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Alu interspersed repetitive elements possess internal RNA polymerase I11 promoters that are transcribed
in vitro and in transfected mouse cells but are nearly silent in human HeLa cells. Transcriptional repression
of these elements is to some extent reversible, as pol III-dependent Alu expression can be induced with
herpes simplex or adenovirus. To assess whether sequence-specific DNA binding proteins might contribute
to Alu transcriptional silencing, we examined the internucleosomal spacer region surrounding the B box
of the Alu pol III promoter in HeLa cell nuclei for evidence of proteins bound at specific sites in vivo. We
identified a DNase I-hypersensitive site 5’ to the B box and a DNase I-resistant region 3’ to the B box in
nuclei. An Alu-specific repressor binds to a 5-bp inverted repeat motif overlapping the 5’ end of the
TFIIIC binding site and may inhibit pol III transcription through competitive displacement. The level of
Alu-specific pol III repressor activity is significantly reduced in adenovirus-infected HeLa cells, suggesting
that the repressor may contribute to Alu transcriptional silencing in vivo. The 3’ DNase I-resistant region
coincided with a binding site for the pol II transcription factor YY1 in vitro. YY1 is one of the major
proteins in HeLa cells having binding specificity for Alu elements. YY1 bound to tandem arrays of
genomic Alu elements may play a role in chromatin organization and silencing.

Adenovirus Alu repetitive sequence Chromatin DNA binding proteins Pol 111

FAMILIES of short, interspersed, repetitive ele- internally deleted 7SL RNA genes, termed the left
ments (SINES) are a prominent feature of mam- (5’) and right (3’) monomers, joined head-to-tail
malian genomes. The major SINE family of pri- through an A-rich linker and followed by a 3’
mates, the Alu sequence family, contains ~5 X A-rich tail. The Alu left monomer contains a type
10° elements, ~ 300 bp in length, having 87% se- II (i.e., “split”) internal pol III promoter consist-
quence identity and representing ~ 5% of the hu- ing of A and B blocks, similar to tRNA and ade-
man genome (3,51). Alu elements appear to be novirus VA genes (3,9,15,34,36,42,51,53).

derived from the gene coding for 7SL RNA (the Alu pol III transcripts are relatively scarce in
RNA component of the signal recognition parti- human cells and tissues (e.g., ~10°>-10° Alu tran-
cle) and to have been amplified and dispersed in scripts vs. 10 7SL RNA transcripts in HeLa cells)
genome through retroposition (37,42). The Alu el- (26,27). The reason for this scarcity is not obvi-
ement has a dimeric structure, consisting of two ous, considering the abundance of Alu elements in
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the genome. It has been proposed that many Alu
elements are transcriptionally silent either due to
genetic drift (28,42) or the lack of pol III activator
elements in 5’-flanking sequences (25,42,48).
However, individual cloned Alu elements are effi-
ciently transcribed by pol III in vitro (14,34,36,39)
and are expressed in transfected mouse 3T3 cells,
but not in transfected HeLa cells (Humphrey et al,
in preparation). The level of Alu pol III tran-
scripts in HeLa cells is increased > 50-fold, to ~5
x 10 transcripts per cell, by infection with either
herpes simplex virus (18,32) or adenovirus (33,39),
suggesting that some Alu elements are subject to
reversible modes of transcriptional repression.

The induction of Alu expression by adenovirus
infection is accompanied by an increase in the ac-
cessibility of Alu elements in isolated nuclei to ex-
ogenous pol III transcription factors (14,39), sug-
gesting that induction is either due to a change in
chromatin structure or to depletion of Alu-specific
transcriptional repressors. Alu elements are capa-
ble of positioning nuclesomes in chromatin recon-
stituted in vitro (7) and confer rotational position-
ing on nucleosomes in vivo (6). Such positioning
inhibits pol III transcription from cloned Alu ele-
ments in vitro and very likely contributes to tran-
scriptional silencing of Alu elements in vivo. How-
ever it seems unlikely that nucleosome positioning
alone can account for the profound transcrip-
tional silencing of Alu elements in vivo.

In this study, we have identified protein binding
sites located within the internucleosomal spacer
region in nuclei surrounding the B box in the Alu
pol III promoter. One site, located 5’ to the B
box, is located within the in vitro binding site for
a pol III transcriptional repressor acting selec-
tively on Alu templates. A second site, located 3’
to the B box, coincides with an in vitro binding
site for pol II transcription factor YY1, one of the
major proteins in HeLa cell nucleus having bind-
ing specificity for Alu elements. The level of pol
III repressor activity is significantly reduced in ad-
enovirus-infected HeLa cells, suggesting that the
repressor may contribute to Alu transcriptional si-
lencing in vivo.

MATERIALS AND METHODS
Cell and Virus Culture

HeLa S, cells, obtained from American Type
Culture Collection (Rockville, MD), were grown
as 2-1 suspension cultures in DMEM (Gibco/BRL)
containing 10% calf serum (Gibco/BRL), penicil-
lin (50 U/ml), and streptomycin (50 U/ml). Large-

HUMPHREY, ENGLANDER, AND HOWARD

scale HeLa S, suspension cultures, 20 1, were
grown at the National Cell Culture Center (Minne-
apolis, MN). Adenovirus strain 2 was kindly pro-
vided by Dr. R. Padmanabhan (Univ. of Kansas
Medical Center). HeLa S; cells were infected at 50
pfu/cell as described by Panning and Smiley (33).

Pol III-Dependent In Vitro Transcription Assay

As a source of pol III transcription factors, nu-
clear extract was prepared from HeLa S; cells,
harvested at a density of 10° cells/ml, as described
by Dignam et al. (4). The transcription extract was
concentrated by precipitation with 33% (w/v)
(NH,),SO,, dialyzed against storage buffer [20
mM HEPES (pH 7.9), 100 mM KCl, 1.5 mM
MgCl,, 2 mM DTT, 17% glycerol], and stored as
aliquots at —70°C (protein concentration: ~ 10
pg/ul). Pol III templates were subcloned in plas-
mid vector mini-s, 1.85 kb, which was constructed
by ligating together the “super-ori” region from
pHC624, the Amp® gene from pBR322, and the
pUC20/21 polylinker (Humphrey et al., in prepa-
ration). Plasmid mini-s-AluK was constructed by
ligating the HindIII/EcoRI fragment from plas-
mid pUC19.AluK [which contains a synthetic Alu
consensus sequence (22,40) between the BamHI/
EcoRlI sites in the polylinker] into the HindIII/
EcoRlI site of mini-s (Humphrey et al., in prepara-
tion). Plasmid mini-s-AFP was constructed by in-
sertion of a HindIII/EcoRI fragment (658 bp) rep-
resenting a segment from the fourth intron of the
human a-fetoprotein gene (10) containing an Alu
element previously subcloned in pUC20 (7). Plas-
mid mini-s-VAI was constructed by ligating the
adenovirus 2 genomic Xbal/Ball fragment (232
bp) containing the VAI RNA gene (20) into the
Xbal/Smal site of mini-s. In vitro transcription
reactions were performed in a 25-ul volume con-
taining 6 mM HEPES (pH 7.9), 5 mM MgCl,,
75 mM KCl, 0.6 mM DTT, 5% glycerol, 10 ng
mini-s-AluK or mini-s-AFP template, and 1 ng
mini-s-VAI template. The concentration of nucle-
otides was 250 uM for UTP, CTP, and ATP, and
25 uM for GTP (Pharmacia); 5 mCi of [a-
2P]GTP (3000 Ci/mmol, Dupont-NEN) was used
per reaction. An aliquot of nuclear extract protein
was added to the reaction mixture on ice (see the
Results section); all dialyzable buffer components
were held constant. The reaction was initiated by
incubating the samples at 30°C, 60 min. The reac-
tion was stopped by addition of 200 ul of stop
buffer [50 mM Tris (pH 7.4), 5 mM EDTA, 250
mM NaCl, 1% SDS, and 10 mg/ml yeast RNA].
Radiolabeled RNA was purified by phenol-
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chloroform extraction and ethanol precipitation
and analyzed by electrophoresis in polyacryl-
amide-urea gels as described previously (7,39). Ra-
diolabeled transcripts were visualized in dried gels
by autoradiography. Incorporation of **P cpm
into Alu and VALI transcripts was measured by
scanning the dried gels on a Molecular Dynamics
Phosphorlmager and analysis with ImageQuant
software.

Solid-Phase Adsorbents for Depletion of
DNA Binding Proteins

Complementary oligonucleotides for prepara-
tion of dsDNA probes were synthesized on an Ap-
plied Biosystems DNA synthesizer. All oligonucle-
otides were 63 bases long except (5’-ORI), and
(3’-OR1I),, 53 bases. For attachment to streptavi-
din-agarose, two biotinylated residues were added
to the 5’ end of the (+) strand with Biotin-ON
phosphoramidite (Clontech). Complementary oli-
gonucleotides were annealed in 10 mM Tris (pH
7.4), 50 mM NaCl, 10 mM MgCl, by heating at
90°C, 1 min, followed by gradual cooling from
75°C to 23°C over 1-2 h. Double-stranded prod-
uct (ds-oligo) was isolated by electrophoresis in
nondenaturing 5% polyacrylamide-TBE gels, lo-
cated by UV shadowing, recovered by electroelu-
tion, and quantitated by optical density. All ds-
oligos had an unpaired T at the 5’ ends to
facilitate attachment to streptavidin-agarose and
radiolabeling for EMSA (see below). Three ds-
oligos representing overlapping segments of the
AluK left monomer (22,40), K1-57, K40-97, and
K63-121, contained the sequence segment speci-
fied by position numbers plus flanking “TAT”
motifs on either end. RAND is a 63-bp random-
ized control sequence that contains no matches of
greater than 3 bp with either strand of the AluK
sequence; in ds-oligos designated RAND + (#-#) a
region in the middle of RAND was modified to
match the sequence of the designated segment
from the AluK (see Fig. 3); (5’-ORI), contains
two tandem copies of sequence segment 40-57 in
AluK; (3’-ORI), contains two tandem copies of
sequence segment 174-196 in AluK. Solid-phase
affinity adsorbents were prepared by washing an
aliquot (100 ul packed volume) of streptavidin-
agarose (Pierce) with PBS, resuspending in a 100
ul volume of PBS containing 0.5 nmol ds-oligo
(50% slurry), and incubation for 30 min at 23°C
on arotator. The ds-oligo-agarose was washed 3 X
with PBS and 1 x with extract storage buffer (see
above) containing 0.005% Tween-20 (Bio-Rad).
An aliquot (50 ul) of transcription extract (see

above) with addition of 0.005% Tween-20 (to pre-
vent nonspecific protein depletion) was mixed
with a 10-ul packed volume of ds-oligo-agarose
and incubated on a rotator for 45 min at 4°C
(2x). The adsorbent was removed by centrifuga-
tion at 15,000 x g and the protein concentration
of the depleted extract determined using the Coo-
massie G250 dye binding (Bradford) assay (Bio-
Rad). Solid-phase immunoaffinity adsorbents
were prepared using affinity-purified rabbit IgG
raised to Spl (sc-59), YY1 (sc-281), and egr-1 (sc-
110) peptides obtained from Santa Cruz Biotech-
nology. A 200-ug aliquot of IgG bound to a 5-ul
packed volume of protein A/G-agarose (Pierce)
was used to deplete a 50-ul aliquot of transcription
extract.

Electrophoretic Mobility Shift Analysis

For mobility shift assays (8), nonbiotinylated
ds-oligo probes (see above) were radiolabeled us-
ing Klenow enzyme and [«-*’P]dATP. Binding
assays were performed by mixing 10-20 fmol of
2p_radiolabeled probe with 100 ng transcription
extract protein in a 10-ul volume of binding buffer
[20 mM HEPES (pH 7.9), 50 mM KCl, 1.5 mM
MgCl,, 2 mM DTT, 0.05% Tween-20 (v/v), 10%
glycerol (v/v), and 3 pg BSA}. For competition
assays, the unlabeled ds-oligo competitor (see the
Results section) was mixed with the radiolabeled
probe, prior to addition of extract protein. After
incubation for 20 min on ice, the binding reaction
was loaded on a 4% polyacrylamide gel containing
0.5x TBE and 5% glycerol and was electropho-
resed in 0.5 TBE at 2.5 W constant power for
2-3 h, until bromphenol blue tracking dye loaded
in a separate marker lane reached the bottom of
the gel. After drying, mobility shift complexes
were visualized by autoradiography using Kodak
X-Omat film. The amount of radiolabeled probe
in the retarded complex was measured by scanning
the dried gels on a Molecular Dynamics Phosphor-
Imager and analysis with ImageQuant software.

Purification of Sequence-Specific
DNA Binding Proteins

For affinity chromatography, the transcription
extract was clarified by centrifugation at 10° x
g and Tween-20 was added to 0.005% (v/v). An
aliquot, 0.5 ml (5.0 mg protein), of transcription
extract was mixed with 4.0 mg yeast RNA (Sigma)
and 5.0 nmol ds-oligo competitor, incubated on
ice for 10 min, and applied to the RAND + (91-
107),-agarose affinity adsorbent equilibrated with
binding buffer [20 mM HEPES (pH 7.9), 100 mM
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NaCl, 1| mM MgCl,, 2 mM DTT, 0.005%
Tween-20 (v/v), 10% glycerol (v/v)] at 4°C. Pairs
of columns were run in parallel using either spe-
cific [RAND +(91-107),] or nonspecific (RAND)
competitor. The column was washed with 5.0 ml
binding buffer and then eluted with four 250-ul
aliquots of elution buffer (binding buffer with 500
mM NacCl). The eluate was concentrated and ad-
justed to 100 mM NaCl using a Centricon-10
(Amicon) filtration device. To prepare protein for
amino acid sequencing, the procedure was
scaled-up by a factor of five: a 2.5-ml (25 mg pro-
tein) aliquot of transcription extract applied to a
1.0 ml column; the column was eluted with 10 mM
Tris (pH 7.4), 1 mM EDTA, 0.5% SDS at 23°C.,
Column fractions were analyzed by electrophore-
sis in 10% SDS-polyacrylamide gels. Proteins
were visualized either by staining with silver (29)
or with Coomassie R250 in 10% methanol/10%
acetic acid.

Amino Acid Sequence Determination

The 60-kDa polypeptide was prepared for
amino acid sequencing by electrophoresing the el-
uate from the RAND + (91-107),-agarose column
(see above) in a 1.5-mm-thick 8% SDS-poly-
acrylamide gel using procedures recommended by
Hunkapiller et al. (16) to minimize decomposi-
tion. The gel was polymerized overnight, the sam-
ple was heated in SDS sample buffer at 55°C for
15 min, and 0.1 mM sodium thioglycolate was
added to the upper (cathode) buffer reservoir.
Proteins were transferred to nitrocellulose by elec-
troblotting for 16 h at 20 V (47); blotted proteins
were visualized by staining with 0.1% Ponceau S
dye in 1% acetic acid. A 0.2-cm? piece of nitrocel-
lulose containing ~ 100 pmol of 60 kDa polypep-
tide was excised, washed with 1.0 ml HPLC-grade
water, and stored at —20°C. Amino acid sequenc-
ing was performed by William S. Lane of the Har-
vard Microchemistry Facility as described by Ae-
bersold et al. (1). Briefly, the blotted protein was
digested in situ with trypsin, the resulting peptides
were separated by reverse-phase HPLC, and two
peptides (NT55 and NT57) were selected for anal-
ysis by Edman degradation in a gas-phase seque-
nator (see Table 1).

Linear PCR-Mediated DNase I Footprint
Analysis

Nuclei were isolated from HeLa cells by modifi-
cation of established methods (6). Briefly, cells
were incubated for 30 min on ice in a hypotonic
buffer (10 mM, HEPES, pH 7.9, 1 mM PMSF, 1
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mM DTT) and Dounce homogenized (20 strokes)
in the presence of 3 mM MgCl, and 0.1% NP-40.
Nuclei were recovered by centrifugation through a
0.25-M and subsequently 1-M sucrose layer in a
swinging bucket rotor and resuspended in a stor-
age buffer (0.25 M sucrose, 10 mM HEPES, pH
7.9, 3 mM MgCl,, 0.4 mM PMSF, and 1 mM
DTT, 50% glycerol). Genomic DNA was purified
following lysis of HeLa cells at 37°C for 3 hin the
presence of 0.5% SDS and 0.2 mg/ml proteinase
K. DNA was extracted several times with phenol/
chloroform and precipitated by spooling from
70% ethanol. The primer used for linear PCR-
mediated DNase I footprinting analysis was de-
signed using the major Alu family consensus se-
quence, which is expected to represent ~65% of
Alu repeats (52). It spans residues 8 to 24 (5'-
GCGGTGGCTCACGCCT-3’) within the left
monomer and harbors a 3-bp mismatch with the
corresponding region in the right monomer. Tem-
plate DNA was purified following DNase I (Wor-
thington) digestion in nuclei; a typical digest was
at 25°C with 0.04 U/ug DNA in nuclei or with
0.001 U/pug naked DNA. To verify the absence of
endogenous nuclease activity in a given prepara-
tion, samples were incubated without DNase I for
the corresponding periods of time and examined
by primer extension. Linear amplification reac-
tions were carried out with an end-labeled primer
(6): template DNA (50-100 ng) was amplified by
22 cycles of Vent polymerase (New England Bio-
labs) mediated linear PCR. Cycles were as fol-
lows: 1 min at 90°C, 1 min at 58°C, and 30 s at
72°C. Products of amplification were resolved in
6% polyacrylamide 7 M urea gel.

RESULTS

Intranuclear DNase I Footprinting on
Genomic Alu Elements

Our previous studies have examined nucleo-
some positioning on Alu elements in vitro and in
vivo (see the Introduction). When cloned Alu ele-
ments are reconstituted with histone octamers or
tetramers, nucleosomes are positioned over the A
box at the 5’ end of the left monomer and over
the middle of the right monomer, leaving an in-
ternucleosomal spacer region extending from the
B box through the A-rich linker (7). Analysis of
genomic Alu elements in HeLa cell nuclei by
DNase I footprinting and micrococcal nuclease di-
gestion suggested that nucleosome positioning on
a readily detectable fraction of Alu elements in
vivo is similar to that observed in vitro (6).
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TABLE 1
AMINO ACID SEQUENCE ANALYSIS OF TRYPTIC PEPTIDES NT55 AND NT57 ISOLATED
FROM 60-kDa BP-2 POLYPEPTIDE

Cycle 1 2 3 4 5
NT55 T L E G E
YY1, 213-229 K T L E G E
NT57 F S L D F
YY1, 363-371 R F s L D F

Y

Z2Zm7m

7 8 9 10 11 12 13 14 15 16

r-onuon

The peptide sequence is aligned with predicted tryptic peptides from cDNA sequence of human YY1 protein
(12,35). Tryptic sites are C-terminal to boldface K and R residues. — indicates no residue was identified in
peptide NT55 at cycle 11, corresponding to W in the predicted sequence, which is difficult to detect due to

chemical instability (16).

To assess whether proteins are bound at spe-
cific sites within the internucleosomal spacer re-
gion in vivo, we performed a linear PCR-mediated
DNase | footprinting analysis in HeLa cell nuclei.
The nuclei were isolated without using chelators
to avoid possible depletion of Zn+2 finger DNA
binding proteins. We used a primer that is specific
for the major Alu subfamily to extend in the sense
orientation on the lower strand of the left mono-
mer (see the Materials and Methods section). Simi-
lar patterns of DNase | cleavage were observed in
this region in either nuclei or naked DNA, except
that in nuclei we observed: 1) a hypersensitive site
at position -60, located - 15 bp 5' to the B box,
2) a region of diminished DNase cleavage, located
10-20 bp 3" to the B box, and 3) greatly dimin-
ished DNase cleavage in the A-rich spacer, as in
our previous study (Fig. 1). These results suggest
that proteins are bound at specific sites flanking
the B box in a readily detectable fraction of Alu
elements in vivo. The absence of footprinting
within the B box is consistent with the absence of
bound TFIIIC and the transcriptional inactivity of
Alu elements in vivo.

In Vitro Transcription Assayfor Alu-Specific Pol
11 Repressor

To identify proteins that may bind within the
internucleosomal spacer region and repress tran-
scription from Alu elements, we employed a stan-
dard pol Ill-dependent in vitro transcription
assay. As a source of pol Il factors, a transcrip-
tion extract was prepared from HelLa cell nuclei
by extraction with 0.4 M NaCl and concentrated
by (NH4)2S 04 precipitation (see the Materials and
Methods section). The template for pol Ill tran-
scription was a synthetic Alu element, AluK (40),
based on the consensus of Kariya et al. (22) and
similar to the major subfamily consensus, sub-
cloned in plasmid vector mini-s (see the Materials
and Methods section). This construct, mini-s-

Nuc DNA

FIG. 1. Intranuclear footprinting of protein binding sites in
human genomic Alu elements. Linear PCR-mediated DNase
I footprinting analysis using either nuclei or genomic DNA
prepared from human HelLa Ss cells. The end-labeled primer
spanned residues s to 24 of the Alu Major subfamily consensus
sequence. Right: autoradiogram shows extension products cor-
responding to the lower strand of the left monomer from posi-
tions 50 to 135. M, size markers from Msp | digest of pBR322.
Left: schematic representation of the relevant portion of the
Alu consensus sequence, as in Fig. 3; inverted repeat motif,
positions 64-75; B box, positions 77-85; YY1 binding site,
positions 91-104; A-rich linker, positions 121-135. Arrow indi-
cates DNase I-hypersensitive site at position 60. Bracket indi-
cates DNase I-insensitive region in nuclei corresponding to
YY1 binding site.



156

AluK, contains a pol Il terminator at the 3" end
of the AluK sequence and so codes for a 283-nt
pol 11l transcript. To detect repressors acting se-
lectively on the Alu template, we included the
well-characterized adenovirus VAI RNA gene
(20), also subcloned in mini-s, as a reference tem-
plate. Pol Il transcription complexes are assem-
bled on Alu and VAI promoters through similar
TFIlIC-dependent pathways (see the Discussion
section).

To detect specific repressor activity, we used
the lowest amount of template supporting detect-
able transcription: 10 ng mini-s-AluK, 1 ng mini-s-
V Al/assay. The Alu and VAI templates were both
transcribed efficiently when a low ratio of tran-
scription extract protein to template DNA was
used (i.e., 10 /xg protein) (Fig. 2A). As the ratio of
extract protein to template DNA was increased to
150 /xg protein/assay, while holding other buffer
components constant, transcription from the Alu
template was completely inhibited whereas tran-
scription from the VAI template varied less than
twofold (Fig. 2A). Transcription from other pol
Il templates [i.e., 5S (55) and 7SL RNA (49)

A

ug Extract

10 21 52 104 156

AluK — —.

AluK/VAL: 11 96 .25 .07 .05
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genes] either increased or remained constant, simi-
lar to VAI (data not shown). This indicates that
a nondialyzable component of the transcription
extract (e.g., protein) specifically inhibits pol Il
transcription from the Alu template. In transcrip-
tion assays performed at high protein to template
ratios, we sometimes observed large (> 1 kb) tran-
scripts near the origin of the polyacrylamide gel
(Fig. 2). These transcripts were observed using dif-
ferent plasmid vectors as templates, with or with-
out a pol Il gene insert, and thus appear to be
unrelated to transcription initiating from the Alu
promoter.

Depletion ofAlu Transcriptional Repressor in
Adenovirus-Infected Cells

The level of Alu pol Il transcripts in HelLa
cells is increased approximately 50-fold 24 h after
infection with adenovirus (33). The induction of
Alu transcription in vivo is accompanied by an
increase in the accessibility of Alu promoters in
nuclei to exogenous pol Il factors in vitro (39).
To assess whether depletion of Alu-specific repres-

U Ad
25 150 25 150 ug ext.
— AluK
Alu.K/VAI: 1.01 .11 94 71

FIG. 2. Effect of extract protein/template DNA ratio on Alu, VAI transcription in vitro. Increasing
amounts (10-156 /xg protein) of transcription extract prepared from HelLa Ss cells were added to pol
Ill-dependent in vitro transcription assays containing 10 ng mini-s-AluK and 1 ng mini-s-VAI template
DNA. (A) Radiolabeled AluK and VAI transcripts were resolved by electrophoresis in a s % polyacryl-
amide-urea gel and visualized by autoradiography. Incorporation of [a-32P]GTP into Alu and VAI
transcripts was quantified by phosphorimaging and is expressed as the ratio of radiolabeled AluK/VAI
transcripts in each lane. (B) Pol Ill-dependent in vitro transcription assays, as in (A), performed at either
low (25 /xg/assay) or high (150 /xg/assay) extract protein/template ratios, using either uninfected HeLa
cell extract (U) or extract prepared from HeLa cells 24 h after infection with adenovirus (Ad); autoradiog-

raphy: 45 h.



SPECIFIC BINDING SITES IN Alu REPETITIVE ELEMENTS 157

sor activity in vitro correlated with the induction
of Alu transcription in vivo, we prepared tran-
scription extract from adenovirus-infected HeLa
cells. In contrast to extracts prepared from unin-
fected cells, the infected cell extract supported ef-
ficient transcription from the Alu template at ei-
ther low or high protein/template ratios. A sixfold
increase in protein concentration caused only a
small decrease in the Alu/VAI transcription ratio
(Fig. 2B). The absence of Alu transcriptional re-
pressor activity from the infected cell extract sug-
gests that adenovirus infection leads to either
depletion or modification of the repressor pro-
tein(s) in HeLa cells, supporting the idea that the
repressor may contribute to transcriptional silenc-
ing of Alu elements in uninfected cells.

The Alu Transcriptional Repressor Is a
Sequence-Specific DNA Binding Protein

The specificity of the pol III transcriptional re-
pressor for the Alu template could be due to site-
specific binding within the Alu promoter. To test
this idea we prepared three double-stranded 63-bp
oligonucleotides representing overlapping seg-
ments of the AluK left monomer: K1-57, posi-
tions 1-57; K40-97, positions 40-97; K63-121, po-
sitions 63-121 (Fig. 3). The plus strand contained
two biotinylated residues at the 5’ end, permitting
attachment to streptavidin-agarose to prepare a
solid-phase affinity adsorbent. Four base substitu-
tions were made within the B box in K40-97 and
K63-121 to prevent depletion of TFIIIC (Fig. 3).
A 63-bp ds-oligonucleotide, RAND, served as a
specificity control (Fig. 5).

Depletion of transcription extract with either
blank streptavidin-agarose (no attached oligo) or
RAND-agarose had no effect on the Alu/VAI
transcription ratio (Fig. 4). In contrast, depletion
with segments of the Alu left monomer increased
Alu transcription at the high protein/template ra-
tio, compared to the controls. Depletion with the
K40-97 and K63-121 adsorbents had the greatest
effect, increasing the Alu/VAI transcription ratio
sixfold compared to depletion with blank agarose.
Extract depletion had no effect on VAI transcrip-
tion, indicating that nonspecific inhibitors of pol
III transcription, present in transcription extracts
(54,55), are not depleted by these solid-phase ad-
sorbents.

Localization of the Alu Transcriptional
Repressor Binding Site

The above extract depletion experiments sug-
gested that the binding site(s) for the Alu.tran-

scriptional repressor was located in the overlap-
ping region between K40-97 and K63-121 (i.e.,
positions 63-97). Based on this inference, we pre-
pared a ds-oligo, RAND + (63-97), in which a cen-
tral 34-bp region of the 63-bp RAND ds-oligo was
modified to match the overlapping sequence in ds-
oligos K40-97 and K63-121 (Fig. 3). The partial
depletion of repressor activity by ds-oligo K1-57
suggested that the repressor binding site might
overlap the 5’ end of the 63-97 region. A perfect
5-bp inverted repeat in this region (positions 64-
75, Fig. 5), near the DNase I-hypersensitive site in
nuclei further suggested a protein binding site. To
encompass this region, we prepared a ds-oligo,
RAND +(61-81), in which a 20-bp region of
RAND was modified to match this region of AluK
between positions 61 and 81 (Figs. 3 and 5B). Be-
cause RAND + (61-81) does not include the entire
B box, no base substitutions were made in the B
box as in ds-oligos K40-97, K63-121, and
RAND+(63-97). The RAND + (63-97)-agarose
and RAND + (61-81)-agarose adsorbents both de-
pleted Alu transcriptional repressor activity
equally well, similarly to the K63-121-agarose
positive control (Table 2), indicating that the re-
pressor binding site is located in the region be-
tween positions 61 and 81 in AluK (Fig. 5).

The extract depletion experiments localized the
repressor binding site to a 20-bp region of Aluk,
centered on a 5-bp inverted repeat, and overlap-
ping the 5’ side of the B box (Fig. 5). The repres-
sor binding site is contained within the binding site
for TFIIIC2 (i.e., the B Box binding component
of TFIIIC) as defined by DNase I footprinting
(23,43,56) and methylation interference (2). Se-
quence homology exists between AluK and VAI in
the B box region (Fig. 5A). To determine whether
the repressor can bind to the homologous region
in VAI, we made five base substitutions in ds-
oligo RAND+(61-81), to generate ds-oligo
RAND +(61-81)m, in which the region between
positions 65 and 80 matches the homologous VAI
sequence (Fig. 5B). To better define the repressor
binding site, we also “truncated” the AluK se-
quence in ds-oligo RAND +(61-81) to an 11-bp
region, making ds-oligo RAND + (67-76).

Extract depletion with either RAND+ (61-
81)m-agarose or RAND + (67-76)-agarose re-
sulted in partial depletion of Alu transcriptional
repressor activity [i.e., less than the RAND +(61-
81)-positive control but significantly greater than
the negative controls] (Table 2). Partial depletion
by RAND+(61-81)m-agarose indicates that the
repressor can bind to the homologous region in
the "VAI promoter, but more -weakly than to the
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FIG. 3. Sequence of AluK pol III promoter and ds-oligo probes used as solid-phase
affinity adsorbents. Nucleotide sequence of AluK template from the 5 BamHI linker
(lower case) through the 3’ end of left monomer. Position 1 is the pol III transcriptional
start site. Regions of homology to A and B box elements of tRNA and VAI genes are
highlighted. Left and right arrows indicate 5-bp inverted repeat. Brackets enclose binding
sites for pol II transcription factors Spl and YY1. Below: horizontal lines indicate se-
quence segments represented by ds-oligo probes used as solid-phase affinity adsorbents
and as probes for EMSA. The four indicated base substitutions were made in the B box
sequence of ds-oligos K40-97, K63-121, and R +(63-97) to prevent depletion of TFIIIC.

Alu promoter (see the Discussion section). Partial
depletion by RAND +(67-76)-agarose indicates
that this ds-oligo contains the core repressor bind-
ing site, but that either flanking region (61-66 or
77-81) enhances binding affinity. It is more likely
that the 5’-flanking region (61-66) is required for
full binding affinity, because base substitutions
within the B box (76-84) had no effect on repres-
sor binding (see above). Comparison of the ds-
oligos that deplete repressor activity with the inac-
tive RAND control sequence suggests that the
repressor binds preferentially to a 4-5-bp inverted
repeat motif of the type: “(CCNGN)NN(NCN
GG).”

The conserved Precise and Precise Variant Alu
subfamilies have a 2-bp deletion in the 5’ half of
the inverted repeat, changing CCTGA to CATGA
(28,52). To examine whether this deletion affects
transcriptional repression, we used an Alu element
(with this deletion) from the fourth intron of the
human a-foetoprotein gene (10), Alu-AFP, as a
template for in vitro transcription. Pol III tran-
scription from the Alu-AFP promoter was specifi-
cally inhibited at a high extract protein/template
ratio, similar to transcription from the AluK pro-
moter and transcriptional repression was relieved
by extract depletion with RAND +(61-81)-
agarose (data not shown). This result indicates
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Depleted Transcription Extracts:

Blank RAND K1-57 K40-97 K63-121

ug ext: 10 115 10 115 10 115 10 115 10 115

AluK/VAL: 97 .061.3 .071.7 .212.1 412.2 .39

Ads/Blank: - - 1.41.11.83.42.26.52.26.3

FIG. 4. Effect of extract depletion with ds-oligo adsorbents on pol
Ill-dependent transcription from AluK and VAI templates. Pol IlI-
dependent in vitro transcription assays, as in Fig. 2, performed at
either low (10 /xg/assay) or high (115 /xg/assay) extract protein/tem-
plate ratios using HeLa extracts depleted with either blank streptavi-
din-agarose or streptavidin-agarose with biotinylated ds-oligo ligand:
RAND, KI-57, K40-97, or K63-121; autoradiography: 15 h. Below:
ratio of radiolabeled AluK/VAI transcripts determined as in Fig. 2;
the enhancement of Alu transcription, relative to VAI, is described by
the parameter “Ads/Blank,” which is the Alu/V A transcription ratio
in a reaction using extract depleted with ds-oligo-agarose divided by
the Alu/V A transcription ratio in the reaction using extract depleted

with blank agarose.

that the Alu transcriptional repressor may act on
both the major and conserved Alu subfamilies.

Localization ofProtein Binding Sites Within the
Alu Pol 111 Promoter

As another means to identify proteins that may
contribute to Alu transcriptional silencing in vivo,
we employed EMSA to identify proteins in the
HelLa nuclear extract binding at specific sites in
the AluK left monomer. Using KI-57 as the radio-
labeled probe, we identified a protein present in
the Hela transcription extract that formed a dis-
crete, relatively slow-migrating complex (Fig. 6A).
The same complex was observed using ds-oligo
K40-97 (Fig. 6C), but was not observed using ds-
oligo K63-121. The K63-121 probe formed a more
rapid-migrating complex, not seen using either the
KI-57 or K40-97 probes (Fig. 6B). In addition, a
cluster of three minor complexes was only ob-
served using ds-oligo K40-97 (Fig. 6C).

These results indicated that two distinct and rel-
atively abundant proteins were present in the
HelLa cell nuclear extract binding to different sites
within the AluK Ileft monomer: one protein,
termed BP-1, binding within the overlapping re-
gion of KI-57 and K40-97 (i.e., positions 40-57),
and the other, termed BP-2, binding between posi-
tions 97 and 121 (Fig. 3). To assess whether BP-1
and BP-2 were binding to the probes in a se-
guence-specific manner, we performed competi-
tion assays. Binding of BP-1 to the KI-57 probe
was competed by ds-oligos KI-57 and K40-97, but
not by K63-121 or the RAND ds-oligo. Similarly,
binding of BP-2 to the K63-121 probe was com-
peted by ds-oligo K63-121, but not by KI-57,
K40-97, or RAND (Fig. 6A, B).

A data base search indicated that the binding
site for BP-1 in the AluK left monomer was a
potential binding site for transcription factor Spl
(21). The region between positions 40 and 60 in
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FIG. 5. Sequence homology between AluK and VAI pol Il transcriptional promoters.
(A) Sequence alignment between VAI gene pol Il promoter and homologous regions in
the AluK left monomer. A and B box elements are enclosed by rectangles. Binding site
for TFI11C2, as defined by DNase | footprinting (2,23,43,56), and the Alu transcriptional
repressor, as defined by depletion experiments, are indicated by brackets. (B) Sequence
alignment between RAND + (61-81) ds-oligo, containing the minimal Alu repressor bind-
ing site as defined by depletion experiments, and the RAND control ds-oligo. Base
substitutions that define the minimal repressor binding site are highlighted. Arrows indi-
cate a 5-bp inverted repeat motif at the repressor binding site. Upper alignment includes
RAND+ (67-76) ds-oligo defining a core repressor binding site; lower alignment includes
RAND + (61-81)m ds-oligo with five base substitutions, making the region between posi-
tions 65 and 80 match the homologous region of VAI. Below: consensus binding site for
Alu pol 111 transcriptional repressor.

AluK, represented by ds-oligo (5'-OR1)2, is similar
to an Spl binding site in the human snRNA gene
enhancer (19), particularly in the location of G C
base pairs identified as contact points by methyla-
tion-interference footprinting (Fig. 7A). The ds-
oligo (5'-OR1)2 contains the minimal binding site
for BP-1 (Fig. 6A, C) and is a stronger competitor
than the homologous region in the right monomer
(positions 174-196) represented by ds-oligo (3'-
ORI1)2 The identification of BP-1 as Spl was con-
firmed by EMSA supershift (Fig. 8A) and specific
depletion with anti-Spl 1gG immunoadsorbent
(Fig. 9A). The three minor complexes detected by

ds-oligo K40-97 were specifically competed by ds-
oligo RAND+ (61-81), corresponding to the re-
pressor binding site (Fig. 6C).

Identification ofBP-2 as Transcription
Factor YY1

To further define the binding site for BP-2, we
prepared two ds-oligos in which the central region
of the RAND ds-oligo was modified to match the
sequence between positions 80 and 107, R+ (80-
107), or 91 and 117, R+ (91-117) (Fig. 3). Both
ds-oligos R+ (80-107) and R-F(91-117) competed
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TABLE 2
Alu TRANSCRIPTIONAL REPRESSOR ACTIVITY

Blank RAND R61-81 R63-97 K63-121

10pug 110ug 10ug 110ug 10pug 110ug 10pg 110ug 10pug 110pug

AluK/VAI 1.1 0.06 1.3 0.09 2.2 0.67 2.4 0.75 2.6 0.89
Ads./blank - - 1.1 1.6 2.0 12 2.1 13 23 16
Blank RAND R61-81 R67-76 R61-81M

10pug 110ug 10pg 110ug 10ug 110ug 10ug 110ug 10ug 110pug

AluK/VAI 1.0 0.21 1.2 0.31 1.8 1.9 1.7 1.6 1.8 1.3
Ads./blank - - 1.2 1.5 1.8 9.2 1.7 7.8 1.8 6.1

Quantitation of **P-radiolabeled Alu in vitro transcripts relative to internal VAI controls, as in Fig. 4,
using low vs. high concentrations of transcription extract depleted with ds-oligo adsorbents as indicated.
AluK/VALI is the ratio of radiolabeled Alu transcripts to VAI transcripts; Ads./blank is the ratio of AluK/
VAL for extracts depleted with a specific adsorbent compared to AluK/VAI for a control depletion using
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blank streptavidin-agarose.

binding of BP-2 to the K63-121 probe (see Fig.
6B). Competition by ds-oligo R +(91-107), (data
not shown) localized the binding site for BP-2 to
the region between positions 91 and 107 in AluK
(Fig. 3), which corresponds to a protein binding
site in vivo (Fig. 1). The data base search (see
above) did not identify any known transcription
factor binding sites in this region of the AlukK left
monomer. Therefore, we isolated BP-2 for identi-
fication by direct amino acid sequencing. We pre-
pared an affinity adsorbent by attaching biotinyl-
ated R +(91-107), ds-oligo to streptavidin-agarose
(see the Materials and Methods section). HeLa nu-
clear extract was applied to R+ (91-107),-agarose
affinity columns in the presence of either specific
R +(91-107), or nonspecific RAND competitor
ds-oligo competitor. BP-2 binding activity was
eluted from the column loaded in the presence of
nonspecific competitor but not from the column
loaded in the presence of specific competitor and
was correlated with a ~ 60-kDa polypeptide, pres-
ent only in the eluate from the column loaded with
nonspecific competitor (data not shown). Two
tryptic peptides (NT55 and NT57) were analyzed
by Edman degradation (see the Materials and
Methods section, Table 1). These two peptides
match the sequence of two predicted tryptic pep-
tides from human transcription factor YY1
(12,35,45).

Immunochemical Identification of Spl and YY1

We employed an EMSA supershift assay to
confirm the identity of mobility shift complexes
BP-1 and BP-2 as Spl and YY1, respectively. Af-
finity-purified rabbit IgG raised to peptides from

Spl, YY1, and another Zn*? finger protein, egr-1
(46), or nonimmune rabbit IgG were added to
EMSA binding reactions. Anti-Spl IgG specifi-
cally supershifted the BP-1 complex and this su-
pershift was specifically blocked by preincubation
with the Spl peptide antigen (Fig. 8A). Anti-YY1
IgG specifically inhibited formation of the BP-2
complex (apparently, the IgG-YY1 complex does
not bind to the DNA probe) and this inhibition
was prevented by preincubation with the YY1 pep-
tide antigen (Fig. 8B).

Mobility shift complexes BP-1 and BP-2 were
also specifically depleted from the HeLa extract
by adsorption with anti-Sp1 or anti-YY1! IgG, re-
spectively, bound to protein A/G-agarose (Fig. 9).
Blank and anti-egr-1 (46) protein A/G-agarose
served as specificity controls. Depletion of the
transcription extract by the immunoaffinity adsor-
bents to Spl, YY1, and egr-1 had no significant
effects on the Alu/VAI transcription ratio, dem-
onstrating that these transcription factors do not
interfere directly with TFIIIC binding to the Alu
promoter. Similarly, extract depletion with ds-
oligos representing the Spl or YY1 binding sites
had little or no effect on the Alu/VAI transcrip-
tion ratio (data not shown).

YY1 Binds Selectively to “Old” Alu Elements

Base substitutions within the 90-110 region of
the Alu element, termed the DB region, distin-
guish different Alu subfamilies (26,52). The AluK
sequence is characteristic of the Major subfamily,
which includes ~65% of human Alu elements and
includes the older, more divergent elements. To
assess whether YY1 can bind to the more recently
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Sp1, snRNA GAGGGCGTGGC
e tr ot
AluK, 5'-ORI TTGGGAGGCCGAGGTGGGTGGAT
X X XX X X
AluK, 3'-ORI TCGGGAGGCTGAGGCAGGAGAAT
YY1, rpL30 CGGCCATCTTGGCG
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AluK TGGCCAACATGGTGAAA
X X
Alu PR TGGCTAACACGGTGAAA
X X X X
Alu PV CGGCTAARACGGTGAAA
XXXX X XXXXX X
RAND TGCGGTACGTACGTTAT

FIG. 7. Identification of minimal binding sites for BP-1 and BP-2 in
AluK. (A) Lower: sequence alignment of ori-like regions in Aluk left
(5’-ORI) and right (3’-ORI) monomers; the X indicates mismatches.
Upper: Spl binding site 2 in human U2 snRNA gene (19); vertical
lines indicate identities; underlining indicates G residues on either
strand identified as contact points for Sp1 by methylation-interference
footprinting. (B) Lower: minimal binding site for BP-2 in AluK, posi-
tions 91-107, aligned with modified regions in ds-oligos R+ (91-
117)PR, R + (91-117)PV, and unmodified RAND ds-oligo; the X indi-
cates mismatches. Upper: YY1 binding site 2 in mouse rpL 30 gene
(12); the vertical lines indicate identities; underlining indicates G resi-
dues on either strand identified as contact points for YY1 by methyla-

tion-interference footprinting.

inserted Alu elements, we made two base substitu-
tions in R+(91-117): Cy—T and T~ C to
match the sequence of the Precise subfamily in
this region, creating ds-oligo R+(91-117)PR, and
two additional substitutions: Ty;—C and Ci— A
to match the sequence of the Precise Variant sub-
family, creating ds-oligo R+(91-117)PV (Fig.
7B). The Precise subfamily includes 10% of hu-

man Alu elements and represents more conserved
elements inserted during the period of anthropoid
radiation. The Precise Variant subfamily repre-
sents a small number of Alu elements (<1%),
which are currently undergoing amplification and
dispersal in the human genome (28,42).

The R+(91-117) ds-oligo is ~200-fold more
effective than the RAND ds-oligo as a competitor

FACING PAGE

FIG. 6. Identification of protein binding sites in AluK left monomer. For electrophoretic mobility shift analysis (EMSA), 0.1 ug
extract protein was mixed with 10 fmol *?P-radiolabeled ds-oligo probe in binding buffer and electrophoresed in a 4% polyacrylamide
gel; for competition assays, 100 fmol unlabeled ds-oligo was mixed with the radiolabeled probe prior to addition of extract protein.
Mobility shift complexes were visualized by autoradiography, 2 h; B, blank binding reaction (no extract protein); 0, no competitor
ds-oligo; FP, free probe. (A) Radiolabeled probe: K1-57 ds-oligo containing binding site for specific complex BP-1; (B) radiolabeled
probe: K63-121 ds-oligo containing binding site for specific complex BP-2. (C) Probe is **P-radiolabeled K40-97 ds-oligo; FP, free
probe; B, blank binding reaction (no extract protein); Tx, 0.1 ug HeLa extract protein; competition assays contained 0.05-0.5 pmol
unlabeled (5’-ORI),, 0.05-0.5 pmol unlabeled RAND + (61-81) ds-oligo, or 0.5-5.0 pmol unlabeled RAND ds-oligo; positions of
mobility shift complexes containing Sp1 and proteins binding to Alu repressor site are indicated.
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FIG. s. Immunochemical identification of Spl and YY1. For EMSA supershift assays, 0.2 ng affinity-purified
rabbit 1gG raised to either Spl (aS), YY1 (aY), or egr-1 (aE), or nonimmune 1gG (NI) was added to a mobility shift
binding reaction as in Fig. s using either (A) ds-oligo K40-97 as the radiolabeled probe to assay for Spl complex or
(B) ds-oligo RAND + (91-107)2 as the radiolabeled probe to assay for YY1 complex. As a specificity control, the
rabbit aSpl or aYY!| IgG was preincubated with 2 /xg of either Spl (pS), YY1 (pY), or egr-1 (pE) peptide antigen

or a PBS blank (0) prior to addition to the binding reaction.

of YY1 binding in EMSA (Fig. 10). The two base
substitutions in ds-oligo R+ (91-117)PR reduce
the binding stability of YY1 -10-fold. The two
additional base substitutions in R+ (91-117)PV
reduce the binding stability —200-fold, to the
same level as the RAND competitor (Fig. 10).
Thus, YY1 binds preferentially to the Major Alu
subfamily and appears not to bind at all to the
minor PV subfamily. Of the well-characterized
YY1 binding sites, the site in the +3 to +41 re-
gion of the mouse rpL 30 gene (12) is the most
similar to the Alu DB region, with 10 identities in
14 residues, including contact points identified by
methylation interference footprinting (see Fig.
7B). Base substitutions in the Precise and Precise
Variant DB regions eliminate contact points at
CH>T and CB»A, thus consistent with the re-
duced binding affinity of YY1 for these Alu sub-
families (Fig. 7B).

DISCUSSION

Previous reports have established that the vast
majority of transcriptionally competent Alu ele-
ments in nuclei are masked from the pol Il tran-
scriptional machinery, and that induction of Alu

transcription by adenovirus infection can be ac-
counted for by an increased accessibility of these
elements to general pol Il factors (14,18,32,
33,39). Alu elements contain intrinsic nucleosome
positioning information, and such positioning re-
sults in efficient repression of template activity on
cloned Alu elements reconstituted with histone oc-
tamers in vitro (7). Nucleosomes are positioned
on a detectable fraction of Alu elements in vivo,
implying that nucleosome positioning is largely re-
sponsible for the transcriptional silencing of Alu
elements in vivo (6). However, sequence-specific
DNA binding proteins may also contribute to si-
lencing, either by direct interference with tran-
scription complex assembly or indirectly, by stabi-
lizing nucleosome positioning. In this study, we
have identified specific binding sites for two pro-
teins within the internucleosomal spacer region,
which may mediate reversible modes of transcrip-
tional repression in vivo.

We have evidence for one (or more) transcrip-
tional repressor proteins present in HelLa nuclear
extracts binding at an inverted repeat motif
(TCAGG) located just 5' to the B box, near the
DNase I-hypersensitive site observed in nuclei.
The repressor exhibits a relatively loose binding
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FIG. 9. Immunodepletion of Spl and YY1. HeLa transcription extracts, depleted
with immunoaffinity adsorbents containing affinity-purified rabbit 1gG raised to
either Spl (aS), YY1 (aY), or egr-1 (aE) or nonimmune 1gG (C) were added to
mobility shift binding reactions as in Fig. s using either (A) ds-oligo K40-97 as the
radiolabeled probe to assay for Spl complex or (B) ds-oligo RAND + (91-107)2 as
the radiolabeled probe to assay for YY1 complex.

FIG. 10. Binding affinity of YY1 for different Alu subfamil-
ies. EMSA, as in Fig. s, using 10 fmol radiolabeled R+ (91-
107)2 ds-oligo probe plus increasing amounts of unlabeled ds-
oligo competitors: R+ (91-117), R+ (91-117)PR, R+ (91-
117)PV, and RAND as in Fig. 7B. The amount of radiolabeled
probe present as BP-2 complex in each lane was quantified by
phosphorimaging and is plotted as femtomoles complex vs.
picomoles ds-oligo probe plus competitor in each binding reac-
tion.

specificity and can repress transcription from both
the less highly conserved Alu Major subfamily
(representing 65% of genomic Alu elements) and
the more highly conserved Alu Precise subfamily
(representing 10% of genomic Alu elements). The
Alu repressor activity is much reduced in tran-
scription extracts prepared from adenovirus-
infected HelLa cells, implying that the repressor
protein may contribute to Alu transcriptional si-
lencing in vivo.

The Alu repressor binding site overlaps the 5°
end of the TFIIIC2 binding site as defined by
DNase | footprinting (2,23,43,56), thus the repres-
sor could block transcription by competitive dis-
placement of TFIIIC from the B box. The Alu
repressor can also bind to the homologous region
5' to the VAI B box, but does not repress tran-
scription from the VAI template. As TFIIIC binds
to the VAI B box with greater stability than to the
Alu B box (36), the repressor may be able to dis-
place TFIIIC from the Alu B box but not from the
VAI B box. The specificity of the repressor for
Alu templates could also be due to conformational
differences in the pol Il transcription complex;
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the A and B boxes are further apart in the Alu
promoter than in the VAI promoter.

In particular Alu elements, the region just 5’ to
the Alu B box can be a binding site for either
retinoic acid receptor (50) or estrogen receptor
(31) if direct repeats of the hormone response ele-
ment (HRE), GGTCA, are present. The Alu tran-
scriptional repressor is unlikely to be an HRE
binding protein, as ds-oligos containing HRE mo-
tifs were less effective in depleting repressor activ-
ity than the RAND + (61-81) ds-oligo (Humphrey
and Howard, unpublished). It is possible that reti-
noic acid receptor and/or estrogen receptor bound
at this site may contribute to formation of the
DNase I-hypersensitive site 5’ to the Alu B box.

We have identified binding sites for the Zn*?
finger transcription factors Spl and YY1 in the
human Alu Major subfamily consensus sequence,
representing ~ 65% of genomic Alu elements (52).
Spl and YY1 appear to be the most abundant pro-
teins in the HeLa nuclear extract having binding
specificity for the Alu left monomer. Of these
two, YY1 is of greater potential significance, as its
binding site is located within the internucleosomal
spacer region and corresponds to a DNase I-
insensitive region in nuclei. It is possible that the
Spl1 binding site may be accessible in particular
Alu elements having alterations in chromatin
structure.

YY1 can either activate or repress pol II tran-
scription depending on the context of its binding
site within a promoter or enhancer (11,12,35,41,
45). Proposed mechanisms for transcriptional ac-
tivation and repression by YY1 include specific
binding to other transcription factors (11,24,44),
DNA bending (30), and nucleosome positioning
(45). In vivo, pol III transcripts from Major Alu
subfamily members are relatively scarce compared
to transcripts from PR and PV subfamily mem-
bers (26-28,42). The inverse correlation between
YY1 binding and pol III expression could imply
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that YY1 contributes to transcriptional silencing
of Alu elements in vivo, but we were unable to
demonstrate any direct effect of YY1 on pol III
transcription in vitro. YY1 binding within the in-
ternucleosomal spacer region might have an indi-
rect effect on Alu transcription by contributing
to stable positioning of a nucleosome over the 5’
region of the left monomer, as has been suggested
for the yeast a2 repressor (38).

In addition to local cis-acting effects, YY1
binding to Alu elements may have implications for
general chromatin structure. Some Alu elements
exist in long arrays (17). Insertions of P elements
in the Drosophila genome as tandem arrays can
induce formation of heterochromatin, possibly
due to pairing of adjacent repeats mediated by
sequence-specific DNA binding proteins (5,13).
The DNase I footprint at the YY1 binding site
in nuclei suggests that YY1 may be bound to a
significant fraction of the ~3 X 10° genomic Alu
elements in vivo. Based on our recovery of YY1
protein using affinity chromatography, we esti-
mate that a HeLa cell nucleus contains at least 5
x 10* YY1 molecules with Alu-specific binding
activity; thus, a significant fraction of YY1 mole-
cules may be sequestered by Alu elements. It is
interesting to speculate that YY1 and other pro-
teins bound to adjacent Alu repeats in tandem
arrays might mediate pairing of Alu elements lead-
ing to heterochromatin formation, analogous to
the mechanism proposed for Drosophila.
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