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The 5’ upstream region from —490 to —540 (footprint II) within the dominant P2 promoter of the rat o,
adrenergic receptor (o,,AR) gene is recognized by a sequence-specific DNA-binding protein (B. Gao, M. S.
Spector, and G. Kunos, J. Biol. Chem. 270:5614-5619, 1995). This protein, detectable in Southwestern (DNA-
protein) blots of crude nuclear extracts as 32- and 34-kDa bands, has been purified 6,000-fold from rat livers
by DEAE-Sepharose, heparin-Sepharose, and DNA affinity chromatography. Sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis and UV cross-linking of the purified protein indicated the same molecular mass
as that in crude extracts. Methylation interference analysis revealed strong contact with a TTGGCT hexamer
and weak contact with a TGGCGT hexamer in the 3’ and 5’ portions of footprint II, respectively. Nucleotide
substitutions within these hexamers significantly reduced protein binding to footprint II and the promoter
activity of P2 in Hep3B cells. The purified protein also bound to the nuclear factor 1 (NF1)/CTF consensus
sequence, albeit with lower affinity. Gel mobility supershift and Western blotting (immunoblotting) analyses
using an antibody against the NF1/CTF protein identified the purified 32- and 34-kDa polypeptides as NF1 or
a related protein. Cotransfection into Hep3B cells or primary rat hepatocytes of cDNAs of the NF1-like
proteins NF1/L, NF1/X, and NF1/Red1 resulted in a three- to fivefold increase in transcription directed by
wild-type P2 but not by the mutated P2. Partial hepatectomy markedly decreased the levels of NF1 in the
remnant liver and its binding to P2, which paralleled declines in the rate of transcription of the o, AR gene
and in the steady-state levels of its mRNA. These observations indicate that NF1 activates transcription of the
rat o;;, AR gene via interacting with its P2 promoter and that a decline in the expression of NF1 is one of the

mechanisms responsible for the reduced expression of the o, AR gene during liver regeneration.

The a;;, adrenergic receptor (a;,AR) is a G-protein-coupled
receptor that mediates the acute metabolic effects of cat-
echolamines in the liver and is also involved as a comitogen in
the regenerative response after the loss or injury of liver tissue
(13, 14, 35, 36). Expression of the a;,AR gene in the rat liver
is controlled by hormonal and developmental factors as well
as by conditions associated with hepatocyte dedifferentiation
(8, 33, 35, 36, 49). Such regulation has been shown to occur at
the transcriptional level under many of these conditions, such
as after partial hepatectomy (36), during primary culturing of
rat hepatocytes (28), and in response to glucocorticoids (53),
cycloheximide (25), phorbol esters (26), and thyrotropin and
cyclic AMP (31). In order to understand the molecular mech-
anisms involved in the transcription of the «,,,AR gene under
a variety of physiological and pathological conditions, we have
cloned the rat a;,,AR gene and identified its multiple promot-
ers and the cis-acting elements in its regulatory domain (18,
19). Subsequent experiments have identified the sequence-
specific factors that interact with the dominant P2 promoter,
including an unidentified ubiquitous transcription factor, ten-
tatively referred to as aAR transcription factor (¢ ARTF),
which bound to footprint II within the P2 promoter and was
found to be indispensable for the transcription of the a,,AR
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gene and to be widely distributed among various rat tissues
(20). The CCAAT-binding factor CP1 (7, 10) was also found to
bind to the footprint II sequence (20), as demonstrated by
competition with a CP1 binding sequence from the 5’-flanking
region of the mouse a-globin gene (7, 10). Furthermore, the
binding of CP1 and «ARTF to the footprint II sequence was
mutually exclusive (20).

Here we report the extensive purification and further char-
acterization of the «c ARTF protein and analysis of its binding
to the P2 promoter. The results of methylation interference
analyses, DNA mobility shift assays (DMSA), supershift as-
says, Western blotting (immunoblotting), and mutational anal-
yses indicated that the purified protein is identical or closely
related to the nuclear factor 1 (NF1)/CTF protein. Cotrans-
fection experiments using cDNAs for three different molecular
forms of NF1 confirmed the role of this transcription factor as
a positive transcriptional regulator of the o, AR gene in nor-
mal hepatocytes as well as in malignantly transformed hepato-
cytes. Finally, differential DMSA and Western blotting using
nuclear proteins from normal and posthepatectomy remnant
livers demonstrated that NF1 expression and binding to DNA
are downregulated in the regenerating liver, which parallels
the similar downregulation of the transcription and expres-
sion of the a;,AR gene. Thus, NF1 is one of a group of tran-
scription factors whose expression is turned off in the re-
generating liver, which, in turn, is responsible for or at least
contributes to the decreased expression of similarly regulated
target genes.
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MATERIALS AND METHODS

Southwestern (DNA-protein) blot analysis. Southwestern blotting was per-
formed as previously described (60). Nuclear proteins (30 to 150 pg) from rat
livers or brains were separated by denaturing sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE). Then proteins were electroblotted onto
nitrocellulose membranes (Schleicher & Schuell) in transfer buffer (50 mM
Tris-HCI, 40 mM glycine, 20% methanol) with a Bio-Rad semidry apparatus and
subsequently renatured by treatment with and then withdrawal of 6 M guani-
dinium chloride in Z' buffer (25 mM HEPES [N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid]-KOH [pH 7.6], 12.5 mM MgCl,, 10 uM ZnSO,, 20%
glycerol, 0.01% Nonidet P-40). After renaturation, the membranes were incu-
bated with blocking buffer [Z’ buffer containing 3% nonfat dried milk and 3 pg
of poly(dI-dC) per ml] for 30 min at 25°C, washed twice for 10 min with binding
buffer (Z' buffer containing 0.25% nonfat dried milk), and hybridized with
32P-labeled concatemers of annealed synthetic oligonucleotides II, IIa, and ITb
(20) for 30 min at 25°C. The membranes were washed three times with Z' buffer
for a total of 15 min and analyzed with a PhosphorImager (Molecular Dynamics).

Preparation of rat liver nuclear extracts. Nuclear extracts were prepared from
the livers of 120-day-old male Sprague-Dawley rats by the method of Latchman
(37), with modifications. All steps were carried out at 0 to 4°C; all buffers
contained 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 1 ng
(each) of pepstatin, aprotinin, and leupeptin per ml, 0.1 mM benzamidine, and
10 mM B-glycerophosphate. Minced tissue (1,000 g of liver) was brought to 3,000
ml with buffer A (10 mM HEPES [pH 7.9], 10 mM KClI, 1.5 mM MgCl,, 0.1 mM
EDTA) containing 0.25 M sucrose and homogenized with a motor-driven Potter
homogenizer (10 to 15 strokes, 1,400 rpm) until 90% cell lysis occurred. The
homogenate was filtered through cheesecloth and centrifuged at 5,000 rpm for 15
min in a GSA rotor (Sorvall). The combined nuclear pellets were resuspended in
2,000 ml of buffer A containing 0.25 M sucrose and 0.5% Triton X-100, homog-
enized very gently, and spun as described above. The pelleted nuclei were
resuspended in 5 volumes of buffer A containing 2.4 M sucrose and spun at
24,000 rpm for 1 h in an SW28 rotor (Beckman). The packed nuclei were
resuspended in buffer A containing 0.3 M NaCl, stirred gently for 45 min, and
spun at 10,000 rpm for 15 min in an SS34 rotor (Sorvall). After the addition of
Nonidet P-40 to 0.01%), the clear supernatant was dialyzed twice for 2 h against
20 volumes of buffer E (20 mM HEPES [pH 7.9], 300 mM KCl, 5 mM MgCl,, 0.2
mM EDTA, 10% glycerol, 0.01% Nonidet P-40). The dialysate was centrifuged
at 10,000 rpm for 15 min in a GSA rotor to eliminate the precipitate formed
during dialysis. The protein concentration of the supernatant (crude nuclear
extract) was determined by Bio-Rad protein assay, with bovine serum albumin as
standard. The usual yield was 1 mg of nuclear protein per g of liver.

Protein purification. Crude liver nuclear extract (1.1 g obtained from 1,000 g
of liver tissue) was applied to a 200-ml DEAE-Sepharose column preequilibrated
with buffer E containing 300 mM KCIl. The flowthrough containing the active
fractions was diluted to 100 mM KCI with buffer E and loaded onto a 90-ml
heparin-Sepharose CL-6B column equilibrated with buffer E containing 100 mM
KCIL. The column was eluted with buffer E containing 100 to 700 mM KCl
increased in 50 mM steps, and fractions were analyzed by DMSA using 32P-
labeled oligonucleotide II as the probe. The DNA binding activity inhibited by a
CP1 consensus oligonucleotide which was eluted at 250 to 350 mM KCI (20) was
not analyzed further. The DNA binding activity eluted at 550 to 650 mM KCl and
designated a ARTF (20) was pooled, dialyzed against buffer Z' containing 100
mM KCl, and loaded onto an oligonucleotide II affinity column, which had been
prepared by coupling concatemers of annealed synthetic oligonucleotide II to
cyanogen bromide-activated Sepharose CL-4B beads (30). The column was
washed extensively with buffer Z' containing 100 mM KCl and eluted stepwise
with buffer Z' containing 100 to 600 mM KCI. The active fractions recovered at
250 to 350 mM KCl were then loaded onto an oligonucleotide IIm (see Fig. 4C)
affinity column, prepared with concatenated mutated oligonucleotide II. The
flowthrough containing the « ARTF activity was subjected to repeated chroma-
tography over a second oligonucleotide II affinity column. The concentration of
nonspecific competitor DNA [poly(dI-dC)] in the buffer was 1 pg/ml during the
first pass and 3 pg/ml during the second pass through the oligonucleotide 11
affinity column.

SDS-PAGE and silver staining. SDS-PAGE was carried out by the method of
Sambrook et al. (54). The gels were calibrated with prestained molecular weight
standards (GIBCO). Electrophoresis was performed at 30 mA. Silver staining
was performed with silver nitrate by using a Bio-Rad silver staining kit.

DNase I footprinting and DMSA. DNase I footprinting was performed as
described previously (20). DMSA and preparation of nuclear extracts for DMSA
were carried out as described previously (20). In competition experiments, ra-
dioactive probe and competitor oligonucleotides were mixed prior to the addi-
tion of nuclear extract. Of the synthetic oligonucleotides used, oligonucleotides
I, ITa, and IIb correspond to —484 to —543, —484 to —518, and —515 to —543
bp in the 5’-flanking domain of the rat o;,AR gene (20), respectively, and were
synthesized in our laboratory with a Cyclone Plus DNA synthesizer (Milligen).
The consensus oligonucleotide for NF1 (5'-TATTTTGGATTGAAGCCAATA
TGATAATGA-3") was purchased from Promega, and the other consensus oli-
gonucleotides used were detailed previously (20). For antibody supershift exper-
iments, the nuclear extract or purified protein and poly(dI-dC) were incubated
with 1 pl of either preimmune serum or anti-NF1 serum (kindly provided by

MoL. CELL. BIOL.

Naoko Tanese, New York University Medical Center) (1) for 1 h at room
temperature. Labeled oligonucleotide II or NF1 consensus oligonucleotide was
then added, and the mixture was incubated for another 20 min. The resulting
complexes were analyzed as described for DMSA.

UV cross-linking. The procedure was carried out as previously described (11),
with slight modifications. The probe used was prepared by annealing an oligo-
nucleotide corresponding to the first 15 nucleotides of the sense strand of
oligonucleotide II with its full-length antisense strand and then filling in the
remaining 45 bases of the sense strand with 1 U of Klenow DNA polymerase I
at 16°C for 3 h in the presence of 37.5 M (each) dATP and 5-bromo-2'-dUTP
and 6.7 pM (each) [a-3?P]dCTP and [«-**P]dGTP. The specific activity of the
probe was 2 X 10 dpm/pg. The purified protein was incubated with 2 ng of the
32P-labeled DNA probe and 10 g of poly(dI-dC) in 20 ul at room temperature
for 20 min. The mixture was irradiated under a 312-nm UV source at a distance
of 1 cm, and the DNA was then digested in the presence of 10 mM CaCl, for
30 min at 37°C with 1 U of DNase I (Promega) and 3 U of micrococcal nuclease
(Sigma). The products were resolved by SDS-PAGE and analyzed with a Phos-
phorImager.

Methylation interference analysis. The oligonucleotide II coding and noncod-
ing strands were 5’ end labeled with [y-*?P]ATP and T4 polynucleotide kinase,
respectively, and annealed with unlabeled complementary oligonucleotide
strands. Labeled probes were partially methylated with dimethyl sulfate for 5 min
at 25°C (41). DMSA were performed as described above, except that binding
reaction mixtures were scaled up fivefold in a total volume of 40 ul. The free and
complexed probes were visualized with a PhosphorImager and eluted from the
polyacrylamide gel overnight in a solution containing 10 mM Tris-HCI (pH 7.2),
1 mM EDTA, and 1% SDS at 37°C overnight. The DNA in the eluate was
extracted with phenol-chloroform, ethanol precipitated, and cleaved with 1 M
piperidine at 90°C for 30 min. Equal counts per sample were loaded in all lanes
and resolved by 8 M urea-15% polyacrylamide gel electrophoresis.

Western blot analysis. Nuclear extracts and purified protein were size frac-
tionated on an SDS-8% polyacrylamide gel and transferred onto a nitrocellulose
filter. The filter was blocked with TPBS buffer (0.05% [vol/vol] Tween 20 in
phosphate-buffered saline [pH 7.4]) containing 3% nonfat dairy creamer for 2 h
at 25°C and incubated with an antiserum against the NF1/CTF protein (1:500
dilution in TPBS buffer) overnight at 4°C. After three washes with TPBS, the
filters were incubated with biotinylated secondary antibody (1:1,000 dilution in
TPBS) for 30 min at 25°C. The immune complexes were detected by using
streptavidin-alkaline phosphatase conjugate with nitroblue tetrazolium chloride
and 5-bromo-4-chloro-3-indolylphosphate p-toluidine salt as chromogens ac-
cording to the manufacturer’s (BRL) instructions.

Construction of plasmids. The mutated P2 promoter-pCAT construct (P2m)
was prepared by sequential PCR as previously described (6). Briefly, partially
overlapping sense (—536 to —511) (5'-CGTGGTGCCTTATTCGGGCGTGCG
CG-3') and antisense (—494 to —522) (5'-TACGGGTCCATAAGAGGCGCG
CACGCCCG-3') oligonucleotide primers containing the point mutations under-
lined were synthesized and used in the sequential PCR amplification steps. The
primer pairs used in the sequential steps were sense primer + primer 1 (5'-TG
ACTGCAGGGCGACATCAG-3") containing a PstI site and antisense primer +
primer 2 (5'-GATGTGACTCAAGCTTCTGCCACTG-3") containing a HindIII
site. The template used in the sequential PCR was the P2 promoter-pCAT
construct. PCR was carried out as described before (19). The two PCR products
were combined and amplified by primers 1 and 2. The final PCR product was
purified and subcloned into the pCAT enhancer vector. The mutations in P2m
were verified by sequencing. The basic P2 promoter construct (P2b) and mutated
basic P2 promoter construct (P2bm) were prepared by subcloning the wild-type
or mutated —832 to —432 fragment of the 5'-flanking region of the «;,,AR gene
into the pCAT basic vector (Promega). The constructs were verified by sequenc-
ing.

Transient transfections and CAT assays. Transient transfections and chlor-
amphenicol acetyltransferase (CAT) assays were performed as described previ-
ously (19). The pNF1/X expression vector (pSV-pNF1/X) was constructed by
subcloning the EcoRI-digested pNF1/X cDNA fragment (21) (obtained from the
American Type Culture Collection) into the pcDNA3 expression vector (Invitro-
gen, San Diego, Calif.). The pNF1/Red1 and pNF1/L expression vectors (pSV-
pNF1/Redl and pSV-pNF1/L, respectively) were prepared by subcloning pNF1/
Red1 and pNF1/L coding regions into pcDNA3 expression vectors. The pNF1/
Redl coding region was amplified by PCR from pNF1/Red1 cDNA in pGEM
(21) (American Type Culture Collection). The 5" PCR primer (5'-TCCAAGC
TTCTCGAAGATTTTCTTGGGCAT-3") containing a HindIII linker is located
30 bp upstream from the ATG start codon; the 3" PCR primer (5'-TCTGGGC
CCTCAGTTGCTTGTCTCTGC-3") containing an Apal linker is located around
the stop codon. The PCR fragment was digested with HindIII and Apal, and the
purified fragment was ligated into pcDNA3 vector. The pNF1/L coding region
was amplified from the psPUTK-NF1/L plasmid (kindly provided by Mary Ann
Thompson, Vanderbilt University, Nashville, Tenn.). The 5" primer (5'-GACC
GAGAATACAAGCTTGCTT-3') containing a Xhol linker is located 50 bp
upstream from the ATG translation start codon; the 3’ primer (5'-TGGTCTG
TCTAGAGGATGGTGGGA-3") containing a Xbal linker is located 12 bp
downstream from the stop codon. The PCR fragment was subcloned into
pcDNA3. The inserts were verified by restriction mapping and sequencing.
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FIG. 1. Identification of the factor binding to footprint II by Southwestern
blotting. (A) Samples contained the indicated amounts of nuclear proteins from
the rat brain or liver and were suspended in loading buffer containing 2% SDS.
The blot was hybridized with labeled oligonucleotide II. (B) Southwestern blots
hybridized with labeled oligonucleotide II, IIa or IIb.

Partial hepatectomy. Adult male Sprague-Dawley rats were subjected to 2/3
partial hepatectomy (24). Rats were anesthetized with sodium pentobarbital (50
mg/kg intraperitoneally), and the median and left lateral lobes of the liver were
ligated at their stem and excised. Control rats were subjected to a sham opera-
tion, which consisted of laparotomy and a brief manipulation of the intestines but
not the liver with a cotton swab prior to wound closure. The animals were
allowed to recover and were sacrificed by decapitation at the indicated times
after surgery.

Primary culturing of rat hepatocytes. For transfection into primary cultured
rat hepatocytes, male Sprague-Dawley rats weighing 80 to 120 g were anesthe-
tized with sodium pentobarbital (50 mg/kg intraperitoneally), and the portal vein
was cannulated under aseptic conditions. Liver cells were isolated by a collage-
nase perfusion protocol previously described (48). The isolated cells were washed
twice with hepatocyte wash medium (GIBCO) and plated onto polylysine-coated
culture dishes in attachment medium (GIBCO). After 3 h, the medium was
changed to Dulbecco modified Eagle medium containing 5% fetal bovine serum,
1 X 10~® M dexamethasone, 10 ng of epidermal growth factor per ml, 5 pg of
insulin per ml, 2.5 ng of amphotericin B per ml, 50 pg of gentamicin per ml, 67
wg of penicillin per ml, and 100 pg of streptomycin per ml, and cells were
transfected with DNA by using the Lipofectin reagent (GIBCO/BRL), as de-
scribed by the manufacturer. After 16 h, the medium was replaced with fresh
medium without Lipofectin, and cells were grown for an additional 40 h after
which they were used to measure CAT activity, as described above.

Northern blotting and nuclear run-on transcription assays. The isolation of
total RNA and Northern analysis using a rat o;,AR cDNA were described
previously (19). For sequential hybridization of the blots with different probes,
radioactivity was stripped from the blots by immersion in 0.1X Denhardt’s
solution containing 1 mM Tris Cl (pH 8.0) and 1 mM EDTA (pH 8.0) for 2 h at
75°C. Oligonucleotide probes for chicken B-actin, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and 28S RNA (Clontech) were used as loading con-
trols. Nuclear run-on transcription assays were done as described previously (59).

Statistical analyses. For multiple comparisons, one-factor analysis of variance
followed by Tukey’s post hoc test was used; P < 0.05 was taken to imply statistical
significance.

RESULTS

aARTF is detectable by Southwestern blotting as 32- and
34-kDa polypeptides. Our earlier experiments suggested that a
novel protein factor(s) binds to the a;,AR gene middle (P2)
promoter (20). To determine its molecular mass, we per-
formed Southwestern blotting with nuclear extracts from rat
livers and brains. The nuclear proteins were separated by SDS-
PAGE, transferred onto a nitrocellulose filter, and hybridized
with radiolabeled multimers of oligonucleotide II (see its se-
quence in Fig. 4B). As shown in Fig. 1, two major bands of 32
and 34 kDa and a weak band of 20 kDa were detected in rat
liver and brain crude nuclear extracts.

Previous studies suggested that footprint II contains two
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binding sites for this factor and one for the nuclear protein
CP1. In order to further define the domains within oligonucle-
otide II which bind the unknown protein, three equal aliquots
of crude liver nuclear extract were size fractionated by SDS-
PAGE and transferred onto nitrocellulose, and the lanes were
separated and probed with multimers of oligonucleotides II,
IIa, and IIb. The three probes were radiolabeled to the same
specific activity. As shown in Fig. 1B, all three probes bind both
the 32- and 34-kDa species. This suggests that the 32- and
34-kDa species are able to bind independently to the 3’ and 5’
portions of oligonucleotide II, which is consistent with our
previous finding that oligonucleotide II contains two separate
binding sites for tARTF (20). Binding of the 20-kDa band was
very weak in Fig. 1A but was much stronger when the washing
time was reduced (Fig. 1B).

Purification from rat liver of the protein binding to oligo-
nucleotide II. Most transcription factors identified to date have
been isolated by using multistep chromatography protocols,
including combinations of ion-exchange, heparin binding, and
DNA affinity chromatography (16, 30). A prerequisite for such
purification is the availability of an easy way to monitor the
target protein at every step of purification. The result of the
Southwestern analysis illustrated above indicated that purifi-
cation of t ARTF by using an oligonucleotide II affinity column
is feasible, and it also provided an estimate of the molecular
mass(es) of the protein(s). Figure 2 illustrates the use of
DMSA to monitor the active fraction during purification. Rat
liver nuclear extracts were first applied to a DEAE-Sepharose
column to remove nucleic acids. Then the flowthrough con-
taining the oligonucleotide II binding activity was applied to a
heparin-Sepharose column and eluted by a step gradient of
KCl. Two-microliter aliquots of the 20-ml fractions collected
were assayed by DMSA using **P-labeled oligonucleotide II as
the probe (Fig. 2A). This step enriched the a ARTF binding
activity 12-fold and effectively separated it from a CP1-like
protein, eluted at lower KCI concentrations (0.25 to 0.30 M).
The separate identities of the proteins in these two bands were
established by using unlabeled CP1 consensus oligonucleotide
and oligonucleotide II as competitors in DMSA, respectively
(Fig. 2B). Then the combined o« ARTF fractions were incu-
bated with nonspecific competitor poly(dI-dC) (1 to 3 pg/ml)
and applied to a DNA affinity column prepared by coupling
multimers of the double-stranded oligonucleotide II to CNBr-
activated Sepharose CL-4B, as described in Materials and
Methods. The column was eluted by a stepwise gradient of KCl
(150 to 600 mM), and 2-pl aliquots of the 0.5-ml fractions were
used in DMSA. There was no significant activity detectable in
the final flowthrough, and strong DNA binding activity could
be eluted at between 0.25 to 0.35 M KCl (Fig. 2C). This step
yielded an approximately 250-fold purification. In order to
remove high-affinity nonspecific DNA-binding proteins, the
active fractions were pooled, diluted to 0.1 M KCI, and passed
over an oligonucleotide IIm (see below) affinity column. The
flowthrough containing most of the oligonucleotide II binding
activity was again passed through the oligonucleotide II affinity
column and eluted with 0.25 to 0.35 M KCIl. This step resulted
in a further 2-fold purification, providing a 6,000-fold final
purification over the crude extract. The pooled fractions re-
covered from the second oligonucleotide II affinity column
were resolved by SDS-PAGE. Two major polypeptides of 32
and 34 kDa were identified by silver staining (Fig. 2D), which
is consistent with the results of the Southwestern analysis.

DNA binding properties of the purified protein. As men-
tioned earlier, the DNA binding activity of « ARTF was mon-
itored throughout the purification procedure by DMSA using
labeled oligonucleotide II. To further confirm the DNA bind-
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FIG. 2. Purification of the factor binding to footprint II. (A) DMSA of fractions eluted from the heparin-Sepharose column, with 3?P-labeled oligonucleotide II as
the probe. CE, crude extract; FT, flowthrough from the heparin column. (B) Identification of the 0.25 to 0.35 M KCl fractions (Fr.) containing CP1 (left) and the 0.55
to 0.60 M KCl fractions containing «ARTF (right) by DMSA, using labeled oligonucleotide II as the probe and unlabeled CP1 consensus oligonucleotide or oligo-
nucleotide IT as competitors (Comp.). (C) DMSA of KCl fractions eluted from the DNA affinity column. HF, 0.55 to 0.60 M KCl fractions from the heparin column of panel
A; FT, flowthrough of the DNA affinity column. (D) SDS-PAGE analysis of the purified protein. Crude nuclear extract (CE), 0.55 to 0.6 M KClI fraction from the
heparin column (HF), and purified protein (0.25 to 0.35 M KClI fraction eluted during the second run on the DNA affinity column) were resolved by SDS-8% PAGE

and visualized by silver staining.

ing properties of the affinity-purified protein, DNase I foot-
printing experiments were performed with the *?P-end-labeled
DNA fragment C (20), which corresponds to the antisense
strand between nucleotides —432 to —813 in the 5’'-flanking
domain of the a;,AR gene. As shown in Fig. 3A, the purified
protein (lane 3) generated a footprint on this template be-
tween nucleotides —490 and —540 that was identical to the one
generated by crude liver nuclear extract (lane 2). This demon-
strates that the purified protein retained its sequence-specific
DNA binding property.

To further verify that the 32- and 34-kDa polypeptides rep-
resent the protein that binds to oligonucleotide II, the affinity-
purified protein was UV cross-linked to the *?P-labeled bro-
modeoxyuridine-containing double-stranded oligonucleotide
IT as described in Materials and Methods. As shown in Fig. 3B,
the two labeled products obtained (lane 2) had the same sizes
as the affinity-purified bands in the SDS-PAGE gel (Fig. 2D)
or the bands identified by Southwestern analysis (Fig. 1). The
specificity of the cross-linking reaction was indicated by the
ability of excess unlabeled oligonucleotide II to protect the
polypeptides from cross-linking to the labeled oligonucleotide
II (Fig. 3B, lanes 3 and 4).

Methylation interference and mutational analyses. We pre-
viously demonstrated that tARTF binds to two separate sites
on the oligonucleotide II region (20). To provide more specific
information on the DNA-protein contacts involved in protein

A B

DNasel + + + +

e A UV - o+ o+ 4

- s Comp. - - oligoll
-— M (kDa) (S0ng 100ng)

N e o

B — 200 _

97.4_

-

F— - | j. 68 _

= = -4%0 43—
- w_ |

1 2 3 1 2 3 4

FIG. 3. DNA binding properties of the purified protein. (A) DNase I foot-
printing analysis of 40 pg of crude liver extract (CE; lane 2) and 50 ng of affinity-
purified protein (0.25 to 0.35 M KCl fractions from Fig. 2C; lane 3). Lane 1
contained no protein (—). The probe, o;,AR 5'-flanking fragment from —813 to
—432, was end labeled at —432. The arrow indicates a DNase-hypersensitive site.
(B) UV cross-linking analysis of the purified protein. The standard DMSA was
performed with affinity-purified protein and 3*P-labeled oligonucleotide (oligo)
II containing bromo-UTP, as described in Materials and Methods. The probe was
cross-linked to the polypeptides by UV irradiation and analyzed by SDS-8% PAGE
after digestion with DNase I and microcococcal nuclease. Comp., competitor.
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FIG. 4. Methylation interference and mutational analyses of the purified protein. (A) Coding and noncoding strand probes (oligonucleotide II) were end labeled
and treated with dimethyl sulfate. DMSA were performed with affinity-purified protein. The free (F) and bound (B) probes were excised and cleaved with piperidine,
and samples containing equal amounts of radioactivity were fractionated on an 8% polyacrylamide-6 M urea sequencing gel. Sites of strong (#) and weak (x)
interference are indicated. (B) Sequence localization of the contact points of the purified protein. Arrows indicate sites of DNase I hypersensitivity. Oligo,
oligonucleotide. (C) Sequence of the mutated oligonucleotide IT (oligo ITm), with mutated residues underlined. (D) DMSA using purified protein (lanes 1 to 7) or crude
liver nuclear extract (lanes 8 to 12). Oligo IIm was used as the unlabeled competitor (Comp; lanes 3 to 5 and 10 to 12) or as labeled probe (lane 7). —, no competitor.

binding, we performed methylation interference analysis using
oligonucleotide II. The *?P-end-labeled oligonucleotide IT was
partially methylated and used as the probe in a preparative
DMSA with the purified protein. Both the free probe and the
protein-DNA complex were excised from the gel; the DNA
was isolated, cleaved with piperidine, and analyzed by dena-
turing SDS-PAGE. As shown in Fig. 4A, methylation of the
guanine residues at positions —495, —504, —505, and —506
greatly reduced protein binding, whereas methylation at posi-
tions —524, —525, —526, and —527 caused a moderate reduc-
tion of protein binding to oligonucleotide II. As shown sche-
matically in Fig. 4B, the purified protein strongly contacts
TTGGCT and weakly contacts TGGCGT on the 3’ and 5’
portions of oligonucleotide II, respectively, which is in agree-
ment with previous DMSA results showing that oligonucleo-
tide II contains two separate binding sites (20).

To further confirm the specificity of the protein-DNA inter-
action, a mutated oligonucleotide II (IIm; Fig. 4C) was de-
signed by using point mutations based on the results of the
methylation interference analysis. As illustrated in Fig. 4D,
oligonucleotide IIm failed to compete with protein binding to
the 3?P-labeled oligonucleotide II when either the affinity-
purified protein (lanes 3 to 5) or a crude liver nuclear extract
(lanes 10 to 12) was used and did not bind the purified protein
when used as the *?P-labeled probe (lane 7). However, oligo-
nucleotide IIm effectively competed for CP1 binding to oligo-
nucleotide II (lanes 10 to 12), which indicates the specificity of
the mutated residues as binding sites for the purified protein.

The purified protein binds to the NF1/CTF consensus se-
quence. The results of the methylation interference analysis
described above indicated that the sequence domains contain-
ing the points of contact for the purified protein represented
one-half of the consensus sequence motif for NF1, TGGCT
and TGGCG (57). This led us to examine whether the purified
protein may bind to the full NF1/CTF consensus sequence.
Figure SA illustrates that the purified protein binds to the
NF1/CTF consensus oligonucleotide (lane 3), which suggests
that it is NF1 or a related factor. However, in previous exper-
iments, a 100-fold excess of the same NF1 consensus oligonu-
cleotide failed to abolish protein binding to oligonucleotide II
with a crude liver nuclear extract (20). Therefore, we repeated
the competition assay using the purified protein and different
relative concentrations of the NF1 consensus oligonucleotide.
When tested in a DNase I footprinting assay (Fig. 5B), a 100-
fold excess of the NF1 oligonucleotide weakly inhibited the
protection (lane 3), but full competition was observed in the
presence of a 200-fold excess of the NF1 oligonucleotide (lane
4). A similar 200-fold excess of consensus oligonucleotides for
SP1 AP1, AP2, AP3, NF-kB, and CREB (not shown) did not
modify the footprint. To further explore the relationship be-
tween the purified protein and NF1/CTF, we compared the
abilities of various unlabeled oligonucleotides to compete with
the purified protein for binding to the **P-labeled oligonucle-
otide II. As shown in Fig. 5C, complex formation by the labeled
oligonucleotide II is effectively inhibited by the unlabeled oli-
gonucleotide II, but not by the mutated oligonucleotide IIm.
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FIG. 5. Competition binding analysis of the purified protein. (A) Affinity-purified protein binds to the NF1/CTF consensus sequence. DMSA were performed with
10 pg of crude liver extract (CE; lane 1), 1 pg of the 0.55 to 0.6 M KCl heparin fraction (HF; lane 2), or 50 ng of purified protein (PP; lane 3) and *?P-labeled consensus
oligonucleotide for NF1/CTF (see Materials and Methods). (B) NF1/CTF consensus oligonucleotide is able to abolish footprint II on the labeled P2 fragment from
—813 to —432. Lane 1, no protein; lanes 2 to 4, 50 ng of purified protein with no (—) competitor (Comp.) or 100- or 200-fold excess of NF1/CTF consensus
oligonucleotide. (C) DMSA competition analysis of the purified protein. Various amounts of the indicated competitor (Comp.) oligonucleotides were added to a
standard DMSA performed with 50 ng of purified protein and 3?P-labeled oligonucleotide II. The amounts of radioactivity in the shifted bands were quantified with
a PhosphorImager and plotted as percentages of the control in the absence of competitor.

The other oligonucleotides competed with a potency order of
IIa > NF1/CTF oligonucleotide > IIb. Comparisons of the
amounts of unlabeled oligonucleotides required to displace
50% of the labeled probe reveal that oligonucleotide II is two
to five times more potent than either oligonucleotide Ila or the
NF1/CTF1 consensus oligonucleotide. This may be due to the
fact that oligonucleotide II contains two TGGC binding sites.
The finding that oligonucleotide IIa competed more effectively
than did oligonucleotide IIb is consistent with the results of the
methylation interference analysis, which indicated that the pu-
rified protein strongly contacted the 3’ half (oligonucleotide
IIa) and weakly contacted the 5’ half (oligonucleotide IIb) of
the oligonucleotide II sequence domain.

The purified protein is NF1 or a related factor. The evidence
discussed above strongly suggests that the purified protein is
NF1 or a closely related factor. To obtain more conclusive
evidence, we analyzed the purified protein by supershift assay
and Western blotting, using a polyclonal anti-CTF-1 antibody
(N. Tanese, New York University Medical Center). NF1 rep-
resents a family of sequence-specific DNA-binding proteins
with very high levels of sequence homology over the first 240
amino acids at their N-terminal ends and lower levels of ho-
mology for their C-terminal portions. CTF-1 and NF1/L are
98% homologous in their N-terminal 175 residues, and both
are recognized by the antibody mentioned above (1), which
probably recognizes other related members of the NF1 family
of proteins as well. The purified protein was incubated with
CTF-1 antiserum or with preimmune serum prior to incuba-

tion with *?P-labeled NF1/CTF oligonucleotide (Fig. 6A, lanes
1 to 5) or oligonucleotide II (lanes 6 to 11) in the DMSA. With
both probes, incubation with the antiserum but not with the
preimmune serum resulted in a complete supershifted band.
The specificity of the supershifted band was demonstrated by
the lack of a similar effect of the same antibody on complexes
formed between oligonucleotide II and the partially purified
CP1 factor (Fig. 6A, lanes 12 to 15).

Figure 6B illustrates the results of Western blotting experi-
ments. With either crude liver nuclear extracts or the purified
protein, two immunoreactive species with molecular masses of
32 and 34 kDa were visualized, whereas higher-molecular-
weight bands were seen only with the crude extract, suggesting
that the latter were the result of nonspecific interactions. This
provides strong evidence for the identity of the purified pro-
tein(s) with NF1.

Role of NF1 in the regulation of o;; AR gene transcription.
In earlier experiments, deletion of the 5'-flanking domain of
the rat o, AR between —490 and —540 bp abolished the pro-
moter activity of P2 (20). This suggested that «tARTF and CP1
together are positive transcriptional regulators of the a,,AR
gene, since this region contains binding sites for both factors.
To identify the role of t ARTF more selectively, a mutated P2
promoter-pCAT construct (P2m) was prepared by using the
mutated oligonucleotide II (IIm) and transfecting the con-
struct into Hep3B liver tumor cells. As illustrated above, this
mutation eliminated «ARTF binding without affecting CP1
binding to oligonucleotide II. The significant decrease in CAT
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FIG. 6. The purified protein is NF1 or a related factor. (A) Supershift analysis of the purified protein using anti-CTF serum. DMSA were performed with 5 ng of

purified protein plus ?P-labeled NF1 oligonucleotide (oligo; lanes 1 to 5) or

32p-labeled oligonucleotide II (lanes 6 to 11) or 2 pg of heparin-purified CP1 plus

32P-labeled oligonucleotide 1T (lanes 12 to 15). The purified protein or CP1 was preincubated with preimmune serum (PIS) or the anti-CTF serum as indicated. —, no
preincubation. (B) Western blotting analysis of the purified protein using anti-CTF serum. Purified protein (lane 1) or crude nuclear extracts from livers (lane 2) were

separated by SDS-PAGE, and Western blots were incubated with the anti-CTF

activity obtained with this P2m construct (Fig. 7A) more spe-
cifically defines the positive transcriptional regulatory role of
NF1 in the control of the expression of the a,,AR gene in the
rat liver.

The transactivating role of NF1 in «,,AR gene expression
was further verified by cotransfection into Hep3B cells of the
P2 promoter-pCAT construct with NF1/L, NF1/Redl, or
NF1/X expression vectors containing cDNAs encoding these
three NF1 proteins, which were originally identified and puri-
fied from the liver (1, 21, 47). As shown in Fig. 7A, coexpres-
sion of NF1/L, NF1/Redl, or NF1/X caused approximately
three-, five-, and fivefold increases in P2 promoter activity,
respectively. P2m-pCAT constructs had lower levels of pro-
moter activity than did P2-pCAT constructs, and this activity
was only minimally affected by cotransfection of NF1 variants.

In the experiments discussed above, the P2 promoter was
inserted into a simian virus 40 (SV40) enhancer-containing
CAT vector. In order to rule out the potentially confounding
effect of a strong viral enhancer, we prepared P2b-pCAT by
subcloning the P2 promoter into the enhancerless and promot-
erless pCAT basic vector. In the absence of the SV40 en-
hancer, the promoter (CAT) activity in Hep3B cells is only
51% of the activity observed with constructs containing the
viral enhancer (Fig. 7A). Figure 7A also shows that cotrans-
fection of NF1/L, NF1/X, and NF1/Redl with P2b-pCAT
caused the same three-, five-, and threefold increases in pro-
moter activity, respectively, observed in the presence of the
enhancer.

To test whether the positive transcriptional regulatory role
of NF1 is also present in the normal rat liver, cotransfection
experiments similar to those described above were done with
primary cultured rat hepatocytes. As illustrated in Fig. 7B,
cotransfection of any one of the three NF1 variants with the
P2-pCAT construct resulted in similar increases in transcrip-
tion; these effects were evident in both the presence and ab-
sence of the SV40 enhancer.

serum as described in Materials and Methods.

Partial hepatectomy decreases o,,AR gene transcription,
NF1 expression and NF1 regulation of the P2 promoter. Par-
tial hepatectomy causes a rapid change from «,- to B,-adren-
ergic glycogenolysis in the residual liver that precedes the re-
generative response and is associated with downregulation of
a;,AR and upregulation of B,AR readily detectable within
24 h of the surgery (2, 55). In order to define the level at which
the regulation of o;,AR gene expression occurs, we quantified
the steady-state levels of o;,AR mRNA as well as the rate of
transcription of this receptor gene in the partial-hepatectomy
model. Total RNA extracted from rat livers at various time
points after partial hepatectomy or sham operation was ana-
lyzed by Northern (RNA) blotting. As shown in Fig. 8A, the
a;,AR cDNA probe hybridized with a major mRNA species of
2.7 kb and two minor species of 2.3 and 3.3 kb in length, in
agreement with our earlier findings (19). Partial hepatectomy
resulted in marked reductions in the amounts of all three
mRNA species, which were evident at 6, 16, and 24 h after
surgery. In this experiment and the three repeat experiments
with similar results, radioactivity in the 2.7-kb mRNA band
decreased by 60 to 70% between 6 and 24 h, as quantified with
a PhosphorIlmager. The Northern blots were subsequently
stripped and reprobed with oligonucleotide probes for B-actin
or constitutively expressed 28§ RNA. The amount of the
2.2-kb B-actin mRNA did not change within the first 2 h after
partial hepatectomy, whereas at 6, 16, and 24 h, there were
marked increases (data not shown), which is in agreement with
several published reports (17, 45). The unchanged intensity of
the 28S RNA band in each lane (not shown) further indicated
that the observed decrease of a;, AR mRNA after partial hep-
atectomy was real and not the result of uneven loading or
transfer of mRNAs to the membranes.

Figure 8B illustrates the changes in the rate of gene tran-
scription, as measured by nuclear run-on experiments using
nuclei isolated from residual liver tissue at 0, 2, or 6 h after
partial hepatectomy and at 6 h after sham operation. The
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FIG. 7. Cloned variants of NF1 increase P2 transcriptional activity in Hep3B cells (A) or primary cultured rat hepatocytes (B). P2-, P2m-, P2b-, or P2bm-pCAT
constructs were cotransfected with the expression vector pcDNA3 with no insert or harboring the cDNA for NF1/L, NF1/X, or NF1/Redl, as described in Materials
and Methods. In all experiments, 1 pg of B-galactosidase vector (Promega) was cotransfected to allow for adjustments of transfection efficiency (19). CAT activity is
expressed as a percentage of the control, as established by using P2-pCAT alone. Data are the means * standard errors of the means from four independent
experiments. #, significant difference (P < 0.05) from the result for corresponding controls.

transcriptional rate of the «,,AR gene was progressively re-
duced after partial hepatectomy, whereas the rate of transcrip-
tion of the control GAPDH gene remained essentially un-
changed, with the latter result being in agreement with a
previous report (9). Similar results were obtained in three
additional experiments.

In order to examine whether the decreased rate of a,,AR
gene transcription after partial hepatectomy correlates with
NF1 binding to the P2 promoter and with the concentration of
NF1 protein, nuclear extracts were prepared from sham rem-
nant livers as well as posthepatectomy remnant livers and an-

alyzed by DMSA and Western blotting. As shown in Fig. 8A,
NF1 binding to oligonucleotide II was reduced between 2 and
16 h after partial hepatectomy compared with after the sham
operation. The decrease in NF1 binding was selective, as there
was no difference in the binding of the same protein extracts to
an OCT-1 consensus oligonucleotide (not shown). The level of
the OCT-1 transcription factor is known to be unaffected by
partial hepatectomy (39). Figure 8A shows that the 32- and
34-kDa species detected in a Western blot by anti-NF1/CTF
serum were significantly reduced in intensity between 2 and
16 h posthepatectomy, compared with time-matched sham
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FIG. 8. Parallel decline in the expression of a;;,AR and NF1 in the regenerating liver. (A) The effect of partial hepatectomy (PH) on o;;,, AR mRNA (top), NF1
binding to oligonucleotide II (oligoII) quantified by DMSA (middle), and tissue levels of NF1 detected by Western blotting in the rat liver (bottom). C, control. (B)
Relative rates of transcription of the a;, AR and GAPDH genes in livers from partially hepatectomized (PH) and sham-operated (SH) rats, as measured by nuclear
run-on assays. Equal amounts of radioactive mRNA transcribed in vitro by nuclei isolated from the livers of PH or SH rats were hybridized to the indicated cDNA
probes (a;,AR, 10 ng; GAPDH, 1 png) immobilized on nitrocellulose membranes. The radioactivities on blots were quantified with a PhosphorImager.

preparations. The decline in the amount of the NF1 protein
was real, as the staining patterns of major protein bands visu-
alized by Coomassie blue during SDS-PAGE of the same nu-
clear extracts (not shown), as well as the high-molecular-
weight bands present in all lanes, were not different for sham
and remnant livers. This suggests that the decrease of NF1
binding to the P2 promoter is due to a selective decline in the
concentration of NF1 protein after partial hepatectomy. Taken
together, these findings strongly suggest that the decrease in
a;,AR gene expression in the regenerating liver is due to a
parallel decline in the nuclear concentration of the NF1 pro-
tein.

DISCUSSION

We have previously isolated and characterized the rat
a;,AR gene and found multiple sequence-specific factors that
interact with the dominant P2 promoter, including the CCAAT
binding factor CP1 and an unidentified ubiquitous transcrip-
tion factor, tentatively named o ARTF (18-20), both of which
bind to the footprint II sequence within the P2 promoter. The
binding of CP1 to footprint II was weak (Fig. 4D, lane 8) or
undetectable (Fig. 8A) in the presence of « ARTF, i.e., when a
crude extract was used, but it was much stronger in the absence
of aARTF, such as after the deletion of the « ARTF binding
site from footprint IT (20) or after the removal of « ARTF from
the nuclear extract (Fig. 2A and B). This suggests that the
binding of «c ARTF and the binding of CP1 to footprint II are
mutually exclusive, although the points of contact differ (see
below).

oARTF was further purified from the rat liver by sequential
ion-exchange, heparin-Sepharose, and DNA affinity chroma-
tography and identified as 32- and 34-kDa protein(s). Several

lines of evidence indicate that the purified 32- and 34-kDa
polypeptide species represent the original «c ARTF protein
identified by DNase I footprinting using crude liver nuclear
extracts. First, the 32- and 34-kDa polypeptides eluted from
the second affinity column constitute more than 90% of the
protein in purified samples and they coelute with the peak of
DNA binding activity (not shown). Second, the footprint of the
purified protein is identical to the original footprint II gener-
ated by crude nuclear extract in the region from —490 to —540
of the P2 promoter. Third, the molecular weight of the purified
protein is identical to the molecular weight of the DNA-bind-
ing proteins detected in crude nuclear extracts by Southwest-
ern analysis. Finally, cross-linking analysis using affinity-puri-
fied samples yielded only these two polypeptides.

A weak, 20-kDa band was observed in SDS-PAGE analysis
of affinity-purified protein (Fig. 2D) as well as in Southwestern
analysis of crude extract (Fig. 1B), suggesting that this polypep-
tide also binds to footprint II. Although the 20-kDa polypep-
tide was not recognized by anti-CTF antiserum in Western
blotting, we cannot rule out the possibility that it is a break-
down product of NF1, which may not contain the epitopes
recognized by the antiserum. However, this 20-kDa polypep-
tide in the purified preparation is definitely not CP1, since CP1
was separated from NF1 by heparin affinity chromatography
(Fig. 2A and 2B) and the molecular mass of CP1 is between 27
and 38 kDa (32).

Although microsequencing of a purified protein is the only
way to unambiguously ascertain its identity, we provide several
lines of evidence that the purified 32- and 34-kDa polypeptides
are NF1 or a closely related factor. First, SDS-PAGE of the
purified protein yielded two bands with molecular masses of 32
and 34 kDa. The pattern is very similar to that observed with
NF1 identified in hamster (21), chicken (52), and rat (1, 47)
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livers. Second, a 200-fold excess of an NF1/CTF consensus
oligonucleotide was able to compete with the purified protein
for binding to oligonucleotide II in DNase I footprinting as-
says and DMSA. Third, the purified protein binds to the NF1/
CTF consensus sequence. Fourth, methylation interference
analysis indicates that the purified protein binds to oligonucle-
otide II via contacting TTGGCT and TGGCGT sequences,
which represent the NF1 binding motif (57). Fifth, the results
of supershift assays using an antiserum against the NF1/CTF
protein indicate that immunoreactive NF1 is present in the
protein-oligonucleotide II complex. Finally, the strongest evi-
dence is that the purified 32- and 34-kDa species are recog-
nized by an antiserum against the NF1/CTF protein in Western
blots.

In earlier studies, only a single major 32-kDa polypeptide
was purified from the rat liver by DNA affinity chromatography
using the human albumin promoter sequence, which contains a
TGGCA site (47), or the peripherin negative regulator ele-
ment, which contains GGCAGGGCGCC (1), and the poly-
peptide was identified as NF1/L (1, 47). However, when the
3-hydroxy-3-methylglutaryl-coenzyme A reductase promoter
sequence (which contains TGGN,CCA) was coupled to the
affinity column, two NF1 factors, including NF1/L and NF1/
Redl, were purified from the hamster liver (21). Northern
analyses have shown that NF1/L and NF1/Redl are highly
enriched, whereas NF1/X is barely detected in the liver (21,
47). In the two studies in which only NF1/L was purified from
the rat liver, the affinity probes used represented half of the
NF1 binding site (TGGCA) or a mismatch NF1 binding site
(GGCA), with low binding affinities. In contrast, using the
high-affinity perfect NF1 site (TGGN,CCA) as the probe
yielded both NF1/L and NF1/Red1 from the hamster liver (21).
The 32- and 34-kDa purified proteins in the present study
match the pattern observed with NF1/L and NF1/Red1 in the
hamster liver (21), which strongly suggests that these two poly-
peptides represent NF1/L and NF1/Red1. The footprint II se-
quence we used for affinity purification contains multiple NF1
half binding sites and has a higher affinity for binding the NF1
protein than does the NF1/CTF consensus sequence (Fig. 5C),
which may explain why we have obtained two NF1 polypep-
tides from the rat liver.

On the basis of more limited information, in an earlier study
we proposed that the protein binding to oligonucleotide II may
be an as-yet-unidentified factor distinct from NF1 (20). This
conclusion was based mostly on the inability of an excess (up to
100-fold) of an NF1 consensus oligonucleotide to compete
with the binding of liver nuclear proteins to the labeled oligo-
nucleotide II (20). The present observations provide an expla-
nation for this anomalous finding in that the purified protein
displayed higher affinity for binding to oligo II than to the
NF1/CTF consensus sequence, which was only effective as a
competitor when applied at a 200-fold excess (Fig. 5C). As
discussed above, this may be due to the fact that two of the
TGGC binding sites in oligonucleotide II are involved in bind-
ing NF1, as demonstrated by methylation interference analysis
and competition DMSA, which results in increased binding
affinity. However, we cannot rule out the possibility that the
purified protein is an NF1-related factor which has a higher
affinity for oligonucleotide II than for the NF1/CTF1 consen-
sus sequence.

Methylation interference analysis and competition DMSA
demonstrated that the purified factor has differential affinities
for the different TGGC sites in oligonucleotide II; it binds with
higher affinity to the site on the 3" half of oligonucleotide II
(—504 to —507) than to one on the 5" half (—525 to —528) and
does not appear to bind at all to a third TGGC site closer to
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the 5’ end of oligonucleotide II (—531 to —534) (Fig. 4B). This
suggests that the nucleotides flanking the TGGC sequence
must influence protein binding affinity and specificity.

NF1 represents a family of sequence-specific DNA-binding
proteins which includes heterogeneous species resulting from
either alternative splicing events of a single gene (34, 56) or
transcription of multiple genes (21, 27, 52). Western blotting
using an anti-NF1 antiserum that recognizes more than one
member of the NF1 family (1) visualized multiple immunore-
active bands in crude liver nuclear extracts, including 32- and
34-kDa species, whereas only these latter two species were
visualized in Western blots of the purified protein. This sug-
gests that the 32- and 34-kDa species represent NF1, whereas
the higher-molecular-weight species in the crude extract are
likely nonspecific. This is further supported by the findings that
in Southwestern blots, oligonucleotide II did not recognize
these larger proteins and partial hepatectomy resulted in sharp
declines in the amounts of the 32- and 34-kDa bands, whereas
the higher-molecular-weight bands remained unaffected (Fig.
8A).

NF1 has been shown to serve as a frans-acting factor in
adenovirus DNA replication (22, 42, 44) and in eukaryotic
class II gene transcription. NF1 has also been reported to
act as a silencer for some genes (58), such as the genes encod-
ing retinol-binding protein (12), 3-hydroxy-3-methylglutaryl-
coenzyme A reductase (21), AP1 (5), growth hormone (51),
mouse a2(I) collagen (5, 50), and peripherin (1), but as a
transcriptional activator for other genes, including the a-globin
gene (29), human hepatitis B virus S gene (57), and the gene
encoding myelin basic protein (27). Our present findings indi-
cate that NF1 is a positive transcriptional regulator of the rat
a;,AR gene via binding to the footprint II sequence in its
dominant promoter. Mutations of a few key nucleotides rep-
resenting the contact points for our purified protein resulted in
a marked reduction in the basal promoter activity of P2-pCAT
constructs, which implies that the purified protein is a consti-
tutive transcriptional activator at this promoter. In accordance
with this protein being NF1, cotransfection of various NF1
variants into either primary hepatocytes or Hep3B tumor cells
(Fig. 7) markedly increased CAT activity in both the presence
and absence of the SV40 enhancer in the construct. Further-
more, transcriptional activation was observed with the wild-
type P2 but not with the mutated P2 (Fig. 7A).

More than a dozen NF1 isoforms have been cloned to date
(34). They all have nearly identical NH,-terminal regions con-
taining the DNA binding domains, which implies similar DNA
binding properties. The functional role for the divergence of
the C-terminal region remains unknown. It has been proposed
(21) that the C terminus may be involved in protein-protein
interactions, such as the one recently observed to occur on
the negative regulator element of the peripherin gene (1). An
observation we made during our purification procedure may
also suggest the interaction of NF1 with another protein.
DMSA with oligonucleotide II and crude liver nuclear extract
yielded two shifted bands, of which only the lower one re-
mained after the heparin-Sepharose step (0.55 to 0.60 M KClI
fractions) (Fig. 2) (20). This could suggest that crude extracts
contain a factor(s) that does not bind to oligonucleotide II
directly but can contact NF1 through protein-protein interac-
tion to form the top band. This factor is not CP1, since mixing
of the NF1 protein with the CPl-containing fraction didn’t
reconstitute the top shifted band (data not shown).

NF1/L, NF1/Redl1, and NF1/X were all able to activate tran-
scription via P2 to more or less the same degree (Fig. 7). This
suggests that the C termini of all three of these NF1 proteins
are able to activate gene transcription directly or indirectly.
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The expression of these isoforms may be tissue specific, as
illustrated by the high levels of NF1/Redl but low levels of
NF1/X in the hamster liver (21), and they may also be differ-
entially regulated by hormonal and other factors. Whether
such a mechanism may account for the tissue-specific regula-
tion of the expression of the rat «,,AR gene by hormonal (38)
and other factors (35) remains to be determined.

Activation of the «;,AR is one of the first events that ini-
tiates regenerative DNA synthesis after partial hepatectomy
(13, 14, 43). However, the number of «,,AR is downregulated
when hepatocytes dedifferentiate, such as in the fetal liver,
after partial hepatectomy or in malignantly transformed hepa-
tocytes (28, 35, 36). We have previously shown that the tran-
scription of the hepatic o;,AR gene is controlled by three
promoters that generate three mRNA transcripts, with the
2.7-kb mRNA being the major one (18, 19). Here we show that
partial hepatectomy results in a rapid and marked reduction in
all three mRNA species, which can be attributed to a corre-
sponding decrease in the rate of transcription of the a,,AR
gene (Fig. 8). We also demonstrate for the first time that the
tissue level of the NF1 protein and its binding to the P2 pro-
moter are downregulated in the remnant liver. An analogous
decrease of NF1 binding to the P2 promoter was also observed
in primary hepatocytes after several hours of culture (unpub-
lished observation). Since NF1 enhances P2 promoter activity
in Hep3B cells and primary hepatocytes (Fig. 7), the decline in
the tissue level of the NF1 protein is very likely one of the
factors responsible for the decreased expression of the a;,AR
gene during liver regeneration.

Multiple factors, including transforming growth factor B
(50), several proto-oncogenes (4, 40), and cell-cell contact (23),
are known to regulate the activity of NF1. Whether these or
other factors are responsible for the downregulation of the
NF1 protein after partial hepatectomy is not known. Since the
Ha-ras proto-oncogene is activated after partial hepatectomy
(15) and activation of this gene has been shown to destabilize
NF1 mRNAs (46), Ha-ras may be one of factors that down-
regulates NF1 expression in the regenerating liver.

What is the possible biological significance of the suppres-
sion of a;,AR expression after partial hepatectomy? Norepi-
nephrine acting at hepatic «;,AR is a strong comitogen for
hepatocytes (13). The decline in a;, AR expression in the early
stages of the regenerative response may therefore serve to turn
off a mitogenic signal and limit the extent of hepatocyte pro-
liferation. A failure to suppress the expression of hepatic
a;,AR after partial hepatectomy may promote abnormal liver
growth and aberrant differentiation. Indeed, in an experimen-
tal model, the overexpression of a,,AR induced agonist-de-
pendent focus formation and disordered growth (3). Thus, the
decline in the concentration and transactivator function of the
NF1 protein may be part of a tightly regulated cellular program
aimed to ensure a brief burst of proliferative activity immedi-
ately followed by differentiation.

In summary, we identified NF1 as one of the nuclear pro-
teins that can activate the transcription of the rat a;,,AR gene
in the liver via the P2 promoter. Partial hepatectomy down-
regulates the hepatic expression of the NF1 protein, and this
may be one of the factors responsible for the inhibition of the
expression of the rat o;,AR gene during liver regeneration.
Whether an analogous change in the concentration of NF1
occurs under other conditions associated with hepatocyte de-
differentiation, such as fetal state and malignant transforma-
tion, remains to be established.
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