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Rat CYP2A3 and its mouse and human orthologs are
expressed preferentially in the olfactory mucosa. We
found previously that an element in the proximal pro-
moter region of CYP2A3 (the nasal predominant tran-
scriptional activating (NPTA) element), which is similar
to a nuclear factor 1 (NFI)-binding site, is critical for
transcriptional activation of CYP2A3 in vitro. We pro-
posed that this element might be important for tissue-
selective CYP2A3 expression. The goals of the present
study were to characterize NPTA-binding proteins and
to obtain more definitive evidence for the role of NFI in
the transcriptional activation of CYP2A3. The NPTA-
binding proteins were isolated by DNA-affinity purifica-
tion from rat olfactory mucosa. Mass spectral analysis
indicated that isoforms corresponding to all four NFI
genes were present in the purified NPTA-binding frac-
tion. Further analysis of NPTA-binding proteins led to
the identification of a novel NFI-A isoform, NFI-A-short,
which was derived from alternative splicing of the
NFI-A transcript. Transient transfection assay showed
that NFI-A2, an NFI isoform previously identified in the
olfactory mucosa, transactivated the CYP2A3 promoter,
whereas NFI-A-short, which lacks the transactivation
domain, counteracted the activation. Chromatin immu-
noprecipitation assays indicated that NFI proteins are
associated with the CYP2A3 promoter in vivo, in rat
olfactory mucosa, but essentially not in the liver where
the CYP2A3 promoter is hypermethylated and CYP2A3 is
not expressed. These data strongly support a role for
NFI transcription factors in the transcriptional activa-
tion of CYP2A3.

The cytochrome P450 (CYP)1 superfamily of heme-contain-
ing monooxygenases metabolize a wide variety of exogenous as

well as endogenous compounds. For example, enzymes of the
CYP2A subfamily metabolize xenobiotic compounds such as
coumarin, aflatoxin B1, 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone, nicotine, and cotinine and endogenous compounds
such as testosterone, progesterone, and other steroid hormones
(1–3). Several members of the CYP2A subfamily, including rat
CYP2A3, mouse Cyp2a5, rabbit CYP2A10, and human
CYP2A13, are expressed preferentially in the respiratory tract
with the most abundant expression in the olfactory mucosa
(OM) (4). The tissue-selective expression of these enzymes is
believed to play an important role in the tissue-specific toxicity
of numerous xenobiotic compounds in the respiratory tract (1,
4), and a genetic polymorphism of CYP2A13 has been linked to
decreased risks of smoking-related lung adenocarcinoma in
humans (5).

The mechanisms that regulate the basal expression and the
tissue selectivity of the CYP2A genes are not clear. Previously,
we identified a conserved DNA element (named the nasal pre-
dominant transcriptional activating element, or NPTA ele-
ment) in the rat CYP2A3 promoter that interacted with OM-
enriched proteins (6). The NPTA element, which is similar to
the nuclear factor 1 (NFI)-binding sites (7), was crucial for the
activity of the CYP2A3 promoter in vitro. The NPTA-binding
proteins have not been fully characterized, but in vitro studies
showed that at least some of the NPTA-binding complexes are
recognized by an antibody to NFI (8).

There are four NFI genes in mammals, NFI-A, -B, -C, and -X,
from which numerous NFI isoforms are generated through
alternative splicing or alternative promoter usage. NFI pro-
teins are highly conserved in the amino-terminal DNA binding/
dimerization domains, whereas the carboxyl termini contain
diverse transactivation/repression domains (7). NFI isoforms
are thought to be involved in the regulation of developmental
and tissue-specific gene expression (7, 9, 10). Recent studies
using knockout mouse models have demonstrated that the NFI
genes play important roles in the development of tissues such
as brain, lung, and tooth (11–13). The expression of the NFI
genes in the OM has been studied using molecular cloning and
in situ hybridization; all four NFI genes are expressed in the
OM (14, 15). However, the identities of the specific isoforms
have not been determined, with the exception of NFI-A2, which
is a recently identified NFI isoform that is detected in the OM
(14, 16). Most interesting, we found that NFI-A2 was capable of
activating a reporter construct containing the NPTA element in
yeast one-hybrid assays (16).

In the present study, we used DNA-affinity chromatography to
isolate the CYP2A3 NPTA-binding proteins from rat OM for
identification by immunoblot and mass spectral (MS) analyses.
These efforts have confirmed NFI as the major NPTA-binding
proteins and have led to the identification of a novel NFI-A
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isoform, named NFI-A-short, that has a truncated transactiva-
tion/repression domain. The tissue distribution of NFI-A-short
and the levels of NFI-A2, NFI-A-short, and total NFI-A mRNAs
were determined by reverse transcription (RT)-PCR, and the
functions of the two NFI-A isoforms at the CYP2A3 promoter
were analyzed by using transient transfection assays in cultured
mammalian cells. Furthermore, chromatin immunoprecipitation
(ChIP) assays using rat liver and OM tissues demonstrated a
tissue-selective association of NFI with the CYP2A3 promoter in
vivo. In addition, the methylation status of the CYP2A3 promoter
region in these two tissues was also compared, so as to derive a
better understanding of the mechanistic basis of the tissue-spe-
cific interaction of the promoter with NFI. These studies provide
compelling evidence for the in vivo role of NFI transcription
factors in the expression of CYP2A3.

EXPERIMENTAL PROCEDURES

Nuclear Extract Preparation and Electrophoretic Mobility Shift As-
says (EMSA)—Heads of adult male Wistar rats (Harlen Bioproducts)
were frozen in liquid nitrogen immediately after decapitation. Frozen
rat heads were partially thawed at 4 °C before dissection of OM. Nu-
clear extract was prepared according to the protocol of Kudrycki et al.
(17). EMSA was performed as described previously, with a double-
stranded NPTA element (6).

Reporter Plasmid Construction, Cell Culture, Transfection, and Lu-
ciferase Reporter Assays—For the preparation of the CYP2A3-luciferase
reporter gene construct, a 254-bp CYP2A3 proximal promoter region
(�254 to �1), with either a wild-type (pGL2A3) or a mutated
(pGL2A3M) NPTA element (6), was inserted into the pGL3-Basic vector
(Promega). Expression vectors for NFI-A2 (pNFI-A2) and NFI-A-short
(pNFI-A-short) were modified from the pCHNFI-A1.1 vector that has a
cytomegalovirus promoter and the mouse NFI-A1 coding sequence (9).
pNFI-A2 was prepared by replacement of the NFI-A1 sequence with
NFI-A2, as a 1.6-kb NotI-KpnI fragment (16). pNFI-A-short was gen-
erated by replacement of the EcoRV-KpnI fragment of NFI-A1 with an
�600-bp EcoRV-KpnI fragment of NFI-A-short; the mouse NFI-A1 se-
quence (NotI-EcoRV) that remained in the vector encodes the same
amino acids as in rat NF1-A1. A vector with no NFI insert (pCMV), used
as a control, was prepared by modification of pCHNFI-A1.1. All con-
structs were sequenced for confirmation of structural integrity.

Human choriocarcinoma JEG-3 cells (HTB-36, ATCC) were cultured
at 37 °C in Dulbecco’s modified Eagle’s medium, supplemented with
10% fetal bovine serum, 2 mM glutamine, 100 units/ml penicillin, and
0.1 mg/ml streptomycin (Sigma). Firefly luciferase reporter gene con-
structs, NFI expression constructs, and a Renilla luciferase construct
pRL-SV40 (Promega) were co-transfected into JEG-3 cells with use of
LipofectAMINE 2000 (Invitrogen), according to the manufacturer’s in-
structions. Transfections were done in duplicate using at least two
different DNA preparations. Cells were harvested 48 h after transfec-
tion. The Dual Luciferase Reporter Assay System (Promega) was used
for determination of the relative luciferase activities. Luminescence
was measured using a luminometer (LB9501, Berthold). For each sam-
ple, the activity of the firefly luciferase was normalized by that of the
Renilla luciferase.

Chromatin Immunoprecipitation Assay—ChIP was performed as de-
scribed (18), with modifications. Approximately 1 g of freshly dissected rat
liver or OM from four rats was used for the preparation of chromatin.
Tissues were minced on ice and transferred to 20 ml of Dulbecco’s modi-
fied Eagle’s medium in a 50-ml tube, to which formaldehyde was added to
a final concentration of 1% (v/v), for cross-linking of proteins to DNA. The
mixture was incubated at room temperature for 15 min with constant
rocking. Reactions were stopped by the addition of 0.125 M glycine. The
tissues were collected by a brief spin, washed with ice-cold phosphate-
buffered saline, and homogenized in 4 ml of phosphate-buffered saline
containing a protease inhibitor mixture (1836153, Roche Applied Science)
using a Dounce homogenizer (type A pestle, 10 strokes). The dissociated
cells were filtered through four layers of cheesecloth, transferred to mi-
crocentrifuge tubes, and collected by spinning at 2000 � g for 10 min.
Cells were washed with RSB buffer (10 mM Tris-HCl, pH 7.5, containing
10 mM NaCl, 3 mM MgCl2, supplemented with the Roche Applied Science
protease inhibitor mixture) and were incubated with cell lysis buffer (5
mM PIPES buffer, pH 8.0, containing 85 mM KCl, 0.5% Nonidet P-40,
supplemented with the protease inhibitor mixture from Roche Applied
Science) for 10 min at 4 °C. After incubation, the nuclei were collected by

centrifugation and were resuspended in 500 �l of immunoprecipitation
(IP) buffer (25 mM Tris-HCl, pH 8.0, containing 2 mM EDTA, 150 mM

NaCl, 1% Triton X-100, 0.1% SDS, 2.5 mM PMSF, and the protease
inhibitor mixture (Roche Applied Science)) in 1.5-ml microcentrifuge
tubes. About 0.1 g of glass beads (G-1277, Sigma) were added to each tube,
and the nuclei were sonicated on ice 20 times for 15 s each time, at 30%
of maximum power, with a VibraCell ultrasonic processor (600 watts)
equipped with a microtip (Sonics & Materials). Fragmented chromatin
was separated from the glass beads and intact nuclei by centrifugation at
12,000 � g for 15 min at 4 °C. Aliquots of chromatin suspension were
stored at �80 °C until use.

Sonicated chromatin, equivalent to �60 mg of tissue for each tube,
was diluted to 1.5 ml with the IP buffer and was mixed at 4 °C for 2 h
with 0.1 ml of protein A-Sepharose (Amersham Biosciences) that had
been pretreated with 0.4 mg/ml sonicated salmon sperm DNA and 1
mg/ml bovine serum albumin. After a brief centrifugation, two 0.7-ml
aliquots of the supernatant were transferred to two new tubes, which
were incubated overnight on a rotating platform with 3 �g of either
normal rabbit IgG or the anti-NFI antibody H300 (both from Santa
Cruz Biotechnology). The H300 antibody is against the conserved ami-
no-terminal half of an NFI protein. The mixtures were then incubated
with 30 �l of protein A-Sepharose at 4 °C for 2 h, followed by a brief
centrifugation. An aliquot of the supernatant from the samples incu-
bated with normal IgG was saved as the “input” chromatin. The pellets
were washed twice with 1.4 ml of wash buffer I (50 mM Tris-HCl, pH 8.0,
containing 2 mM EDTA, 0.2% Sarkosyl, and 1 mM PMSF) and four times
with 1.4 ml of wash buffer II (100 mM Tris-HCl, pH 9.0, containing 500
mM LiCl, 1% Nonidet P-40, 1% deoxycholic acid, and 1 mM PMSF). The
immobilized immune complexes were dissociated by incubating twice in
250 �l of elution buffer (0.1 M NaHCO3 and 1% SDS) at room temper-
ature for 15 min each. The cross-link was subsequently reversed by
addition of NaCl to the eluted fractions to a final concentration of 300
mM and then heating at 68 °C for 6 h in the presence of 20 �g/ml RNase
(Roche Applied Science, catalog number 1579681). DNA was then pre-
cipitated by ethanol, resuspended in 100 �l of PK buffer (10 mM Tris-
HCl, pH 7.5, containing 5 mM EDTA, 0.25% SDS, and 20 �g of protein-
ase K), and after a 1-h incubation at 45 °C, purified using QIAquick
columns (Qiagen).

RT-PCR—Real time quantitative PCR was performed using a Light-
Cycler and the LightCycler FastStart DNA Master SYBR Green I kit
(Roche Applied Science). The reaction mixtures contained 2 �l of DNA
templates, 1.5 mM MgCl2, 0.5 �M each of the primers, and 1 �l of 1�
DNA Master SYBR Green I in a total volume of 10 �l. The following
primers were used to quantitate the promoter fragments in immuno-
precipitated samples: for CYP2A3, 5�-tccctgttaatctgtcatggag-3� and 5�-
tgggatgacagacacagtga-3�, amplifying �169 to �16 of the CYP2A3 pro-
moter; for CYP1A2, 5�-tggaactgagggatcatggctt-3� and 5�-aagctaagg-
tgggtccctgttt-3�, amplifying �142 to �140 of the CYP1A2 promoter; and
for immunoglobulin-� (IgB), 5�-ttcaagtcctagcagaccag-3� and 5�-agggtct-
ggggcaaaacatg-3�, amplifying �173 to �5 of the IgB promoter (19). The
CYP2A3 and CYP1A2 PCR products include NFI-like elements,
whereas the IgB PCR product (used as a negative control) does not. The
annealing temperature for these primer pairs was 65 °C. Cycle num-
bers were used for calculation of the amounts of specific DNA sequences
in the immunoprecipitated samples, relative to the amounts present in
total input, as described previously (20). Standard curves for quantita-
tion were generated from serial dilutions of the input chromatin. Fold
enrichment of a promoter fragment is the fold difference between its
amount in the NFI antibody-precipitated DNA and its amount in the
control IgG-precipitated DNA.

Restriction Analysis of DNA Methylation—Genomic DNA from rat
OM and liver (50 �g each) was digested overnight with SacI and PvuII,
250 units each, in a total volume of 100 �l. After confirmation of
complete digestion, the DNA was precipitated by ethanol and was
resuspended in water. The resuspended DNA was then divided into two
aliquots, which were incubated overnight with 200 units of either HpaII
(methylation-sensitive) or MspI (methylation-insensitive). After diges-
tion, the enzymes were inactivated by heating at 65 °C, for 20 min, and
the DNA fragments were detected on Southern blots, with a 2070-bp
SacI-PvuII CYP2A3 promoter fragment as the probe.

Other Methods—For SDS-PAGE, proteins were separated in 10%
BisTris NuPage gels, according to the manufacturer’s instruction (In-
vitrogen), and detected using a Colloidal Blue kit or a SilverQuest silver
staining kit from Invitrogen. Western blot analysis was carried out
using an ECL reagent (Amersham Biosciences), with use of the anti-
NFI antibody (H300). RNA was prepared from adult Wistar rats
(Charles River Breeding Laboratories), with use of TRIzol reagent
(Invitrogen). A 3�-rapid amplification of cDNA end kit (Invitrogen) was
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used to clone the putative, short NFI isoforms, with an NFI-A gene-
specific primer (5�-ctgatggtgaacgccttgtg-3�) and the universal amplifi-
cation primer. PCR products were gel-purified and then cloned into the
TOPO XL vector (Invitrogen). Experimental procedures for the purifi-
cation and MS analysis of NPTA-binding proteins and methods for
RT-PCR quantification of NFI-A mRNAs are described in the Supple-
mental Material.

RESULTS

Purification and Identification of NPTA-binding Pro-
teins—We developed a two-step DNA-affinity chromatography
scheme to identify proteins that bind to the NPTA element of
CYP2A3 in rat OM. A DNA fragment containing 12 copies of
the NPTA element was prepared and was used to generate
NPTA-Sepharose and NPTA-Dynabead. Nuclear extract (�100
mg of total protein, from �200 rat heads) was fractionated on
a 1-ml NPTA-Sepharose column; bound proteins were eluted by
increasing the KCl concentration stepwise, in 100 mM incre-
ments. Column fractions were analyzed for NPTA binding ac-
tivity by EMSA. The highest activity was found in the 0.6 M KCl
fraction (Fig. 1A). Additional clean-up steps before the NPTA-
Sepharose column, either anion-exchange or cation-exchange
column chromatography, did not improve yield (data not
shown). Proteins in the 0.5–0.7 M KCl fractions were pooled
and dialyzed to remove KCl and were further purified using
NPTA-Dynabeads. Strong NPTA binding activity was recov-
ered in the 0.6 M NaCl fraction (Fig. 1B). This fraction con-
tained numerous proteins, most of which had molecular masses
between 20 and 50 kDa (Fig. 1C).

The sequence of the NPTA element is similar to sequences of
known NFI-binding sites. Therefore, we suspected that the
affinity-purified NPTA-binding proteins contain multiple NFI
isoforms. Indeed, NFI proteins were highly enriched in the 0.6
M NaCl fraction, as indicated by Western blot analysis using an
anti-NFI antibody that recognizes all NFI isoforms (Fig. 1D).

Proteins encoded by each of the four NFI genes were detected
in the affinity-purified fractions, as indicated by the presence of
peptides unique to each gene (Table I), although the peptides
detected did not permit the distinction among specific NFI
proteins of each type (such as NFI-A1 and NFI-A2). However,
data from MS analysis did not indicate the presence of any
other known transcription factors, which suggested that the
NFI proteins are the major NPTA-binding proteins. Further-
more, the relative abundance of the unique NFI-A peptides was
2–8-fold greater than the abundance of peptides of the other
NFI proteins in three independent experiments (data not
shown), suggesting that, in rat OM, NFI-A is the most abun-
dant among the four types of NFI proteins. Also of note, various
peptides derived from NFI-A were found with either unmodi-
fied or phosphorylated serines at residues 191 and 193. More-
over, all of the NFI-related peptides identified in the affinity-
purified fractions were from the 30-kDa NH2-terminal half of
full-length NFI proteins, as shown in Fig. 1E for peptides that
correspond to an NFI-A isoform.

Identification of A Novel NFI-A Isoform That Contains Trun-
cated Activation/Repression Domain—The absence of any pep-
tides corresponding to the carboxyl-terminal portion of the
identified NFI proteins suggested that proteolysis was occur-
ring during purification, although efforts had been made to
minimize protein degradation. However, this finding also sug-
gested the possible occurrence of unidentified, shorter NFI
isoform(s) corresponding to the �30-kDa proteins detected by
SDS-PAGE and Western blot analysis of both the purified
fraction and OM nuclear extract. NFI isoforms with truncated
carboxyl-terminal activation/repression domains have been re-
ported in other species (7, 21). To detect mRNAs encoding
putative, short NFI isoforms, we performed 3�-rapid amplifica-
tion of cDNA end experiments with rat OM RNA and primers

specific for NFI-A. Several cDNA clones with sequences corre-
sponding to a novel, short NFI-A isoform (designated NFI-A-
short; GenBankTM accession number AY572794) were isolated.
A full-length NFI-A-short cDNA (�0.9 kb) was subsequently
obtained by RT-PCR, using OM RNA as template, with a
primer corresponding to the 5�-end of NFI-A1 (GenBankTM

accession number D78017) and an NFI-A-short-specific primer,
derived from the putative 3�-untranslated region of the short
mRNA. A comparison of the cDNA sequence of NFI-A-short

FIG. 1. Purification and identification of NPTA-binding pro-
teins from rat OM. A, EMSA analysis of fractions eluted from an
NPTA-Sepharose DNA affinity column. Nuclear extract (�100 mg of
protein at �1.3 mg of protein/ml) from OM of adult rats was applied to
a 1-ml NPTA-Sepharose column. Lane 1, nuclear extract (NE); lanes
2–11, fractions eluted with 0.1–1.0 M KCl at 100 mM increments (�1 ml
each). EMSA was performed with labeled NPTA element, using 5 �l of
nuclear extract or eluted fraction. Arrow indicates the position of the
free probe. B, EMSA analysis of fractions eluted from NPTA-Dynabead.
Fractions containing NPTA binding activity from the NPTA-Sepharose
column were pooled (�3 ml total) and were further purified with 100 �l
of NPTA-Dynabeads. Lane 1, pooled fractions from the NPTA-Sepha-
rose column (Loading); lane 2, non-bound fraction (NB); lanes 3 and 4,
fractions eluted with 0.2 or 0.6 M NaCl (about 30 �l each). EMSA was
performed using 2 �l of each fraction. C and D, approximately one-third
of the affinity-purified NPTA-binding proteins (Purified) were analyzed
on SDS-PAGE and visualized by silver stain (C) or by immunoblotting
using an anti-NFI antibody (D). A sample of OM nuclear extract (NE, 5
�g) was also analyzed on the immunoblot. The positions of selected
(prestained) protein size markers (Bio-Rad catalog number 161-0362)
are indicated. E, identification of NFI-A by MS analysis of affinity-
purified NPTA-binding proteins. The most prominent bands (�30 kDa,
C) on a Coomassie Blue-stained SDS-PAGE gel were used for in-gel
tryptic digestion and MS analysis, as described under “Experimental
Procedures.” Dark boxes represent locations where sequence matches
were found between identified tryptic peptides and rat NFI-A1 protein.
The predicted mass and total number of amino acids (AA) for NFI-A1
(top) and the putative OM NFI-A protein (bottom) are shown. Protein
coverage (against NFI-A1): 39.7% (202:509) by amino acid count, 39.6%
by mass.
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with that of NFI-A1 revealed that the two sequences are iden-
tical, except that in NFI-A-short exon 5 was spliced to an
alternative exon 6 (Fig. 2A), which encodes three amino acids
followed by a stop codon (Fig. 2B). The resulting NFI-A-short
protein (about 31 kDa) has an intact DNA binding and dimer-
ization domain (encoded by exon 2) but lacks most of the trans-
activation/repression domain.

Tissue distribution of NFI-A-short mRNA was determined
using RT-PCR, with a forward primer derived from exon 5, and
a reverse primer that is unique for NFI-A-short mRNA. The
PCR product representing NFI-A-short mRNA (�250 bp) was
detected in RNA preparations from all rat tissues examined,
including OM, lung, liver, brain, and kidney (Fig. 2C). In ex-
periments not shown, the same primer pair amplified a 1.1-kb
fragment from rat genomic DNA. This 1.1-kb PCR product
contained an 865-bp intron sequence flanked by exons 5 and 6
of NFI-A-short. A comparison of the sequence of this PCR
product with that of the rat NFI-A genomic sequence (Gen-
BankTM accession number NW_043856) indicated that the new
exon 6 in NFI-A-short is located at �5 kb upstream of the
original exon 6 of the NFI-A gene (Fig. 2A). We did not detect
a similar NFI-A-short in mice (data not shown), which indi-
cated that this alternative splicing may be specific for rats.

The relative mRNA levels of total NFI-A, NFI-A2, and NFI-
A-short in rat OM, liver, lung, brain, and kidney were deter-
mined by using real time quantitative RT-PCR, with gene-
specific or isoform-specific primers. As shown in Table II, of the
five tissues, liver had the highest and lung had the lowest
levels of total NFI-A mRNA. The expression level of NFI-A-
short was low in all tissues examined (�0.5–2% of total NFI-A
mRNA). NFI-A2, which had been shown previously (16) to be
enriched in the OM, accounted for 2.7% of total NFI-A mRNA
and was about twice as abundant as NFI-A-short in OM. The
presumed low abundance of NFI-A-short and NFI-A2 proteins
in the OM is consistent with our failure to detect the unique
carboxyl-terminal tryptic peptide of NFI-A-short and the
unique amino-terminal tryptic peptide of NFI-A2 by MS anal-
ysis of total peptides derived from the affinity-purified OM
NPTA-binding proteins.

NFI-A2 and NFI-A-short Form Homo- and Heterodimers
When Bound to the CYP2A3 Promoter—We transfected human
choriocarcinoma JEG-3 cells with plasmids containing NFI-A2
or NFI-A-short cDNA to characterize further the abilities of
NFI-A2 and NFI-A-short to bind to the NPTA element and the
potential interactions between the two NFI proteins. The ex-
pression of NFI protein and the presence of NPTA binding
activity in transfected cells were determined by immunoblot
analysis (using an antibody that reacts with all NFI proteins)
and by EMSA (using 32P-labeled NPTA element), respectively.
Extracts of mock-transfected JEG-3 cells had low endogenous
NFI proteins (Fig. 3A), and they had no detectable NPTA
binding activity (Fig. 3B). NFI-A2 and NFI-A-short proteins
were easily detected following transient transfection, and they
had the following expected sizes: �30 kDa for NFI-A-short and
�57 kDa for NFI-A2 (Fig. 3A). NPTA binding activities were
detected in extracts of either NFI-A2-transfected or NFI-A-
short-transfected JEG-3 cells. As expected, the size of the
NPTA-binding complex was smaller for NFI-A-short-trans-

fected cells than for NFI-A2-transfected cells (Fig. 3B). How-
ever, a complex of intermediate size as well as the two com-
plexes detected in the respective singly transfected cells were
found in incubations with extracts from cells co-transfected
with NFI-A2 and NFI-A-short. The appearance of the interme-
diate-sized complex was accompanied by decreases in the in-
tensities of the other two bands (Fig. 3B). Yet the expression
level of each of the NFI proteins was comparable in the co-
transfected and in the respective singly transfected cells (Fig.
3A). These results indicate that NFI-A2 and NFI-A-short can
bind to the NPTA element in vitro as a heterodimer, as well as
a homodimer.

Differing Effects of NFI-A2 and NFI-A-short on the Activity of
CYP2A3 Promoter—The abilities of NFI-A2 and NFI-A-short to
activate the CYP2A3 promoter were tested using a reporter
gene system. A 254-bp CYP2A3 promoter, containing either the
wild-type NPTA element or a mutated NPTA element that
cannot form complexes with NPTA-binding proteins (6), was
cloned into pGL3-Basic vector to give pGL2A3-Luc and
pGL2A3M-Luc, respectively. The reporter constructs and NFI
expression vectors were co-transfected into JEG-3 cells. Trans-
fection with NFI-A2 activated the expression of pGL2A3-Luc in
a dose-dependent manner, whereas transfection with NFI-A-
short had no effect on pGL2A3-Luc expression (Fig. 4A). The
effects of NFI-A2 were dependent on its binding to the NPTA
element, as activation of pGL2A3M-Luc was not observed (Fig.
4A). Most interesting, co-transfection with NFI-A-short and
NFI-A2 led to an �40% inhibition of pGL2A3-Luc expression,
as compared with transfection with NFI-A2 alone (Fig. 4B); no
similar inhibitory effect was observed when pCMV was used in
place of pNFI-A-short (data not shown). The residual pGL2A3-
Luc expression was still substantial, suggesting that the het-
erodimer of NFI-A2 and NFI-A-short is still functional, albeit
less effective.

Interaction of NFI with the CYP2A3 Promoter in Vivo—The
ability of NFI proteins to bind to the NPTA element in vitro
does not necessarily prove that the same proteins are bound to
the NPTA elements in vivo, in a given tissue or cell type, since
access to DNA-binding sites may be influenced by such factors
as chromatin structure, occupancy of the binding sites by other
DNA-binding proteins, and intranuclear availability of the NFI
proteins. To determine whether NFI proteins interact with the
CYP2A3 promoter in vivo, in a tissue-specific fashion, we per-
formed ChIP assays. Because a cell line with CYP2A3 expres-
sion has not been identified, we performed the ChIP assays
with rat OM and liver. CYP1A2 was used as a positive control.
Unlike CYP2A3, which is not expressed in liver, CYP1A2 is
abundantly expressed in both OM and liver. An NFI-like ele-
ment is present in the CYP1A2 promoter; in vivo occupancy of
this element in rat liver, presumably by NFI-related transcrip-
tion factors, had been demonstrated by in vivo DNase I foot-
printing assays (8). An anti-NFI antibody, which has been
shown to immunoprecipitate NFI proteins derived from all four
NFI genes (22), was used to enrich NFI-associated DNA se-
quences. The levels of the CYP2A3 NPTA element and the
CYP1A2 NFI-binding site were quantitated using real time
PCR in the DNA fragments pulled down by the anti-NFI anti-
body and were compared with their levels in the nonspecific

TABLE I
NFI gene-specific peptides detected in affinity-purified NPTA-binding proteins of rat OM

Gene GenBankTM accession number NFI gene-specific peptides detected by MS analysis

NFI-A BAA11203 AVKDELLSEKPEVK, DELLSEKPEVK, DIRPEYREDFVLTVTGK
NFI-B AAF23586 AVKDELLSEKPEIK
NFI-C AAF23587 EDFVLAVTGK, APGCVLSNPDQK, FVLAVTGK
NFI-X BAA25295 AVKDELLGEKPEIK, DIRPEFR, EDFVLTITGK
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DNA fragments pulled down by a control antibody (normal
IgG). The proximal region of the IgB promoter, which does not
contain an NFI-binding site, was used as an additional nega-
tive control for antibody specificity. PCR cycle numbers for
these samples ranged from 28 to 34 and were inversely propor-
tional to the DNA log concentration (data not shown). For OM,
IP with the anti-NFI antibody led to moderate enrichments of
both CYP2A3 (5.2 � 1.6-fold; n � 4) and CYP1A2 promoters
(5.3 � 1.4-fold; n � 4) (Fig. 5A). On the other hand, for liver, IP
with the anti-NFI antibody led to a strong enrichment of the
CYP1A2 promoter (11 � 5.4-fold; n � 4) but only a �2-fold
(1.8 � 0.7; n � 4) enrichment of the CYP2A3 promoter (Fig.
5B). No enrichment of the IgB promoter was observed in either
tissue. These data strongly suggest that in the OM NFI pro-
teins are associated with the CYP2A3 and CYP1A2 promoters
in vivo, whereas in the liver, NFI proteins, although present,
have little interaction with the CYP2A3 promoter in vivo.

Differential Cytosine Methylation at the CYP2A3 Promoter in
OM and Liver—Data from the ChIP assays suggested potential
tissue differences in chromatin accessibility at the CYP2A3
promoter; such tissue differences may be at least partly due to
differential CpG methylation, and such methylation is known
to be correlated with closed chromatin state and gene silencing
in a tissue-specific manner (23). Therefore, we determined the

cytosine methylation status in the proximal region of the
CYP2A3 promoter (Fig. 6A), using a methylation-sensitive re-
striction enzyme and Southern blot analysis (Fig. 6B). Com-
plete digestion of genomic DNA, isolated from rat liver (Fig. 6B,
lanes 1 and 2) and OM (Fig. 6B, lanes 3 and 4), first with SacI
and PvuII and then with MspI, gave rise to four small frag-
ments, 240, 453, 609, and 768 bp (Fig. 6B, lanes 1 and 3), as
predicted from the restriction map (Fig. 6A). However, when
MspI was replaced with its methylation-sensitive isoschizomer
HpaII, none of the four small bands was detected in the liver
DNA sample (Fig. 6B, lane 2). Instead, the CYP2A3 promoter
was detected as the uncut 2070-bp SacI-PvuII fragment and a
minor band derived from a partial digest by HpaII. In contrast,
the four small fragments were still detected in HpaII-digested
OM DNA samples (Fig. 6B, lane 4), albeit in lower amounts
than for MspI-digested samples. However, the uncut 2070-bp
SacI-PvuII fragment and other fragments partially cut by
HpaII were abundant in the OM DNA samples, implicating
methylation of the CYP2A3 promoter in a significant number of
cells of the OM. Thus, the CpG sites within the HpaII recogni-
tion sequence in the CYP2A3 promoter were heavily methyl-
ated in the liver, but they were hypomethylated in at least
some of the cells of the OM.

FIG. 2. Structure and tissue distribution of NFI-A-short. A, structure of the NFI-A gene and location of alternative splicing for NFI-A-short.
Common NFI-A exons are shown as black boxes and are numbered on top. The predicted alternative exon 6 in NFI-A-short (at 865 bp downstream
of the NFI-A common exon 5) is shown as an open box. Putative splicing donor and acceptor sequences are underlined. B, partial cDNA and deduced
amino acid sequences of NFI-A-short and NFI-A1. Sequences that differ between the two are shown in boldface. The new exon 6 of NFI-A-short
encodes three amino acids and a stop codon (*), which would result in an �31-kDa protein. Arrow indicates putative splicing site. C, detection of
NFI-A-short mRNA in various rat tissues by RT-PCR. Reverse transcriptase was omitted in negative control reactions (No RT). The positions of
selected fragments of a 100-bp DNA ladder are shown.

TABLE II
Quantitative analysis of NFI-A mRNA expression in various rat tissues

Total RNA preparations from various tissues of adult female Wistar rats were used for quantitative RT-PCR analysis using primers common for
all NFI-A isoforms as well as primers specific for NFI-A-short or NFI-A2. Levels of the various NFI transcripts were normalized to the level of
�-actin mRNA in each sample. Data presented are means � S.D. (n � 3).

Tissue Total NFI-A NFI-A-short NFI-A2

copy number per 103 copies of �-actin

OM 27 � 2 0.35 � 0.05 0.72 � 0.04a

Liver 60 � 17 0.59 � 0.15 NDb

Brain 30 � 7 0.15 � 0.02 ND
Lung 7.7 � 0.4 0.07 � 0.01 ND
Kidney 14 � 4 0.29 � 0.10 ND

a Significantly higher than NFI-A-short; p � 0.01.
b ND, not determined and not detected in a previous study (16).
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DISCUSSION

Many CYPs are tissue-selectively expressed in mammals,
but little is yet known of the mechanisms of their tissue spec-
ificity. Several recent studies (6, 8, 16, 24) have explored the
mechanisms of the respiratory tract-selective expression of the
CYP2A and CYP2F genes. A putative lung-specific factor was
identified that bound to human CYP2F1 proximal promoter
region and potentially activated its lung-selective expression
(24). For CYP2As, we had identified previously an NFI-like
element (NPTA element) within the proximal promoter region
of the rat CYP2A3 by gel-shift and footprinting assays and had
demonstrated a potential role of this element in the tissue-
selective expression of CYP2A3 via a number of in vitro ap-
proaches, including in vitro transcription and Southwestern
assays (6). We also obtained evidence from supershift assays
that at least some of the NPTA-binding proteins can be recog-
nized by an antibody to NFI (6, 8). However, definitive evidence
for the identity of the NPTA-binding proteins and for their in
vivo, tissue-selective interaction with the CYP2A3 NPTA ele-
ment was not obtained. In the present study, a two-step DNA
affinity chromatography scheme was developed to enable puri-
fication of the NPTA-binding proteins from the nuclear extract
of rat OM for MS analysis. We now have definitive evidence
that the OM NPTA-binding proteins include all four types of
NFI factors. We have also identified a novel rat NFI isoform
(NFI-A-short) in the OM, and we demonstrate that it acts as a
suppressor of the transcriptional activation of a CYP2A3-lucif-
erase reporter gene by NFI-A2 in co-transfection assays. More
important, by using a tissue-based ChIP assay, we have shown
that the CYP2A3 NPTA element is bound by NFI factors in vivo
in the OM but essentially not in the liver. These data not only
provide strong support for the in vivo function of NFI proteins
in the tissue-selective expression of CYP2A3 in the OM, but
they also illustrate, for the first time, the feasibility of perform-
ing ChIP assays on the OM.

NFI transcription factors bind as dimers to the consensus
sequence TTGGC(N5)GCCAA on duplex DNA (7). Although
NFI genes are ubiquitously expressed, distinct NFI isoforms

can be recruited to promoters in a cell type-specific manner and
can in turn associate with different protein partners so as to
exert diverse biological effects (7). NFI is thought to be involved
in the down-regulation of CYP1A1 by oxidative stress and in
the induction of CYP2B by phenobarbital (25, 26). NFI-binding
sites are present in the regulatory regions of genes that are
specifically expressed in the mammary gland (12), pituitary
(22), thyroid (27), and olfactory neurons (14, 15). Our data
indicate that NFI isoforms also regulate the expression of

FIG. 3. NFI-A2 and NFI-A-short bind to the NPTA element as
homo- and heterodimers. A, heterologous expression of NFI-A2 and
NFI-A-short in JEG-3 cells. JEG-3 cells cultured in 100-mm plates were
harvested 48 h after transient transfection with the indicated NFI-A
cDNA expression vectors (10 �g each). Control transfection was per-
formed with pCMV vector. About 5 �g of whole-cell extracts were used for
immunoblot analysis with an anti-NFI antibody (H300). The positions of
selected (prestained) protein size markers (Bio-Rad catalog number 161-
0318) are indicated. Arrowheads indicate NFI proteins of predicted sizes.
B, EMSA was carried out using a radiolabeled NPTA probe and the
whole-cell extracts described in A. The arrow indicates position of free
probe, and the arrowhead indicates NFI-A2/NFI-A-short heterodimer.

FIG. 4. Effects of NFI proteins on CYP2A3 promoter activity. A,
activation of CYP2A3 promoter by NFI-A2, but not by NFI-A-short.
JEG-3 cells grown in 6-well plates were co-transfected with pCMV
(vector control), pNFI-A2, or pNFI-A-short at indicated amounts; 10 ng
of pRL-SV40 Renilla luciferase vector (internal control); and 2 �g of
pGL2A3 or pGL2A3M (reporter construct). In pGL2A3, the firefly lu-
ciferase cDNA is driven by a wild-type 254-bp CYP2A3 promoter.
pGL2A3M differs from pGL2A3 by a tg to gt mutation, within the NPTA
element, that abolishes NFI binding. Activities of firefly luciferase in
cell lysates were normalized by those of Renilla luciferase, and the
relative activities are expressed in arbitrary units (means � S.D., n �
4). *, significantly different from vector control; p � 0.01. B, NFI-A-
short inhibits the activity of NFI-A2 at the CYP2A3 promoter. JEG-3
cells were transfected with pNFI-A2 or both pNFI-A2 and pNFI-A-
short, at indicated amounts, together with pRL-SV40 and pGL2A3 in
the amounts described in A. *, significantly lower than the activities in
cells transfected with pNFI-A2 alone; p � 0.01.
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CYP2A3; this gene is expressed in the non-neuronal cells, in-
cluding the sustentacular cells and cells of the Bowman’s gland
(4), in rat OM.

Multiple NFI isoforms are generated through extensive al-
ternative splicings of the four NFI genes (21). For example, in
rats, NFI-A2 differs from NFI-A1 in having a unique exon 1
(14, 16). The newly identified rat NFI-A splicing variant, NFI-
A-short, is spliced to a new exon after a common exon 5. The
resulting protein maintains the DNA binding and dimerization
abilities but loses most of the transactivation/repression do-
main. By forming heterodimers, NFI-A-short can attenuate the
effect of NFI-A2, and presumably any other NFI isoforms,
thereby providing a mechanism for fine-tuning the expression
of a target gene. A truncated splicing variant of NFI-B (human
NFI-B3) had also been identified and had been shown to inhibit
transactivation by other NFI factors in a previous study (28).
Notably, although NFI-A2 and NFI-A-short mRNAs account
for less than 3% of total NFI-A transcripts in adult OM, it is
possible that they are enriched in certain cell types, where they
could have significant roles in transcriptional regulation.

In a search for NFI clones in a rat OM cDNA library, Baumeis-
ter et al. (14) found that NFI-A was the most abundantly repre-

sented among identified NFI clones. This finding is in line with
our observation, at the protein level, that NFI-A is the most
abundant isoform in the OM. However, the other NFI proteins
are also present in the OM and can potentially interact with the
NPTA element, due to the high homology in the DNA-binding
domain among all NFI proteins. In that regard, although our
data clearly indicate a positive role for NFI in the regulation of
CYP2A3 expression, it was not possible to definitively identify
the specific NFI isoforms that associate with the CYP2A3 pro-
moter in vivo. We believe that multiple NFI isoforms are func-
tional at the CYP2A3 promoter, a notion supported by our pre-
liminary finding in an Nfi-a knockout mouse model (11), that
Cyp2a5 expression in the OM was not decreased in the absence of
NFI-A.2 However, individual NFI isoforms may have differing
abilities to activate the CYP2A3 promoter, partly as a result of
their differing abilities to recruit or to interact with other tran-
scription factors in the transcription complex (7) or to cooperate
with co-activators (29, 30). Thus, for a better understanding of
the mechanism of the involvement of NFI, it will be necessary to
identify the NFI isoforms, as well as the proteins that interact
with them at the CYP2A3 promoter, in both neuronal (no
CYP2A3 expression) and non-neuronal (abundant CYP2A3 ex-
pression) cells in the OM.

The mechanism underlying the absence of CYP2A3 expression
in the liver has yet to be determined. Although NFI transcription
factors are found to be negative regulators in some cases, for
example in the silencing of the glutathione transferase P gene
(31), our data do not support a direct involvement of NFI in the
hepatic silencing of CYP2A3. In the liver, NFI was found to be

2 G. Ling, R. M. Gronostajski, and X. Ding, unpublished observations.

FIG. 5. Tissue-selective association of NFI with CYP2A3 pro-
moter in vivo. ChIP assays were performed as described under “Ex-
perimental Procedures.” NFI-bound chromatin in the OM (A) and liver
(B) of adult Wistar rats was immunoprecipitated with the H300 anti-
NFI antibody. Normal rabbit IgG was used in place of the anti-NFI for
negative controls. Enrichment of CYP2A3, CYP1A2 (as a positive con-
trol for liver expression), and IgB (as a negative control) promoters in
the immunoprecipitates was determined by real time quantitative PCR,
which was conducted in duplicate, using primers specific for each pro-
moter. The relative abundance of a specific promoter fragment (target
DNA) was expressed as the percentage of total input chromatin. The
results shown (means � S.D.) represent data from four independent
experiments. *, significantly greater than control; p � 0.01.

FIG. 6. Tissue-selective methylation at the CYP2A3 promoter.
Methylation status of the CYP2A3 promoter (�1926 to �144, as a
SacI-PvuII fragment) in the liver and OM of adult rats was analyzed by
comparison of profiles of restriction fragments generated with MspI and
HpaII (methylation-sensitive). A, location of MspI/HpaII (M/H) sites in
the CYP2A3 promoter region. The approximate position of the CYP2A3
transcription start site (TSS) is shown. B, SacI/PvuII double-digested
genomic DNA was further treated with MspI (M) or HpaII (H). Restric-
tion fragments were detected on Southern blots, using the SacI-PvuII
CYP2A3 promoter fragment as a probe. The positions of the intact
SacI/PvuII fragment (2070-bp) and four smaller fragments resulting
from complete digestion by MspI or HpaII (240, 453, 609, and 768 bp)
are indicated.
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associated with promoters of transcriptionally active CYP1A2
and with transcriptionally competent CYP2B2 at uninduced
state (26). However, under our ChIP assay condition, we did not
detect significant association of NFI with CYP2A3 promoter in
liver chromatin. This finding suggested that the NPTA element
was not accessible to NFI in the liver, possibly due to a transcrip-
tionally silent chromatin structure. It had been reported that the
affinity of NFI for nucleosomal DNA is 100–300-fold lower than
its affinity for free DNA (32). The presence of an inhibitory
chromatin structure at the CYP2A3 promoter in liver is sup-
ported by the results of our promoter methylation assays. Cyto-
sine methylation of a gene promoter is known to be associated
with heterochromatin and stable gene silencing (33). By using
methylation-sensitive restriction enzymes and Southern blot as-
says, we demonstrated that there was a nearly complete cytosine
methylation at selected sites of the CYP2A3 promoter in liver,
but only a partial methylation at these sites in the OM, a tissue
containing both CYP2A3-expressing and non-expressing cells.
However, factors responsible for the tissue-selective methylation
status, and the associated silencing of CYP2A3 in the liver, re-
main to be identified.

Methylated DNA mediates gene silencing by intervening in
transcription factor binding and by recruiting proteins that
alter chromatin structure (33). There is emerging evidence that
DNA methylation plays a role in the transcriptional regulation
of genes encoding drug metabolism enzymes (34–36). Never-
theless, how DNA methylation is involved in tissue-specific
gene expression is not well understood. Several lines of evi-
dence suggest that DNA methylation only affects inactive
genes and renders the gene silencing irreversible (33). In a
model proposed by Turker (37), active promoters occupied by
transcription factors prevent the methylation from spreading,
and a decrease in transcription potential may lead to the inva-
sion of DNA methylation in the promoter region and eventually
the stabilization of gene silencing. We propose that as yet
unidentified tissue-specific transcription factors are responsi-
ble for the maintenance of an active CYP2A3 promoter in rat
OM, whereas in most other tissues, in the absence of these
factors, the transcription potential of CYP2A3 is too low to
prevent the spreading of DNA methylation. The binding sites
for these putative, tissue-specific factors are most likely located
far upstream of the CYP2A3 promoter, as suggested by the
results of our recent transgenic mouse study (38). Thus, in
transgenic mice that contain a full-length CYP2A3 transgene,
with 3.4 kb of 5�-flanking region and 1.5 kb of 3�-flanking
region, the expression level of the transgene was very low, and
the tissue profile of transgene expression mimicked that of
mouse Cyp2a5 rather than that of rat CYP2A3 (38). These data
suggest that more distal regulatory modules are required for
the robust and tissue-specific expression of CYP2A3. Further
efforts to identify these putative, distal regulatory modules and
their binding proteins, the roles of these proteins in controlling
methylation and chromatin structure at the CYP2A3 promoter,

and their potential interactions with putative NFI co-activators
at the NPTA element are warranted.
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