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Identification of elements that control
the initiation of transcription is a crucial
step in understanding the regulation of
eukaryotic gene expression. Approaches
to the problem of transcriptional control
with animal viruses as a model system
have recently uncovered transcriptional
regulatory elements, called enhancers.

cellular genes. In some cases these cellu-
lar factors, as yet undefined, appear to
mediate the activity of viral enhancers in
a host-specific way. For example, when
compared to the 72-bp repeats of SV40,
the enhancer associated with the long
terminal repeat (LTR) of Moloney mu-
rine sarcoma virus is more active in

Summary. Comparison of two closely related primate papovaviruses, simian virus
40 (SV40) and human BK virus (BKV), reveals that the only region of extensive
divergence, the tandem sequences adjacent to the origins of DNA replication, is
responsible in SV40 for enhancing early gene expression. This study demonstrates a
similar enhancer function for the analogous repeated region in BKV. The dissimilarity
in sequence of the BKV and SV40 enhancer elements suggests that they may have
been acquired since SV40 and BKV diverged. A locus cloned from the human
genome homologous to the BKV tandem repeats has been shown to function as low
level enhancer element in mammalian cells. These data support the hypothesis that
viral enhancer sequences may be evolutionarily related to host cell sequences.

The prototype enhancer was originally
identified in the DNA virus SV40 as a set
of cis-essential sequences required for
efficient expression of early viral genes
(1). These elements increase the level of
transcription of an adjacent gene from its
promoter in a fashion that is relatively
independent of position and orientation
(2). Subsequent studies uncovered simi-
lar elements in a number of DNA viruses
including polyoma virus (3), papilloma
virus (4), and adenovirus (5, 6). Retrovir-
uses also contain enhancer elements in
their long terminal repeats (7-10).

Although there is no extended se-
quence homology among these elements,
a 7- to 10-bp (base pair) consensus or
““core”” sequence has been identified in a
number of enhancers. Deletions or muta-
tions in the core sequence of SV40 oblit-
erate enhancer activity (2, /1), suggest-
ing that it is an important component. of
the enhancer. Apart from the core, viral
enhancer elements show very little se-
quence similarity even in closely related
viruses.

The limited coding capacity of certain
viruses makes them dependent on host
cell regulatory molecules that are nor-
mally directed toward the expression of
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murine cells than it is in primate cells (8,
10). The host cell preference of several
viral enhancers (8, 10, -12, 13) suggests
that similar transcriptional regulatory
elements associated with host genes may
interact with a limited set of cellular
factors, contributing to the cell specific-
ity of gene expression. The recent de-
scription of tissue-specific enhancer ele-
ments in mouse immunoglobulin gene
introns (/4-16) strongly supports this
supposition, and suggests that enhancers
may be a general feature of cellular gene
regulation.

We have used the human papovavirus
BKV as a viral model of eukaryotic
transcriptional control. This virus was
first isolated from the urine of an immu-
nosuppressed patient (/7) and is suspect-
ed of causing an inapparent childhood
infection (/8). The virus grows optimally
in human tissue culture and undergoes
an abortive cycle in nonprimate cells,
transforming rodent cells in vitro and
inducing tumors in hamsters (/9). Papo-
vaviruses BKV (BK virus) and SV40 are
remarkably similar, sharing more than 80
percent of their nucleotide sequences
(20, 21). They differ substantially in only
a small stretch of tandem repeated nucle-

otides to the ‘‘late’’ side of the replica-
tion origin (/9-22). In SV40, these se-
quences include the 72-bp enhancer ele-
ment. The dissimilarity of the SV40 and
BKYV repeated sequences suggests that
they may not have evolved from a com-
mon viral ancestor (20), but may have
derived from the host cell genome. Our
study was undertaken to assign an en-
hancer function to the BKV repeats, to
demonstrate the presence of homologous
human genomic sequences, and to assess
their ability to function as an enhancer
element.

Construction of BKV-CAT

Expression Plasinids_

Comparison of the BKV and SV40
genomes reveals a region of extensive
sequence heterology situated to the late
side of the replication origins (/9-22).
For both viruses, this region begins with
an AT-rich (A, adenine; T, thymine)
stretch that includes the Goldberg-Hog-
ness or TATA box for the early (T anti-
gen) transcriptional units. In SV40 the
TATA box is preceded by three GC-rich
21-bp repeats (G, guanine; C, cytosine),
each containing two copies of the se-
quence CCGCCC. The role of these re-
peats is not clear, but they may be in-
volved in RNA polymerase binding and
viral DNA replication (2, 23). Adjacent
to the 21-bp repeats are two tandem 72-
bp repeats, which have been character-
ized as enhancer elements for early SV40
gene expression (/, 2) (Fig. 1). '

The Dunlop strain of BKV contains a
68-bp triplication (the central copy of
which is missing 18 nucleotides) preced-
ing the AT-rich region (20). This set of
nucleotides bears some similarity to both
the 21-bp and the 72-bp SV40 tandem
repeats. In each of the BKV units, there
is one copy of a GC-rich hexanucleotide
(CCTCCC) analogous to those in the
SV40 21-bp repeats. In addition, each of
the BKV units contains the sequence
GGTCATGGTTTG, similar to the pro-
posed SV40 enhancer core sequence
(GGTGTGGAAAG).

To test the triplicated BKV sequence
for enhancer activity, we isolated a 216-
bp fragment, containing all three repeats
without a TATA box or replication ori-
gin, by Hae III restriction enzyme cleav-
age of the BKV genome (Fig. 1). We
used the chloramphenicol acetyltrans-
ferase (CAT) assay to evaluate enhancer
activity (24). In this assay, a bacterial
gene encoding the enzyme CAT is linked
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to several eukaryotic regulatory signals
from the - early transcription unit of
SV40. The resulting plasmid (pAj
caty) includes a portion of the ‘“‘early’
SV40 promoter (the 21-bp repeats and
TATA box) from which the enhancer
sequence has been deleted, an intron,
and a polyadenylation signal (8, 24). The
addition of enhancer elements to pAg
cat; results in efficient CAT gene expres-
sion when introduced into eukaryotic

cells. The amount of gene product (CAT)
is measured by its in vitro conversion of
chloramphenicol to an acetylated form.
Since eukaryotic cells do not contain a
gene for the CAT enzyme, there is no
background. The assay therefore pro-
vides a sensitive, quantitative, and re-
producible estimate of gene activity in-
duced by added enhancer sequences.
Since the prototypic enhancer se-
quences appear to function in a position
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B Fig. 1. Analysis of the BKV tandem triplica-
pBKs3' cat

tion. (A) A comparison of the tandem repeated
regions of SV40 (/19) and BKV (Dunlop strain)
(20). The diagram presents the control regions
adjacent to the papovaviral replication origins.
The three BKV 68 tandem repeats (the central
copy has an 18-bp deletion) are located up-
stream from the early TATA box, as are both
sets of SV40 repeats. The stippled region marks
the putative enhancer core sequence in SV40
(GGTGTGGAAAG) and an analogous se-
quence in BKV (GGTCATGGTTTG); dashes
underline the GC-rich 21-bp repeats in SV40
(CCGCCC) and similar GC-rich hexanucleotide
sequences in BKV (CCTCCC). Arrows indicate
Hae III sites used to excise a 216-bp fragment
containing the BKV tandem repeats. (B) Struc-
ture of the BKV repeat-containing expres-
sion plasmids pBKsS5'cat, pBKaS'cat, and

—> pBKs5' cat pBKs3'cat. Bam HI linkers were ligated to the

<«— pBKa5' cat Hae III blunt ends of the 216-bp BKV subfrag-
ment containing the tandem repeats. Plasmid pAocat, was cleaved with either Bgl II or
Bam HI generating cohesive termini. Linear vectors were ligated with the BKV 216-bp
fragment (46) and recombinant plasmids were transfected into Escherichia coli HB101 by the
calcium phosphate method (25). Alternative orientations of the repeats (with respect to their
position in the BKV early transcription unit) were selected in 5’ position, and the sense
orientation was in the 3’ position. pBKs5’cat, BKV repeats in the sense orientation relative to
the CAT gene, inserted at the Bgl I site (5’ position). pBKa5'cat, BKV repeats in the antisense
orientation at the Bgl II site (5' position). pBKs3'cat, BKV repeats in the sense orientation at
the Bam HI site (3’ position).
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Fig. 2. Activation of the CAT gene by the repeat sequences from BKV and SV40. Equivalent
amounts (25 pg) of the CAT plasmids containing the BKV repeats (pBKs5’cat, pBKa5'cat, and
pBKs3'cat), the SV40 repeats (pSV2cat), or no enhancer element (pA;ocat,) were introduced
into human HeLa cells, monkey CV-1 cells, or mouse L cells (10° cells in 100-mm dishes) by
calcium precipitation (8, 24). Cultures were harvested 48 hours after transfection, and protein
extracts were prepared and analyzed for CAT activity (24). Conversion of chloramphenicol
(percent) to an acetylated form was calculated by thin-layer chromatography and radioactive
scintillation counting of the spots cut from the plate. Values are an average of three separate
experiments, each performed on duplicate plates.
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and orientation independent fashion (2),
the 216-bp BKV fragment described
above was placed in both sense (s) and
antisense (a) orientations (relative to
its position in the BKV genome) at
the 5’ end of the gene (pBKs5’'cat and
pBKaS5'cat, respectively), and in the s
orientation at the 3’ end of the gene
(pBKs3'cat). In the latter construction,
the BKV sequences are 3 kb upstream or
2 kb downstream from the SV40 promot-
er elements in the circular molecule (Fig.

D).

Enhancer Activity of the BKV Repeats

Each plasmid containing the BKV
triplication was separately transfected
into semiconfluent HeLa (human), CV-1
(monkey), or L (mouse) cells by the
calcium phosphate method (25). After 48
hours, the cells were harvested, and total
protein was extracted and assayed for
CAT activity (8, 24). Enzyme assays for
each set of transfected cells are shown as -
time course in Fig. 2. The effect of the
BKYV repeats on CAT expression is com-
pared to the SV40 72-bp repeats
(pSV2cat) and to the plasmid with no
enhancer (pAocat,). Kinetic analyses of
the CAT activity of the BKV constructs
normalized against pSV2cat levels in
each cell type are presented in Table 1.

These data show that the BKV frag-
ment enhances CAT expression from the
heterologous SV40 promoter in both ori-
entations and at a distal 3’ location in all
three cell types. The construct contain-
ing the SV40 enhancer, pSV2cat, in-
duces CAT expression in HeLa and L
cells to levels four times as high and in
CV-1 cells six times as high as
pBKs5'cat, the analogous construct con-
taining the BKV repeats. This difference
may reflect properties of the individual
constructions; for example, in the BKV
plasmids the 68-bp triplication, each of
which contains its own GC-rich se-
quence, is separated from the TATA box
by the SV40 GC-rich 21-bp repeats.
Alternatively, the relative strengths of
the BKV and SV40 enhancers measured
in this assay may reflect a true difference
of enhancer activity in vivo. This differ-
ence is consistent with the biological
properties of the two viruses, since it has
been shown that BKV grows more slow-
ly in primate cells than does SV40 (26).
The induction of CAT activity by plas-
mids with the BKV sequences in the 5’
location were reproducibly higher than
induction by the plasmid in which they
were positioned 3’ to the CAT gene,
although the 3’ antisense orientation was
not tested. We have obtained similar
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results in the analysis of enhancer se-
quences from murine sarcoma virus (9).
Whether the differences in activity re-
flect the increased distance between en-
hancer and promoter elements, cryptic
plasmid promoters which compete for
activity (27), or a contribution from pro-
moter sequences within the BK repeats,
remains unclear.

In summary, the 68-bp BKYV triplica-
tion functions as an enhancer element for
gene expression in a number of cell types
without a pronounced host cell prefer-
ence. Like other enhancer elements, it
has the properties of position and orien-
tation independence although the level of
gene enhancement appears to depend on
the location of the BKV sequence in any
particular construct.

Homologous Sequences in the

Human Genome

To investigate the possibility that viral
enhancers may have cellular homologs,
we screened a human genomic A library
(28) for sequences related to the BKV
tandem triplication with the 216-bp BKV
Hae III fragment as a probe. One geno-
mic clone (Hbk9) that hybridized strong-
ly with the probe after repeated plaque
purifications was selected for further
analysis. Restriction enzyme mapping
and Southern blot analysis (29) generat-
ed a map of the clone (Fig. 3). All of the
BKV-homologous sequences are located
within a 1.8-kb Eco RI fragment at one
end of the 14.6-kb human sequence in-
serted in Hbk9. The possibility that
Hbk9 contained sequences homologous
to regions of BKV other than the en-
hancer segment was tested by hybridiz-
ing a **P-labeled nick-translated probe of
the BKV genome minus the enhancer to
a Southern blot of Eco RI—cleaved Hbk9
DNA. The absence of a signal indicates
that the human BKV-homologous seg-
ments are not associated with an inte-
grated virus (data not presented).

To determine whether the BKV-ho-
mologous sequences in clone Hbk9 were
represented elsewhere in the human
genome, we used the 1.45-kb Eco RI-
Pst I fragment from this clone to probe a
Southern blot of human genomic DNA
cleaved with Eco RI or Hinf I. The
probe hybridizes to only one band in
each digest (Fig. 4), suggesting that the
region homologous to the BKV enhancer
represented in clone Hbk9 is present at a
single chromosomal site. The size of the
fragment (2.7 kb) in the Eco RI digests
(Fig. 4, lanes | and 3) is larger than 1.8
kb, reflecting the fact that construction
of the library generated artificial Eco RI
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sites at the ends of the clones. Therefore,
the 2.7-kb fragment observed in the ge-
nomic DNA'’s is only partially represent-
ed in Hbk9. The single 1.45-kb fragment
detected by hybridization of the en-
hancer probe to the HinfI digest of
human genomic DNA (lanes 2 and 4) is
entirely included in clone Hbk9. No ad-
ditional bands were detected in identical
blots hybridized under less stringent
conditions (data not presented). These
results suggest that there are no other
significant stretches of sequences ho-
mologous to the BKV repeats in the
human genome either adjacent to those
included in Hbk9, or at other locations.

A similar analysis was performed on
DNA from two different monkey cell
sources (AGMK and CV-1) and a mouse
cell line (NIH 3T3) cleaved with Eco RI
or Hinf I and hybridized under the same
conditions. The BKV-related sequence

is present in the monkey genome (Fig. 4,
lanes 5 to 8), but absent from the mouse
genome (lanes 9 and 10). The size of the
internal Hinf I fragment is slightly small-
er in the monkey genome (1.3 kb; Fig. 4,
lanes 6 and 8) than in the human genome
(1.45 kb), perhaps reflecting a deletion or
polymorphism in the number of repeat
units. The 2.7-kb Eco RI fragment pres-
ent in human DNA appears as a 7.0-kb
band in monkey DNA (lanes 5 and 7),
presumably due to the loss of an Eco RI
site.

Tandem Repeats in the Human Sequence

The nucleotide sequence of the 1.8-kb
Eco RI fragment was determined after
subcloning into M 13 (30) by the dideoxy
primer extension method (3/). A portion
of the region homologous to the BKV
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Fig. 3 (above). Map of clone Hbk9. A human
genomic library, constructed by cloning a Hae
III-Alu I partial digest of human DNA into A
vector Charon 4A by way of Eco RI linkers
(28), was screened with the 216-bp BKV Hae
Il fragment (see Fig. 1) as a 3?P-labeled
probe. Under stringent conditions [6x SSC
(0.9M NaCl, 0.09M sodium citrate), 50 per-
cent formamide at 37°C], 12 clones from a
genomic library equivalent (800,000 clones)
hybridized to the probe. After repeated
plaque purifications only one clone, Hbk9,
annealed strongly and was selected for further
study. A detailed map was generated from
restriction enzyme analysis and Southern
blotting with the BKV repeat probe (data not
shown). The entire sequence homologous to
BKYV (hatched bar) is contained within the
1.8-kb Eco RI fragment at one end of clone
Hbk9. Fig. 4 (left). Hybridization of hu-
man, monkey, and mouse genomic DNA with
the human BKV-homologous repeats. Geno-
mic DNA’s (10 ng) were digested with either
Eco RI or Hinf I and subjected to electropho-
resis on a 1 percent agarose gel. After transfer
to nitrocellulose paper (29), the digested DNA
was hybridized with a 3?P-labeled nick-trans-
lated probe representing the 1.45-kb Eco RI-

Pst 1 fragment from Hbk9. This fragment contains all the BKV-homologous sequences in the
clone. Hybridization conditions were 3x SSC at 60°C. Lane M, *?P end-labeled \-Hind III
marker; lanes 1 and 2, adult human leukocyte DNA, sample A; lanes 3 and 4, adult human
leukocyte DNA, sample B; lanes S and 6, CV-1 cell monkey DNA; lanes 7 and 8, AGMK cell
monkey DNA; lanes 9 and 10, NIH 3T3 mouse DNA. For each pair of DNA's, the left lane is an
Eco RI digest, and the right lane is a Hinf I digest.
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enhancer is shown in Fig. 5. A series of
20- to 21-bp repeats begins about 100 bp
inside the terminal Eco RI site and ex-
tends for 1.4 kb, ending about 60 bp
before the single Pst I site (Fig. 3). A
representative group of 12 repeats is
shown in Fig. 6, with the sequence of the
BKY tandem repeat for comparison. Ad-
jacent human genomic repeats are non-
identical ‘but are > 70 percent homolo-
gous to one other. Like the BKV en-
hancer, the human tandem repeats are
not especially GC-rich (this subclone
is 53 percent-GC). A 10-bp oligonucleo-
tide represented in several repeats
(GGTCATGGTT) matches the putative
core sequence found in the BKV en-
hancer. Each repeat has a sequence that
is homologous, but not always identical,
to this core sequence. Further, the hexa-
nucleotide CCTCCC present in the BKV
triplication and similar to the hexa-
nucleotide present in SV40 21-bp repeats
(CCGCCQ) appears frequently in the hu-
man subclone (double underline). We
cannot exclude the possibility that a few
copies of these repeats exist in an isolat-
ed form elsewhere in the human genome.
On the basis of the Southern blot analy-
sis (Fig. 4), however, it is unlikely that
extensive tandem repeats such as those
found in clone Hbk9 are present at an-
other locus.

Eco RI linker
Hinf 1

Enhancer Activity of the Human Repeats

Although the sequence length and ar-
rangement of the human genomic tan-
dem repeats is different from that of the
BKY enhancer, certain similarities such
as the core region and the GC-rich hexa-
nucleotides are impressive. To examine
the possibility that these structural simi-
larities underlie an analogous function,
we tested the human tandem repeats for
cellular enhancer activity. The entire
1.8-kb Eco RI fragment containing all of
the repeat units was cloned in both orien-
tations at the 5’ end of the CAT gene (the
Bgl II site) in pAjgcat,, the vector used
to test the BKV repeats (see Fig. 1) or at
the 3’ end of the CAT gene (the Bam HI
site) in the same vector. In the latter
constructions, the human sequence is
separated from the CAT gene promoter
elements by 2 to 3 kb in the circular
plasmid. Alternate orientations were
designated s (sense), and a (antisense)
with respect to their homology to the
BKYV repeats.

The recombinant plasmids p1.8s5'cat,
pl.8a5’'cat, pl.8s3’cat and pl.8a3'cat
were introduced into HelLa, CV-1, or L
cells under the same conditions that
were used previously for plasmids con-
taining the BKV enhancer. The CAT
assays were performed on the cellular
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ACACTGCAGATCATTGAGGAGACAGACTCAGCCTTTTATCTTTTATGCCTGACCAAATACATGTATCTTAATATCAACTTTTTCTC

ATAATTTAATGAGCATCTACATTGTTGGGTTGAGCAAATACACACCGCTCCTTCCCTCCTGGAGCTTGCAGCACACAGCCAATAAG

Hinf 1

AGGCATGCAATGACCCAGTTCATTGCCACTAAGTCACCAGAGCATTGCCTCACCATGACAACAGCAATCATCGGGTTAAATCCTAG

Eco RI

GAAAAGCAGGCTTCACGAAGGAAGTGAAATAAATGCATGCTGTTTTCTGAATTTTGCCTTTTTAGTCAGCATCAATTC

Fig. 5. Sequence of the BKV enhancer-homologous human locus and flanking DNA. Sequence
analysis was performed on subclones of the 1.8-kb Eco RI fragment in an M13 vector (30), by
the primer extension method in the presence of 2’,3'-dideoxy nucleoside triphosphates, and
buffer gradient gels (31). Arrows above the sequences show the repeat periodicity beginning and
ending within the sequenced fragment. The central 1-kb segment containing analogous repeats
has been omitted for simplicity.
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extracts prepared 48 hours after trans-
fection.

Figure 7 shows representative time
courses of CAT assays for the four plas-
mids as well as pBKs5'cat in each cell
type. These data are shown in Table 1 as
kinetic analyses normalized to the CAT
activity of pBKs5'cat. In both HeLa and
L cells the human tandem repeats en-
hance the expression of CAT in all posi-
tions and orientations. In these cells
lines, they are generally five times less
active than the BKV enhancer in analo-
gous constructs but are 5 to 20 times
more active than the control plasmid
pAocaty, which contains no enhancer
element. Unlike the BKYV enhancer,
none of these constructs enhanced CAT
gene expression significantly over back-
ground levels in CV-1 cells (Table 1).

Several subfragments of the 1.8-kb
segment containing 4 or 12 human tan-
dem repeat units were also subcloned
into the pAjgcat, vector and tested for
enhancer activity in all three cell types.
Each of the smaller inserts induced ap-
proximately the same levels of CAT gene
expression as the complete 1.8-kb frag-
ment in HeLa and L cells, and were also
inactive in CV-1 cells (data not present-
ed).

Evidence for Cellular Enhancers

The experiments presented above de-
scribe the characterization of the BKV
enhancer element and the isolation of a
human tandem repeated sequence ho-
mologous to it. When linked to a test
gene and introduced into mammalian tis-
sue culture cells, this human locus exhib-
its several characteristics ascribed to vi-
ral enhancers (2). First, the-human se-
quence elevates the expression of the
linked CAT gene from a heterologous
SV40 promoter. Second, the expression
of the CAT gene is increased by the
human tandem repeats in both proximal
and distal positions from the promoter.
Finally, the orientation of the repeats
relative to the CAT transcription unit,
and the number of repeat units included
in the constructs, do not qualitatively
affect their enhancing capacity.

These host cellular sequences enhance
CAT expression to levels between 5 and
20 times the baseline expression seen in
the absence of enhancers. Compared to
the levels of CAT expression in cells
transfected with the BKV enhancer con-
structs, however, the homologous hu-
man sequences are only about 20 percent
as active in HeLa and L cells and are
essentially inactive in CV-1 cells. Sever-
al possible explanations can be advanced
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for the lower level of enhancer activity of
the human tandem repeats compared to
the viral enhancer element. It seems
reasonable to suggest that many host
genes, expressed at low levels in a par-
ticular cell, are not associated with a
strong enhancing element. Viruses have
evolved to compete with cellular tran-
scriptional units in the cells they infect.
As aresult, the affinity of viral enhancers
for cellular factors may exceed the affini-
ty of homologous cellular regulatory se-
quences for these factors. The compara-
tively low enhancing ability of the human
tandem repeated element may be typical
of certain cellular enhancers. In support
of this model, similar enhancing ability
has recently been reported for a random
fragment of mouse DNA, isolated by its
ability to restore the transformation po-
tential of a polyoma virus, whose en-
hancer had been deleted. The sequence
responsible for activating polyoma virus
early gene expression has been mapped
to a 58-bp segment of mouse DNA with
no obvious homology to known viral
enhancer sequences. Transformation of
rat cells by the recombinant virus was 20
to 40 percent as efficient as that of wild-
type virus (32).

Alternatively, the locus we have iso-

lated may function at considerably high-
er levels in a tissue that we have not yet
tested. Our observation that the human
tandem repeated sequences act as en-
hancers in HeLa and L cells but not in
CV-1 cells (even though the monkey
genome contains homologous counter-
parts) may indicate that their activity is
not host-specific but rather cell-specific.
The possibility that enhancers may affect
the expression of associated genes in a
tissue-specific way is supported by stud-
ies with several viral enhancers (8—12) as
well as by experiments involving poly-
oma viruses with mutations in their en-
hancer elements. These mutant viruses
exhibit an altered phenotype that allows
them to grow on undifferentiated terato-
carcinoma stem cells, whereas wild-type
polyoma virus cannot (33). Also, a natu-
rally occurring variant of BKV with a
single small deletion in the tandem re-
peated region can transform hamster and
rat cells more efficiently than wild-type
BKYV but grows more slowly in human
cells (34). This same variant induces an
unusually high number of insulinomas
when injected into hamsters (35).

The tissue-specific expression of some
cellular genes may be controlled in the
same way. The sea urchin histone H2a
gene (36), and the human a-globin gene
(37), are examples of cellular coding se-
quences that may be regulated by en-
hancer-like elements. Several groups of
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investigators have identified a region in
introns of the mouse immunoglobulin
heavy chain (14, 15) and light chain (/6)
genes which acts as an enhancer for the
immunoglobulin gene expression. A
short, repeated sequence, present in the
heavy chain gene intron (/4, 15), closely
resembles the enhancer core sequence
defined in SV40 (2, 8, 11). An interesting
aspect of this discovery is that the
immunoglobulin enhancers activate adja-
cent genes at high levels only in lym-
phoid cells (/4-16). These studies sug-
gest that differences in the sequences of
either viral or cellular enhancer elements
may dictate the tissue-specific transcrip-
tion of adjacent genes through interac-
tion with factors which are specifically
present in those cells.

Other examples of short tandem re-
peated sequences have been found to be
associated with several human structural
genes. These include the polymorphic
14- to 15-bp repeats upstream of the
insulin gene which appear to be unique in
the genome (38), a block of 14-bp repeats
in the intron of the zeta-globin gene (39),
and an 800- to 900-bp stretch of 28-bp
repeats in the 3' flanking region of the
proto-oncogene c-Ha-ras-1 (40). These
sequences do not share extended homol-
ogy with the BKV-like repeats, and their
role in regulating the expression of
linked genes remains to be determined.

Human
Cellular repeats

BKV repeats

’ 5
5_"_GTCATGCACTTTCCTTCCTGAC

The potential association of the BKV-
homologous human tandem repeats with
a functional gene will first require the
identification of an adjacent sequence
coding for a specific transcript. Although
there are no open reading frames in the
repeats or flanking DNA sequence so far
examined, a potential TATA box and an
appropriately spaced initiation codon
near the internal Eco RI site at the end of
the 1.8-kb fragment may signal the begin-
ning of a coding region just beyond the
end of the sequenced subclone.

Structure of Enhancer Elements

It seems clear that two different tan-
dem repeated sequences fulfill an analo-
gous role in the two closely related papo-
vaviruses SV40 and BKV. Enhancer
equivalents in cellular DNA might be
expected to retain a structural similarity
to the tandem repeated sequences of
viral enhancers, reflecting a related func-
tion. Several previous studies were de-
signed to test this possibility by isolating
cellular sequences homologous to viral
control elements. Sequences from both
monkey (4/) and human (42) genomes
have been obtained by hybridization to
the SV40 Hind III C fragment, which
contains the origin of DNA replication as
well as the transcriptional regulatory se-

Fig. 6. A representative subclone
from the human locus generated
by digestion of the 1.8-kb Eco RI
fragment with Sau 3A 1. The se-
quence is arranged to show the
tandem 21-bp repeated structure.
The sequence of the BKV repeats
is presented below for compari-
son. Single underlines mark the
putative BKV enhancer core se-
quence. Stippling defines the
BKYV core sequence and homolo-
gous sequences in the human
clone. Double underlines mark a
GC-rich hexanucleotide in BKV
(the apparent counterpart of the
GC-rich element in the SV40 21-
bp repeats) which occurs fre-
quently in the human tandem re-
peats. The sequence shown is part
of the 1-kb tandem repeated re-
gion marked by dashes in Fig. 5.

:TGGCTGCATTCCATGGGTAAGCAGCTCCTCCCTGTGA]

LGTCATGCACTTTCCTTCCTG

GGCTGCATTCCCCTGTGAW

LGTCATGCACTTTCCTTCCTG

'TGGCTGCATTCCATGGGTAAGCAGCTCCTCCCTGTGG-
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quences. Both the monkey and human
sequences isolated with this probe were
homologous to the region surrounding
the viral origin of replication, containing
multiple copies of the GC-rich hexanu-
cleotide (CCGCCC) found in the SV40
21-bp repeats. The monkey sequences
are present in the genome in about 100
copies and can promote bidirectional
transcription without a TATA box in
CV-1 cells (43), although no enhancer
activity is observed (44). The human
sequences related to SV40 have been
shown to enhance the frequency of thy-
midine kinase positive (tk™) colony se-
lection when a linked herpes simplex
virus tk gene is introduced into LTK™
cells (42). These sequences are present
in multiple copies in the human genome.

In contrast, the human locus isolated
with the BKV repeat probe appears to be
unique in the genome. It does not hybrid-
ize with any other portion of the BK viral
DNA besides the tandem triplication.
Although no clear structural relationship
exists between the BKV 68-bp triplica-
tion and the human 20- to 21-bp repeats,
short stretches of homology, such as the
enhancer core element (GGTCATGGT-
TAT) and the GC-rich hexanucleotide
(CCTCCQ), appear in many of the repeat
units, and are probably responsible for
the strong hydridization of the BKV
probe to the human locus. Further, limit-
ed areas of homology to the human tan-
dem repeats can be identified in other
viral enhancer elements. For example,
sequences in both the BKV tandem tri-
plication (ATGCACTTTCCT) and sev-
eral human cellular repeat elements
(TATCACTTCCCT), are similar to a re-
peated element located in the adeno-
virus type 5 EIA enhancer region
[TTTCACTTCCT, antisense strand (6)].

Hela
20 A
c
o
‘@
5 15|
>
=
8
. 10}
=
[
It B
® 5 C
o D, E
; o F
10 30 50 10

Table 1. Enhancer activity (relative) of the
BKYV repeats and a homologous human geno-
mic segment. In the upper portion of the table
is a kinetic analysis of CAT activity of the
BKYV constructs relative to pSV2cat in each
cell type (Fig. 2). The lower portion of the
table shows the kinetic analysis of the CAT
activity of the human tandem repeat con-
structs relative to pBKsS’cat in each cell type
(Fig. 7).

Plasmid HeLa CV-1 L
BKYV constructs
pSV2cat 100 100 100
pBKsS'cat 25 18.5 25
pBKaS$'cat 15.5 9.6 23.3
pBKs3'cat 9.8 3.5 8.8
pAjocat;y 0.2 0.1 1.2
Human constructs

pBKs5'cat 100 100 100
p1.8s5'cat 25 S 33
pl.8a5’cat 23 S 33
pl.8s3'cat 19 4 30.8
pl.8a3’cat 19 4 27.2
pA,ocat, 1 1 5.0

The varied arrangement of these ho-
mologous oligonucleotides in viral and
cellular enhancers suggests that if certain
essential elements are retained, en-
hancer structure may be flexible without
loss of function. For example, the two
major variants of BKV (Dunlop and
MM) differ significantly in the arrange-
ment of their repeated segments (20, 21).
Other viable strains of BKV have been
isolated which display a wider variation
of sequence arrangements in the tandem
repeat region (34, 45). A common ances-
tral sequence may have been acquired by
the BKV prototype and evolved in dif-
ferent ways to produce a series of effec-
tive viral transcriptional control ele-
ments.

Clearly, the BKV enhancer did not
derive directly from a transduced portion

L
A A
B, C
D
E
L
B, C
D, E
D F
30 50 10 30 50

Incubation time (minutes)

Fig. 7. Activation of the CAT gene activity by the human genomic repeat locus. The human
genomic 1.8-kb Eco RI fragment (see Fig. 3) was subcloned via Bam HI linkers into either the 5’
or 3' positions of pAocat, (Fig. 1). Plasmids containing this fragment in both orientations (sense
and antisense) at each position (5' and 3’) were selected. CAT assays were performed as
described in Fig. 2 on cells transfected by the four recombinant plasmids pl.8s5'cat (B),
pl.8aS’cat (C), p1.8s3'cat (D), pl.8a3’cat (E); and by pBKs5'cat (A) and pAjqcat, (F), the
positive and negative controls, respectively. Values represent an average of three separate
experiments, each performed on duplicate plates.
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of the cellular repeats described above;
the viral repeats contain stretches of
sequence, absent from the human locus,
which presumably contribute to the abili-
ty of viral enhancer to function both
efficiently and independently of cell
type. Yet, the persistence in the human
genome of tandem repeats with both
structural and functional analogies to the
BKYV enhancer implies a degree of evolu-
tionary relatedness between viral control
elements and host cell sequences.
Whether the unique locus of cellular
repeats represents a functional element
for adjacent genes in the human genome
remains to be determined.
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Insertion Sequence Duplication in
Transpositional Recombination

Ted A. Weinert, Nancy A. Schaus, Nigel D. F. Grindley

The genomes of a wide variety of
eukaryotic and prokaryotic organisms
contain segments of DNA that can move
from one location to another and can
mediate other genetic rearrangements.
Indeed, these ‘transposable elements
(transposons) provide.the molecular ba-
sis for the genetic instability that has
puzzled and intrigued geneticists for sev-
eral decades (/).

products formed during recombination.
One of the primary questions has been
whether a transposon is duplicated dur-
ing transpositional recombination.

In the case of Tn3 and related transpo-
sons there is a strong evidence that
transposition is a replicative process (3).
During the first stage of transposition,
donor and target replicons are fused to
form a cointegrate: This intermediate

Summary. Insertion sequences (IS) are discrete segments of DNA that can
transpose from one genomic site to another and promote genetic rearrangements. A
question that is central to understanding the mechanism of transpositional recombina-
tion is whether genetic rearrangements are accompanied by duplication of the IS that
promotes them. Analysis of adjacent deletions mediated by 1S903 provides the

strongest evidence to date than any I1S-mediated transpositional recomblnatlon can

occur by an eff|C|ent replicative mechanism.

Many different transposons have been
identified in Gram-negative bacteria and
extensively characterized. Most of them
fall into one of two groups (2): the rather
homogeneous Tn3 family of transpo-
sons, and the more heterogeneous col-
lection - of insertion sequences (IS) (to-
gether with the composite transposons
that contain a-segment of DNA flanked
by two copies of an IS). Attempts to
understand the mechanisms of transposi-
tional recombination have focused on
genetic and structural characterization of
the transposons themselves and of the
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contains two copies of Tn3, one at each
junction between donor and target DNA
sequences (4). From this cointegrate,
simple insertions can then be generated
by a site-specific recombination between
the two transposon copies. For the sec-
ond group of transposons, the IS ele-
ments, the evidence for replicative trans-

position is much weaker. Although IS.

elements do promote the fusion of repli-
cons, this occurs only infrequently (at
about 1 percent of the frequency of sim-
ple insertions) (5-7), and once formed
the resultant cointegrates are gen‘eral'ly
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stable in a RecA™ host strain. Simple
insertions of an IS are therefore thought
to be generated not by breakdown of a
cointegrate intermediate but rather by a
one-step process that results directly in
the integration of a single IS copy at a
target site. From the strong dependence
of cointegrate formation on recA activity
that is  found with the IS50 composite
transposon, Tn5 (7), it has been argued
that the cointegrates observed may re-
sult from simple insertions from dimers
of the donor-replicon rather than from
true replicon fusion between the target
and a monomer of the donor (8). Apart
from cointegrate formation, the only oth-
er overtly replicative transpositional
process is ‘‘inversion-insertion’’ (also
called ‘‘duplicative inversion’”) (2): the
inversion of a DNA segment adjacent to
a transposon, coupled to an insertion of
the element in the opposing orientation
at the other end of the inverted DNA
segment (see Fig. 5B). However, only
three examples of such IS-mediated in-
version-insertions have been docu-
mented (two with IS7 and one with IS70)
and all were detected in RecA™ hosts (9,
10). -Thus the possibility remains that
these rearrangements took place in two
unlinked steps: an intermolecular inser-
tion of the IS in inverted orientation,
followed by recA-mediated recombina-
tion between the two IS copies to invert
the intervening DNA segment.

With evidence for the apparently repli-
cative IS transpositional processes of
replicon fusion and inversion-insertion in
some doubt, it is not surprising that
evidence for a replicative process in the
formation of simple insertions or a fourth
IS-promoted genetic rearrangement, ad-
jacent deletions, is essentially nonexis-
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