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Abstract The His-1 gene is developmentally expressed in the murine choroid plexus but is silenced in the adult
brain. To test the hypothesis that the gene contains cis-acting elements that contribute to this repression, we have
analyzed segments of the proximal promoter for negative regulatory sequences by transient transfection analysis. The
activity of the proximal promoter was moderately influenced by positively and negatively acting sequences located from
—335to —168 and —617 to —335, respectively. A strong His-1-positive regulatory element (HPRE, +18 to +29) was
essential for maximal promoter activity and could also enhance the activity of the heterologous SV40 promoter in an
orientation-dependent manner. The HPRE contains homology to the neuronal restrictive silencer element (NRSE) but
interacted with nuclear proteins that were distinct from the NRSE-binding factor (NRSF). By contrast, a potent negative
regulatory sequence (HNRE) was identified in the first exon that repressed either the His-7 or SV40 promoters by greater
than 80%. This negative regulatory sequence interacted with nuclear proteins from cells that contain a silent His-1 gene
but showed no interaction with nuclear proteins from cells that actively transcribe the endogenous gene. HNRE-
mediated repression was orientation independent; most of this activity was mapped to a minimal 26-bp sequence. These
findings suggest that the first exon of the His-1 gene contains a cell type-specific silencer that contributes to the

regulation of His-1 transcription. J. Cell. Biochem. 76:615-624, 2000.
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Examples of biologically functional RNAs that
do not code for proteins are increasingly re-
ported in diverse species, including mammals
[Brockdorff et al., 1992; Brown et al., 1992a;
Rastinejad et al., 1993; Tam et al., 1997; Velleca
et al., 1994; Wevrick et al., 1994; Brannan et
al., 1990], Drosophila [Lakhotia and Sharma,
1996; Nakamura et al.,, 1996; Meller et al.,
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1997], Xenopus [Kloc and Etkin, 1994], Cae-
norhabditis elegans [Goodwin et al., 1993; Lee
et al., 1993], fission yeast [Watanabe and Yama-
moto, 1994], and bacteria [Altuvia et al., 1997].
The function of these untranslated RNAs are
diverse, including gene regulation [Rastinejad
and Blau, 1993; Goodwin et al., 1993; Lee et al.,
1993], X-chromosome inactivation [Penny et
al., 1996], genomic imprinting [Leighton et al.,
1995], stress responses [Lakhotia and Sharma,
1996; Altuvia et al., 1997], cell cycle regulation
[Watanabe and Yamamoto, 1994], and differen-
tiation [Nakamura et al., 1996; Kloc and Etkin,
1994; Lee et al., 1993; for reviews, see Askew
and Xu, 1999; Lakhotia, 1996].

The His-1 gene specifies an untranslated RNA
of unknown function that has been implicated
in oncogenesis by its common activation in ret-
rovirus-induced mouse leukemias [Askew et al.,
1991, 1994]. The highest levels of His-1 expres-
sion are normally found in the developing cho-
roid plexus of the brain, at a time when the
choroid plexus is just beginning to form [Li et
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al., 1997b]. The RNA is restricted to the epithe-
lial cells that line this developing organ but is
absent from the ependymal epithelial cells that
are continuous with the choroid plexus epithe-
lium. The normal function of the mature cho-
roid plexus is to secrete cerebrospinal fluid
(CSF) and to form a barrier between the blood
and the CSF. However, since the His-1 gene is
silenced in the adult choroid plexus, and in
most other adult tissues, we have hypothesized
that negative regulation will play a prominent
role in the regulation of His-1 expression, and
that the RNA is likely to function during devel-
opment. Negative regulation is increasingly rec-
ognized as an important mechanism for limit-
ing gene expression to specific cell types,
particularly during embryogenesis [reviewed
in Gray and Levine, 1996]. Known mechanisms
of negative regulation involve either position-
dependent steric interference with positive regu-
latory factors, or an active suppression effect
that is similar to that of enhancers [reviewed in
Hanna-Rose and Hansen, 1996]. Active suppres-
sion is position and orientation independent,
and by analogy to enhancer elements the regu-
latory sequences that mediate this repression
are termed silencers.

To identify cis-acting regulatory elements that
contribute to His-1 gene silencing, we have
analyzed segments of the mouse His-1 gene for
their ability to repress transcription of a lucifer-
ase reporter gene in transient transfection as-
says. Our results define the proximal His-1
promoter, and describe two important regula-
tory regions within the first exon. The first
contains a positive regulatory element located
18 bp downstream of the transcription start
point (tsp) that is required for optimal promoter
activity, and the second contains a potent si-
lencer element that represses transcription from
the normal promoter. These data show that the
His-1 promoter is governed by a combination of
both positive and negative regulatory elements
and provide the first evidence that the His-I
gene is under the control of a silencer element
in the first exon that may contribute to tissue-
specific expression of the His-1 gene.

MATERIALS AND METHODS
Plasmid Constructions

A series of His-1 promoter fragments were
generated by restriction fragment digests or
PCR amplification of His-1 genomic subclones,
and these were inserted upstream of the lucifer-

ase gene in the reporter plasmid pGL2-basic
(Promega, Madison, WI). The pGL2-basic plas-
mid carries the luciferase gene (LUC), followed
by the SV40 T antigen intron and polyadenyla-
tion signals. This plasmid lacks eukaryotic pro-
moter and enhancer sequences and has a sec-
ond copy of the SV40 polyadenylation sequence
upstream of the multiple cloning site to reduce
background transcription from spurious plas-
mid promoters.

The His-1 gene contains three major tran-
scription start points located within 6 base pairs
(bp) of each other [Askew et al., 1994], the first
of which is indicated as +1 (the +1 transcrip-
tion start point corresponds to position 641 in
the mouse genomic sequence, Genbank Acces-
sion no. U56439). The ends of each promoter
fragment are shown relative to the +1 transcrip-
tion start point, and this is indicated in the
names of each plasmid. Plasmids pB—617/+29,
pB—135/+29, and pB—168/+29 contain a com-
mon 3’ end (+29) and progressively deleted 5’
ends. The upstream primers used to generate these
plasmids by polymerase chain reaction (PCR) am-
plification were: 5'-acagatctAACCCTTGAT-
GAACC-3'(pB—617/+29), 5'-gaagatct TCAGTCCT-
TGCCCTAATG-3'(pB—135/+29), 5'-gaagatctCCT-
CTCCCCTTTATG-3' (pB—168/+29) The common
downstream primer used was: 5'-gaagatctGGT-
GCTTAGAGAAGAAGAAG-3'.

All these primers contained an additional
BglII restriction site (lowercase) to facilitate
cloning into the pGL2-basic vector. The remain-
ing reporter constructs shown in Figure 1 con-
tain a common 5’ end at —335, with different 3’
boundaries. The common upstream primer used
to amplify the promoter fragments by PCR was:
5'-gaagatct TCAGTCCTTGCCCTAATG-3'. The
downstream primers used were: 5'-tcagatc-
tACCTGATGCTGCTCACTG-3' (pB—135/+150),
5'-gaaagcttGTGCTCCTGTCATGGTGCTTAGA-
3'(pB—135/+40), and 5’'-gtaagcttAGAAGAAG-
AAGAATTAC-3’ (pB—135/+18).

All these primers contained an additional
BglII or HindlIll restriction site (lowercase) to
facilitate cloning into the reporter vector. The
construct pB—135/+60 was generating by iso-
lating the largest BglII-Kpnl fragment from
pB—135/+150 and inserting it into the pGL2-
basic plasmid at the corresponding sites. The
plasmid pB—135/-21 was constructed by isolat-
ing the BglII-Pstl digestion fragment from
pB—135/+150 and ligating it into the pGL2-
basic vector at the corresponding sites. The
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constructs shown in Figure 3 were made by
PCR amplification, using the common 5’ primer
5'-gaagatct TCAGTCCTTGCCCTAATG-3’, to-
gether with each of the following 3’ primers:
5'-agaagcttGAAGGCCACCTTGAACTTAG-3’
(pB—135/+83), 5'-ccaagcttgGAGCACCTGGT-
TATAG-3' (pB—135/+108), 5'-tgaagcttaTC-
CCCCTCTTCTGG-3" (pB—35/+122), 5'-tcaag-
cttTAATGATGCTCATCCCCCTC-3' (pB—135/
+131), 5'-ccgagcttTGCTCACTGCTTAATG-3’
(pB—135/+142).

Each of these primers contained a HindIII
restriction site (lowercase) to facilitate cloning
into the reporter vector. All plasmid construc-
tions were sequenced before use in transient
transfections. The pBSV40 plasmid described
in Figure 2 is structurally identical to pGL2-
basic, with the exception of an insertion of the
SV40 promoter upstream of the luciferase gene.

Transient Transfections and Luciferase Assays

Tissue culture media and supplements were
obtained from Life Technologies (BRL), and
NIH3TS3 cells were obtained from the American
Type Culture Collection (ATCC). The Bac-1 and
C10 cells were obtained from Dr. Jim Ihle (St.
Jude Children’s Research Hospital, Memphis,
TN). NTH3TS3 cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) supple-
mented with 10% heat-inactivated fetal bovine
serum (FBS). The CSF-1-dependent macro-
phage cell line, Bac-1.2F5, was maintained in
Dulbecco’s modified Eagle’s medium (DMEM)

containing 10% fetal bovine serum (FBS) and
supplemented with 20% L-cell conditioned me-
dium as a source of CSF-1 [Askew et al., 1994].
Although Bac-1 cells transcribe the His-1 RNA
from the normal genomic His-1 promoter under
study, its resistance to multiple transfection
procedures, including electroporation, Super-
Fect (Qiagen), Lipofectin (Gibco-BRL), Lipo-
TAXI (Stratagene), dextran sulfate, and cal-
cium phosphate have prevented its use in
transient transfection analysis. All transfec-
tions were therefore performed in NTH3T3 cells
using Lipofectin, an activated dendrimer trans-
fection reagent.

Before transfection, the cells were seeded
into 6-well plates at 5 X 10° cells/ml. The next
day, the cultures were washed twice with phos-
phate buffered saline (PBS), pH 7.4, and plas-
mid transfections were performed using Super-
Fect. A control construct, containing an SV40-
driven B-galactosidase gene (pSV40Bgal) was
used to control for transfection efficiency. For
cell transfection, 2 pg of each luciferase con-
struct and 0.5 pg of pSV40Bgal were mixed
with DMEM containing no serum, proteins, or
antibiotics to a final volume of 100 pul. Ten pl of
SuperFect reagent was added, incubated at
room temperature for 8 min and transferred to
the 6-well culture dish containing the cells to be
transfected. After the cells were incubated at
37°C for 2.5 h in an atmosphere of 5% CO,, the
cells were washed in phosphate-buffered saline
(PBS), and the medium was replaced with fresh
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medium containing 10% FBS. The transfected
cells were cultured for 48 h at 37°C, then washed
in PBS, and lysed in 0.5 ml of cell lysis buffer
(Promega). The cell extracts were cleared of
debris by microcentrifuging for 2 min, and as-
sayed for luciferase activity using the Lucifer-
ase Assay System (Promega). An aliquot of the
same extract was analyzed in parallel for 3-ga-
lactosidase activity using the p-Galactosidase
Assay System (Promega). For the luciferase
analysis, 20 pl of the cell extract was mixed
with 100 pl of the luciferase assay reagent
according to the manufacturer’s specifications,
and luciferase activity was measured in a lumi-
nometer (model LB9501, Berthold Biolumat,
Berthold Analytical Instruments). For the B-ga-
lactosidase assays, 100 ul of cell extracts was
mixed with equal amounts of 2X B-galactosi-
dase assay buffer according to the manufactur-
er’s procedure (Promega). The reaction was in-
cubated at 37°C, and the absorbance was
measured at 420 nm after stopping the reaction
with the addition of 500 pl of 1 M sodium
carbonate.

Electrophoretic Mobility Shift Assays

Nuclear extracts were prepared from NTH3T3
fibroblasts or Bac-1 macrophages according to
the procedure established by Dignam et al.

basic. Data shown represent the results of a
single experiment performed in triplicate.

[1983]. The nuclear pellets from this procedure
were quick-frozen and aliquots were stored at
—80°C. Electrophoretic mobility shift assays
(EMSA) were performed as described [Brown et
al., 1992b], with the following modifications.
Nuclear extracts (approximately 3.5 pg of total
cellular protein) were incubated with 0.1 ng
(about 10,000 cpm) of labeled probe per reac-
tion. Unlabeled competing DNA was used at a
200-fold molar excess. The HPRE probe was
synthesized as a 23-bp oligonucleotide with the
following sequence:5'-TCTAAGCACCATGAC
AGGAGCAC-3'. The NRSE probe was synthe-
sized as a 34-bp oligonucleotide based upon the
NRSE sequence that is present in the SCG10
gene [Mori et al., 1992]. The HPRE probe that
was used as positive control in Figure 6 is a
37-bp oligonucleotide composed of the sequence:
5'-agCTTCTTCTCTAAGCACCATGACAGGAG
CACAGCCA-3. All oligonucleotide probes were
prepared by annealing sense and antisense
strands of complementary oligonucleotides, fol-
lowed by labeling with T4 polynucleotide ki-
nase and [y-3?P]dCTP. The HNRE probe con-
sisted of a 90-bp Kpnl-Bglll fragment from
plasmid pB—135/+150 and this was labeled by
Klenow DNA polymerase and [a-3?P]dCTP.
DNA-protein complexes were resolved on non-
denaturing 6% polyacrylamide gels and visual-
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ized with a STORM phosphorimager (Molecu-
lar Dynamics, Sunnyvale, CA), wusing
ImageQuant software. EMSA that incorpo-
rated recombinant human NRSF or mouse
monoclonal antibody 12C11 [Chen et al., 1998]
to human NRSF in the binding reaction were
performed under the same conditions, except
that the protein or antibody was preincubated
with the indicated proteins for 30 min at room
temperature before the addition of the radiola-
beled probe. The in vitro-translated human
NRSF protein is a truncated protein encoded by
the NH11 clone [Chen et al., 1998] and has been
previously used to demonstrate NRSF binding
to functional NRSEs [Schoenherr et al., 1996].

RESULTS

A Positive Regulatory Element (HPRE) in the First
Exon Is Required for His-7 Promoter Activity

We have previously identified the transcrip-
tion start point (tsp) for the mouse His-1 gene
and have shown that segments of the 5’ up-
stream promoter region are highly conserved
among vertebrate homologues [Li et al., 1997a].
To identify cis-acting sequences in this region
that are important for His-1 transcriptional
regulation, various lengths of 5'-flanking His-1
sequences were fused to the luciferase gene in
the promoterless/enhancerless reporter vector
pGL2-basic (pBVEC). The activity of each con-
struct was tested in transient transfection ex-
periments. Luciferase activity was normalized
for transfection efficiency by cotransfection with
the SV40-driven B-galactosidase reporter plas-
mid (pBSV40Bgal). Figure 1 shows the mean
stimulation of luciferase reporter gene expres-
sion by the various promoter deletion frag-
ments. The shortest segment with sufficient
promoter activity to drive expression of the
luciferase reporter gene was pB—168/+29 indi-
cating that the minimal His-1 promoter is lo-
cated in this region (Fig. 1, bottom). However,
since the —135/+29 construct consistently di-
rected the highest levels of luciferase activity
(10-fold above the activity of the empty vector,
pBVEC), the activity of each promoter frag-
ment is shown as a percent of the activity of this
one plasmid (Fig. 1 top). For comparison, a
strong promoter such as SV40 generated 50-
fold higher luciferase activity than was exhib-
ited by the promoterless vector plasmid in these
assays (not shown).

To identify sequences required for the activ-
ity of the pB—135/+29 construct, various dele-

tions were made at the 3’ end of this construct
and the promoter activity of each fragment
measured after transient transfection into
NIH3TS3 cells. The removal of 50 bp from the 3’
end of the —335/+29 fragment reduced pro-
moter activity by more than fourfold (pB—135/
—21). No further increase in activity was ob-
served when the 3’ boundary at —21 was ext
ended to +18 (pB—135/+18), indicating that
the activity of the —335/+29 proximal promoter
fragment required the presence of a His-1 posi-
tive response element (HPRE) located between
+18 and +29. To determine whether this HPRE
could enhance the activity of the heterologous
SV40 promoter, a 23-bp oligonucleotide contain-
ing the HPRE from positions +18 to +40 was
inserted in both orientations into the pBSV40
promoter-luciferase construct. The luciferase
gene is driven by the SV40 viral promoter in
this plasmid, allowing putative enhancer se-
quences to be assayed for their ability to influ-
ence the activity of the heterologous promoter.
Since the normal location of the HPRE is
downstream of the His-1 tsp, the HPRE se-
quence was inserted between the SV40 pro-
moter and the luciferase reporter gene. The
luciferase activity of each construct, relative to
the activity of the pBSV40 promoter alone, is
shown in Figure 2A. In the correct orientation,
the HPRE enhanced the activity of the SV40
promoter (Fig. 2A). No enhancement was ob-
served from the insertion of the HPRE in the
opposite orientation, however, indicating that
the HPRE has position-dependent enhancer ac-
tivity.

Identification of Silencer Activity in the First
Exon of the His-1 Gene

No strong negative regulatory elements were
detected in 600 bp of the His-1 5’ flanking
region, although sequences between —617 and
—335 were moderately repressive (cf. pPB—617/
+29 with pB—335/+29). Because gene silenc-
ing elements are sometimes located within in-
tragenic regions [Schoenherr et al., 1996], we
therefore examined sequences in the first exon
for their ability to repress the activity of the
—335/+29 fragment. When the 3’ boundary of
the —335/+29 proximal promoter fragment was
extended to include the entire length of exon 1
(pB—335/+150), luciferase activity was re-
duced by 80% (Fig. 1). Fragments that ended at
position +40 or +60 did not show this suppres-
sive effect (pB—335/+40 and pB—335/+60), im-
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plying the existence of a negative regulatory
element (HNRE) between bp +60 and +150
(Fig. 1). To determine whether this negative
activity was promoter context-specific, a single
copy of the HNRE sequence (from position +60
to +150) was inserted in both orientations into
the pBSV40 promoter-luciferase construct. The
insertion was placed downstream of the SV40
promoter to correspond to its natural location
in the His-1 gene. The plasmids were transfected
into NIH3T3 cells and the luciferase activity of
each construct, relative to the activity of the SV40
promoter alone is shown in Figure 2B. A single
copy of the HNRE sequence in either orienta-
tion reduced the luciferase activity of the SV40
promoter construct by over 90%, indicating that
the repressive effects of the HNRE region are
also operative on a heterologous promoter. These
results suggest that exon 1 silencer activity is
mediated by an active repression mechanism.

To identify the minimal transcriptional re-
pressor element in the first exon, the plasmid
that terminates at the end of exon 1(pB—335/
+150) was progressively deleted from the 3’
end, and the promoter activity of each deletion
was assayed in transient transfections of
NIHS3T3 cells. The most active construct con-
tained a deletion of the region from +83 to +150.
The activity of all other deletion fragments is
shown relative to the activity of this construct
in Figure 3 (pB—135/+83). The region between
+83 and +108 was the most repressive, caus-
ing an 80% reduction in promoter activity rela-
tive to the activity of pB—617/+83. An addi-
tional repressive sequence of moderate but
significant activity was also identified between
+131 and +150 (cf. pPB—135/+131 and pB—135/
+142 with pB—135/+150).

135 ' +150
- TaTA +
—_ !Lu:: pB-335/+150 D~

-335 Tata +1 +142

o ] sosnsoria [T
=335 Tata +1 +13

— L e prazsmin |}

=335 TaTa +1 *122

-335 tata +1 +108
'—f_}—ll—l—' El pE-335/+108 |:|-

Nuclear Protein Binding to the HPRE

Binding site analysis of the HPRE and its
flanking regions suggested that it was part of a
22-bp sequence with homology to the neuronal
restrictive silencer element (NRSE). A multiple
alignment between the HPRE and several
known NRSEs is shown in Figure 4. Although
most known examples of the NRSE function as
silencer elements that repress neuronal-spe-
cific gene expression in non-neuronal cell types
[Schoenherr et al., 1996], examples of NRSE-
like elements with enhancer activity have also
been reported [Bessis et al., 1997; Kallunki et
al., 1998]. EMSAs were therefore performed to
determine whether the HPRE interacts with
the NRSE-binding factor, NRSF. The same
double-stranded HPRE oligonucleotide that en-
hanced SV40 promoter activity (Fig. 2A) was
incubated with nuclear extracts from both
NIH3T3 cells (which contain a silent His-1
gene), and Bac-1 cells (which actively tran-
scribe the endogenous His-1 gene from the nor-
mal promoter). The mobility of the labeled probe
was retarded by interactions with nuclear ex-
tracts from both cell types, resulting in the
appearance of two differently migrating com-
plexes (Fig. 5) in both cell types. To verify the
specificity of the two complexes, the labeled
HPRE oligonucleotide was incubated with
nuclear extracts in the presence of an excess of
either the unlabeled HPRE oligonucleotide, or
an unlabeled oligonucleotide containing the
NRSF binding element (NRSE) from the SCG10
gene [Mori et al., 1992]. The unlabeled HPRE
competitor specifically blocked both complexes,
but an unlabeled NRSE oligonucleotide was
unable to compete for HPRE-nuclear protein

Fig. 3. Identification of the minimal silencer
element in exon 1 The plasmid containing the
entire repressive sequence in exon 1(pB—135/
+150) was progressively deleted from the 3’
end, and the promoter activity of each dele-
tion was assayed in transient transfections of

=335 Tata +1 1'53 N |

| NIH3T3 cells. Solid bars, mean luciferase ac-

tivity of each plasmid normalized to B-galacto-

o 20 40

Relative Luciferase Activity
(% of pB-335/+83)

sidase activity (mean = SE), shown as relative
values of the most active construct (pB—135/
+83).

60 B0 100
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Fig. 4. Sequence homology between the His-1-positive regula-
tory element (HPRE) and the neuronal restrictive silencer ele-
ment (NRSE). Multiple alignment is shown between the region
containing the His-1 HPRE (+19 to +38) and known NRSE
sequences that have been previously demonstrated to bind to
NRSF (Schoenherr et al., 1996). Human glycine receptor; hGly-
cineR, Human P-450-118; hP-450-118, mouse calbindin; mC-
albindin, rat N-methyl-D-aspartate receptor-1; rNMDAR1, rat
SCG10; rSCG10, rat synaptophysin, rSynaptophysin. The con-
sensus sequence is shown at the top, and identical nucleotides
are shown by the periods.

binding, suggesting that these oligonucleotides
are not competing for interactions with the
same protein(s). Furthermore, the inclusion of
an antibody against NRSF into the binding
reaction [Schoenherr and Anderson, 1995;
Chong et al., 1995], failed to supershift either of
the two complexes, suggesting that NRSF is not
a component of the HPRE-nuclear protein com-
plex. To verify that the HPRE is binding to a
protein that is distinct from NRSF, the ability
of recombinant NRSF protein to directly bind to
the HPRE was tested. Although recombinant
NRSF was able to retard the NRSE control
oligonucleotide, it was unable to influence the
migration of the HPRE (data not shown). These
results demonstrate that both NIH3T3 and
Bac-1 cells express nuclear proteins that bind
to the HPRE sequence and establish that this
interaction involves a protein distinct from the
NRSE-binding protein, NRSF.

Nuclear Protein Binding to the HNRE Is Cell
Type-Specific

We were unable to test the silencer activity of
the HNRE in cells that express the His-1 gene
because there are only two established cell lines
that use the endogenous His-1 promoter, and
both are extremely refractory to transfection
procedures. We therefore used gel-shift analy-
sis to compare HNRE-nuclear protein binding
in cells that have a silent His-1 gene (NIH3T3
fibroblasts) with cells that actively transcribe
the endogenous His-1 gene (Bac-1 macro-
phages). A probe consisting of the entire repres-

NIH3T3 Bac-1

+ HNE

+ HPRE Probe

- Competitor (HPRE)
- Competitor (NRSE)
+  Anti-NRSF

[ |
[ o
[ o
LIE SR O
[
[

4 Complex 1

<+ Complex 2

+ Free Probe

Fig. 5. Nuclear protein binding to the His-1-positive regula-
tory element (HPRE) by electrophoretic mobility-shift assay
(EMSA). The radiolabeled double-stranded HPRE oligonucleo-
tide (bp +18 to +40) was incubated with nuclear extracts from
NIH3T3 fibroblasts or Bac-1 macrophages in the presence or
absence of a 50-fold excess of the unlabeled double-stranded
HPRE oligonucleotide or an unlabeled NRSE oligonucleotide,
as described under Materials and Methods. An antibody against
the neuronal restrictive silencer element (NRSE)-binding protein
(anti-NRSF) was incorporated into the binding reactions as
indicated. Two major bands, representing protein-DNA com-
plexes, are shown by arrows. NE, nuclear extract. All lanes are
from a single gel. Data were obtained with a STORM phospho-
rimager (Molecular Dynamics) using ImageQuant software.

sive sequence in exon 1 (+60 to +15) formed a
single prominent band upon incubation with
nuclear extracts from NIH3T3 cells, and this
band was competed by an excess of the unla-
beled probe (Fig. 6). By contrast, the same
probe did not form any complex with nuclear
proteins isolated from Bac-1 cells. The integrity
of the Bac-1 nuclear extracts in this experiment
was verified by demonstrating nuclear protein
binding to a control oligonucleotide containing
the His-1 HPRE sequence. This HPRE probe is
longer than the one used in Figure 5 and there-
fore interacts with additional proteins. These
results suggest that a cell type-specific nuclear
protein(s), present in NIH3T3 cells but not in
Bac-1 cells, mediates the silencing activity of
the HNRE.

DISCUSSION

We have previously demonstrated that the
His-1 gene specifies an untranslated RNA that
is expressed in the developing choroid plexus
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Fig. 6. Nuclear protein binding to the His-7-negative regula-
tory element (HNRE) by electrophoretic mobility-shift assay
(EMSA). The radiolabeled HNRE fragment (from +60 to +150)
was incubated with nuclear extracts from NIH3T3 fibroblasts or
Bac-1 macrophages in the presence or absence of a 50-fold
excess of the unlabeled His-T-positive regulatory element (HPRE)
oligonucleotide as described under Materials and Methods. The
integrity of the Bac-1 nuclear extracts was confirmed by demon-
strating that Bac-1 nuclear proteins could interact with an
oligonucleotide containing the HPRE sequence. NE, nuclear
extract. All lanes are from a single gel; lanes 2 and 3 are
duplicates. Data were obtained with a STORM phosphorimager
(Molecular Dynamics) using ImageQuant software.

and repressed in the adult [Askew et al., 1997b].
Although the gene is not normally expressed in
hematopoietic tissues, high levels of the His-1
RNA were identified in mouse retrovirus-in-
duced leukemias that harbor an integrated pro-
virus in the first intron [Askew et al., 1994].
The strong promoters located in the viral LTRs
were able to overwhelm the mechanisms that nor-
mally silence the gene in these leukemias, result-
ing in the activation of His-1 gene expression. This
observation suggests that untranslated RNAs can
be oncogenic when inappropriately expressed in
the hematopoietic lineage, a view that is sup-
ported by the recent identification of a second
example of a retrovirally activated untranslated
RNA in B-cell lymphomas [Tam et al., 1997].

As a first step to identify sequences that
influence the tissue-specific expression of the

His-1 gene, we have evaluated the His-1 pro-
moter for its ability to control the expression of
a luciferase reporter gene in a heterologous
system. His-1 promoter activity required a short
positive regulatory element, the HPRE, located
at the beginning of exon 1. The ability of this
short element to act as a positive regulator in
cis was also demonstrated on a heterologous
viral promoter and was dependent on orienta-
tion.

Orientation dependence is atypical for most
enhancers but has been reported for other genes
[Gemel et al., 1999; Surinya et al., 1999]. This
finding suggests that the HPRE can function as
atranscriptional enhancer, although an alterna-
tive mechanism of post-transcriptional regula-
tion is also possible. Analysis of the HPRE by
EMSA suggested that the stimulatory activity
of the HPRE is mediated by specific interac-
tions with nuclear proteins. Although binding
site analysis of the HPRE revealed homology to
the NRSE, the lack of NRSF in the HPRE-
nuclear protein complexes indicated that the
HPRE is binding to a different factor(s). Experi-
ments to reveal the identity of these factors are
in progress.

Of particular interest to this study was the
identification of potent silencer activity in the
first exon. In addition to repressing the His-1
proximal promoter by more than 80%, this re-
gion could also repress the activity of the heter-
ologous SV40 promoter, regardless of orienta-
tion. This suggests that the HNRE can either
actively repress the general transcriptional ma-
chinery or influence gene expression at the
posttranscriptional level, and experiments to
distinguish between these possibilities are in
progress. The significance of the intragenic loca-
tion of the HNRE to mechanisms of gene silenc-
ing remains unknown, but it is worth noting
that a similar intragenic location has also been
reported for several examples of the NRSE si-
lencer [Schoenherr et al., 1996]. NRSE-binding
factors were identified in NIH3T3 cells that do
not express His-1 RNA, but were not present in
Bac-1 cells that express the His-1 RNA from the
normal promoter. These results suggest that a
cell type-specific nuclear protein is responsible
for the silencing activity of the HNRE.

Binding site analysis of the minimally active
HNRE (+83 to +108) identified two candidate
transcription factor-binding sites: a GATA-1 site
and an E2-box. The GATA-1 transcription fac-
tor is a member of a family of zinc-finger pro-
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teins, which are most often associated with
transcriptional activation rather than repres-
sion, particularly for genes in the erythroid,
megakaryocytic, and mast cell lineages [Why-
att et al., 1993]. The E2-box (CANNTG) is the
binding site for various basic helix-loop-helix
proteins, several of which have been previously
implicated in transcriptional repression [Sekido
et al., 1994; Grbavec et al., 1998]. Site-directed
mutagenesis of a 26-bp oligonucleotide contain-
ing the HNRE E2-box (CAGGTG to AAAATG)
did not affect its nuclear protein binding capac-
ity however, suggesting that it is unlikely to be
a functional target for nuclear factors from these
cells (not shown). Collectively, our results argue
that the HNRE is a novel silencer element that
represses gene expression by an active silenc-
ing mechanism, and experiments to delineate
the identity of the factors that bind to the core
silencer element are in progress. Further char-
acterization of the His-1 silencer may contrib-
ute to a broader understanding of tissue-spe-
cific gene repression and its derangement
during oncogenesis.
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