156 (inverted), —75, and —34 bp from the transcription
start site. These features have been described in genes that
encode oncoproteins, growth factor, signal transduction
components, and transcription factors, as well as many
housekeeping proteins, and are usually associated with
multiple transcription start sites (24).

In addition, several other potential cis-acting elements
appear in the promoter region, such as multiple AP2-like
recognition sites, a CCAAT sequence, and octameric se-
quences. A functional role for any of these sequences in the
modulation of the NFI-A gene expression remains to be
experimentally tested.

Finally, we compared the structure and the organization
of the rat NFI-A gene with those of the porcine NFI-C gene
reported by Meisterernst et al. (Fig. 5) (12). These two
genes showed differences in the sequences of the 5'-flanking
region and cis-acting elements in the promoter region (data
not shown). These results suggest that the regulatory
mechanisms controlling the rat NFI-A gene are different
from that for the porcine NFI-C gene. However, these two
genes share a similar exon/intron organization. Each gene
was found to consist of 11 exons, and all of the exons were
of similar sizes. In addition, the genes have a high level of
similarity of the amino-terminal DNA binding domain
(exon 1 and exon 2), and possess similar exon/intron
boundary sequences. This conservation in the genomic
structure and organization between the two genes suggests
that duplication of an ancestral gene occurred rather
recently to produce the NFI-A and NFI-C genes. It is not
clear why these two genes have low levels of homology in
exons 3, 6, and 9 (Fig. 5B). Since NFI-A2 and NFI-A3 lack
exon 3, and exons 3 to 6, respectively, of the NFI-A cDNA,
exons 3 and 6 might be involved in some specific function of
the transcriptional regulation. It was reported that exon 9
was deleted in some isoforms of NFI-C (9, 12). Therefore
it is possible that exon 9 is also involved in the different
activities of the irans-activation/repression of these trans-
acting factors.
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