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The transcriptional activity of HERV-I LTR is negatively regulated
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Abstract

Human endogenous retroviruses (HERVs), abundantly inter-dispersed in the genome, carry long terminal
repeats (LTRs) that may potentially retro-transpose to new genomic sites and deregulate the neighboring
cellular genes. However, normally HERVs are either structurally defective or inactive due possibly to
stringent negative control mechanisms. To study the possible negative regulation of HERV, we 1solated the
LTR of RTVL-Ia and constructed site-specific mutations for analysis of the promoter and enhancer
functions by using chloramphenicol acetyl transferase (CAT) reporter assay. Our results showed that in
most transfected human cells the LTR-mediated CAT expression was negligible unless a sequence segment
at the AGTAAA polyadenylation site was deleted. In addition, we have found that the wild type p53 may
inhibit whereas a p53 mutant (V143A) stimulate the transcriptional activity of HERV-1 LTR. Our results
imply that HERV-1 LTR, while under negative control by its LTR cis-elements and by wild type p53, may
become active upon p53 mutation.

terminal repeats (LTRs) of several hundred
nucleotides, in which the promoter and enhancer
function are located [4, 5]. It 1s known that
infectious retroviruses are potentially pathogenic

Introduction

Human genome, like those of other organisms,
harbor middle-repetitive gene families of inter-

dispersed provirus-like DNA sequences that are
presumably generated by retrovirus infection and
germline integration during phylogenetic evolution
[1-3]. A full-length HERV gene generally contains
sequences similar to proviral DNA of gag, pol, envy
structure genes bounded by the insertional long
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and carcinogenic by de novo insertion of proviral
DNA, leading to LTR-driven activation of neigh-
boring proto-oncogenes or disruption of impor-
tant cellular genes including tumor suppressor
genes [6, 7]. Reports of the detection of HERV
mRNA, HERYV proteins and even HERYV particles
in human pathological conditions, especially in
cancer cells, are increasing in recent years [8—10].
However, in comparison to endogenous retrovi-
ruses of other vertebrates, notably chicken and
mice [11, 12], HERVs are expressed much rarely in
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the normal human somatic cells and hardly
transpose in the germline during recent human
evolution [13]. In this respect, very little is known
about the transcriptional regulation of HERYV, the
first step of retro-transposition process, with
respect to the LTR cis-elements interacting with
tissue-specific and/or pathogenesis-associated nu-
clear transacting factors, as found in a previous
study on chromosomal endogenous retroviruses of
the mouse [14].

RTVL-Ia, a representative member of the
HERYV type | (HERV-I) family with a character-
istic isoleucine tRNA primer binding site was
originally discovered within the intron of hapto-
globin-related (HPR) locus on chromosome 16
[15]. According to phylogenetic analysis [13],
HERV-1 genes are among the most anciently
integrated HERVs in the human genome. Very
little is known about the RNA and protein
expression of HERV-I except recent microarray
data showing its presence in the testis and uterus
tissues [16], The biological significance of this
selective expression remains to be elucidated. Since
HERV-I gene expression is much less than HERV-
H, HERV-K and HERV-W in most human cell
lines examined (our unpublished data), the tran-
scriptional activity of HERV-1 LTR might be very
weak or repressed by negative regulation.

To define the regulatory cis-elements of HERV-I
LTR, we have molecularly cloned the RTVL-Ia
LTR and constructed series of recombinant plas-
mids carrying chloramphenicol acetyl transferase
(CAT) gene as the reporter and various site-
specific deletion and site-directed mutations on
CAAT element, TATA element, and polyadeny-
lation element of HERV-I LTR. Using transient
DNA transfection and CAT assay for functional
activities of these LTR-CAT constructs, we have
located a negative regulatory function to the
AGTAAA polyadenylation site of HERV-I LTR.
We also observed that the expression of the
transfected LTR-CAT constructs varied consider-
ably in human cervical cancer cells apparently
according to the tumor suppressor p53 status, i.c.
low in wild type pS53-harboring HeLa, SiHa and
CC-7T cells but high in C33A and HT-3 cells with
a mutated p53. To determine the effects of p53 on
the transcriptional activity of HERV-I LTR, p53-
null Saos-2 cells were co-transfected with the LTR-
CAT constructs and an expression plasmid of
wild-type 53 (wtp53) or a mutant p53 with an

altered amino acid at position 143, 175, 248, 273 or
281. Our results showed that, while one p53
mutant (V143A) activated the promoter activity
significantly, wtp53 efficiently down-regulated the
promoter activity of HERV-I LTR by acting on
both the TATA and CAAT elements.

Materials and methods
Cell lines

CC-7T, a Chinese-derived cervical cancer cell line,
was a gift from Dr. C.-M. Chang of Tri-Service
Veterans General Hospital (Taipei, Taiwan,
R.O.C)). Other human cervical carcinoma cell
lines, HeLa, SiHa, C33A and HT-3 were pur-
chased from the American Type Culture Collec-
tion (ATCC, Rockville, MD, USA). These cells
were grown in Dulbecco modified Eagle medium
(DMEM) supplemented with 10% fetal calf
serum (FCS). Human osteogenic sarcoma cell,
Saos-2, was purchased from the American Type
Culture Collection (ATCC, Rockville, MD, USA)
and cultured in McCoy’s SA medium supple-
mented with 15% FCS. All cells were incubated
at 37 °C in 100% humidity and a 5% CO,
atmosphere.

Plasmids construction

Four pCAT reporter vectors, pCAT-basic (pCAT-
B), pCAT-control (pCAT-C), pCAT-enhancer
(pCAT-E) and pCAT-promoter (pCAT-P), were
obtained from Promega (Madison, WI, USA) for
promoter and enhancer function assay. HERV-I
LTR was made by PCR using two 22-mer oligo-
nucleotides  (5-GCCTGCTTAAGTTTCCTTG-
TCC-3 and 5-TTTCCCTGTATGGGCCACC
AAA-3") corresponding to the RTVL-Ia sequence.
The amplified DNA fragment was subcloned into
the pCAT-E (containing SV40 enhancer) and
pCAT-P (containing SV40 early promoter) for
detecting the promoter and the enhancer activities,
respectively. The deletion mutants were con-
structed by blunt end ligation of each LTR-
restricted fragment into the Sall site of the
pCAT-E or pCAT-P and the point mutation
mutants were obtained by site-directed mutagen-
esis of IE123 or IP123 using Transformer™ site-
directed mutagenesis (Clontech Laboratories, Palo



Alto, CA, USA). All these plasmid constructs
were further confirmed by DNA sequence
determination.

pCEPwtp53 plasmid expressing wild type p53
was constructed by inserting a PCR fragment
containing the whole p53 coding sequence with
Hind1II/BamHI sites into pCEP4 (Invitrogen).
pCEP-p53 mutants carrying the p53 gene with
various mutation at codon 143 (V to A), 175 (R to
H), 248 (R to W), 273 (R to H) or 281 (D to G)
were  constructed by  point-mutation  of
pCEPwtp33 using QuikChange IT XL site-directed
mutagenesis kit (Strategene). All the p53 con-
structs, named pCEPwtp53 (containing wtp53
gene), mtl(V143A) (containing mutant p53 with
V to A at codon 143), mt2(R175H), mt3(R248W),
mt4(R273H) and mt5(D281G), were confirmed by
DNA sequencing.

DNA transfection

Transient transfection of plasmid DNAs was
performed mainly according to the calcium phos-
phate method described by Sambrook [17]. Briefly,
cells were seeded at 5 x 10° cells/60-mm dish 18—
24 h before transfection and medium was re-
freshed 4 h before adding calcium phosphate-
DNA precipitates. Ten microgram of plasmid per
60 mm dish was used for each transfection. The
cells were exposed to the calcium phosphate-DNA
precipitates for 16 h, and then shocked with 15%
glycerol solution for 3 min at 37 °C. Cells were
harvested for CAT assay three days after DNA
transfection.

CAT assays

Cells were harvested, suspended in 100 ul of
0.25 M Tris buffer (pH 7.8), lysed by three cycles
of freezing and thawing. The cell lysates was
centrifuged at 12,000 x g for 20 min at 4 °C in an
Eppendorf microfuge. The protein concentration
of the supernatant was determined by BCA
protein assay (Pierce Corp., Rockford, IL, USA)
and the CAT activity of the cell lysates was
determined with ['*C]chloramphenicol (Amer-
sham, Buckinghamshire, UK) as a substrate. An
equal amount of protein was mixed with 0.15 uCi
of ["*C]chloramphenicol, 3 mM acetyl-coenzyme
A (Sigma, St Louis, MO, USA), and 0.25 M Tris
buffer (pH 7.8), and the reaction mixtures were
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incubated at 37 °C for one hour and extracted
with ethyl acetate, dried under vacuum and
dissolved in 20 ul of ethyl acetate. The final
reaction mixtures are analyzed by thin-layer chro-
matography on silica gel plates (Merck, Darms-
tadt, Germany) in a solution of 95% chloroform—
5% methanol. The radioactive products were
visualized by autoradiography, and the CAT
activity was quantified by densitometry of the film
based on the ratio of ['*C]chloramphenicol con-
verted to the acetylated form. For comparison of
different LTR-CAT constructs, CAT activities
were expressed relative to the activity of positive
control pCAT-C, which were rather dependable
under the set conditions of an experiment,
although the ratio may vary in different experi-
ements due to variations in transfection efficiencies
and CAT assay conditions.

Results

Functional analysis of the deletion mutants
of HERV-1 LTR

The elements of CCAAT, ATAAAAA and
AGTAAA, designated as box |, box 2 and box
3, in the DNA sequence of the HERV-I LTR clone
(Figure 1) are consistent with the previously
reported transcriptional elements of retroviral
genes. To define the individual as well as the
combinatorial functions of these three cis ele-

5'-LTR 3'-LTR

\u‘n\u\ gag nv

/\

1 GCCTGCTTAA GTTTCCTTGT CCTTTGTTTC CTGCTTTCAR GGCCAGACTT

51 CCTTACTCTC TGTGTTTCCC CTACCCTGGT AAACAACCTT CCTGCCAGTC
101 CTTACCCATR CAGCCCACAT TCCACATCTG CTACCCACCC TGTGATTTAC
151 CTCTCCCGTC GCAATAGCCT CTCCCACCAA AACTGATCTT CCCGCCTTCC
201 CACCAGTGCA ACCACATTCC TGCACTTTGC AAGTTAGCCA ACCGGGTTCG
CCAAT box (box 1)
251 GATTGTGCAG TCCAARCTCCA GCCAATGGAG TCAGGACACA GTAGCAGGGA
TATA box (box

301 CARGCTGCGT TAGACATARA ARPCTCTGCT TTCCTTTGTT  TAGGGTGCTC

polyadenylation site (box 3)
351 TCGTGGCAAC CAGACTTACC AGGAGCTCTA TTCTGC. "TTGC
401 CTTGCTGAGA GACCCTTTGT CCTTTGGCTC AGTGTTGGTT CTTCTTTGCA

451 GCACCGAGCA TTTGTTTCCA ACAAATTTGG TGGCCCATAC RAGGGAAA

Figure I. Complete nucleotide sequence of a HERV-I 5-LTR
is shown with the consensus CCAAT (Box 1), TATA (Box 2)
and poly-A (Box 3) elements indicated in boxes.
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Figure 2. The promoter and the enhancer activities of HERV-I 5-LTR determined by fragment deletion. (A) Two series of the
promoter reporter and the enhancer reporter recombinant plasmids were constructed by insertion of LTR or a LTR sub-fragment
(with certain fragments deleted) into pCAT-E and pCAT-P at the Sall site of the polycloning region. (B) and (C) The LTR dele-
tion constructs were transfected into CC-7T cells and assayed for the promoter and enhancer activity. Autoradiograms of thin-
layer chromatography show the CAT activities of different pCAT-E and pCAT-P LTR deletion constructs. Upper panel of the
autoradiograph shows percentage of chloramphenicol acetylation and the lower panel shows the name of plasmid clones. The
pCAT-P was not shown on the plate, its chloramphenicol acetylation percentage was 21 in the same experiment. The result is
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ments, we dissected the LTR sequence into various
fragments, each containing one to three elements.
The whole HERV-I LTR and the dissected LTR
fragments were each inserted into the SV40
enhancer-containing pCAT-E upstream of the
CAT gene for promoter assay, and also each
inserted into the SV40 promoter-containing
pCAT-P for enhancer assay (Figure 2A). The
plasmid pCAT-B that contains neither promoter
nor enhancer was used as the negative control
while pCAT-C that contains both the SV40 early
promoter and SV40 enhancer served as the
positive control in the functional assays. Initial
experiments by transfection into human cervical

A pCAT-B B
box 1 box 2 box 3 I)CAT_E
cCAAT{ATAAAAA{AGTAA CAT 1IE123
CacgT] CAT 1E123b1

—{HgeggAAAHH— |—ICaT IE123b2ml
—_HocAAgegsH{ — - TaAT E123b2m2
— HATARARA €At [E123b2m3
—T H }{AatTega CAT IE123b3
CAT TIEAS2
[gcggAAA] CAT TEAS2b2ml
CAT IEAS2b2m2
B PCAT-B
PCAT-P
box 1 box 2 box 3 F
CCAAT{ATAAAAA{AGTAA CAT P123
—{CacaT}H_ H CAT P123biml
Aacge CAT P123b1m2

] ] CAT  IP123b2ml

[ ] [ 1 CAT  IPI123h2m2 |

— H H attega CAT 12363 [
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cancer CC-7T cell line showed that the CAT
expression from the whole LTR-containing IE123
and IP123 was not different, or even lower than,
from the parental pCAT-E and pCAT-P plasmids
(Figure 2 and unshown data) and that only from
constructs of dissected LTR with certain fragment-
deletion could we detect significant increases of
CAT expression over the parental plasmids (Fig-
ures 2B and 2C). Similar results were obtained by
using other human cancer cells, including HeLa,
SiHa, H1A and CGI lines, as the transfection
recipient (data not shown), suggesting a poor
transcriptional activity of this HERV-I LTR as a
whole and also some negative effects of HERV-I
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—
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Figure 3. Determination of transcriptional activities of HERV-I 5-LTR constructs carrying various point mutations. (A) The left
schematic diagram shows the nucleotides change by site-directed mutation of box 1, box 2 and box 3 in TE123 and TEAS2, named
IE123bl, IE123b2m1, IE123b2m2, IE123b2m3, 1E123b3, IEAS2b2ml and 1EAS2b2m2. The site-directed mutation mutants were
transfected into CC-7T cells and assayed for promoter activity. The right panel graph shows the relative promoter activity of

mutation constructs as the percentage of the CAT activity of pCAT-

ges by site-directed mutagenesis of box 1, box 2 and box 3 in IP123,

C. (B) The left schematic diagram shows the nucleotide chan-
named IP123blml, IP123b1m2, TP123b2m1, IP123b2m?2 and

IP123b3. The right panel graph shows the relative enhancer activity of mutation constructs as a percentage of the CAT activity of
pCAT-C. The average and standard deviations are from three independent experiments, * p < 0.05 and ** p < 0.01 versus 1IE123

or [EAS2 respectively.
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directed mutant, IE123b3, in different cell lines. The relative
promoter activity of 1E123 and 1E123b3 is given as a percent-
age of the CAT activity of pCAT-C in the respective recipient
cells. The average and standard deviations are calculated
from data of two independent experiments, * p < 0.05 and **
p < 0.01 versus IE123.
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Figure 5. Promoter activities of HERV-I LTR in various
human cancer cell lines with different p53 status. Plasmid of
IE123 was transfected into the HPV-positive cervical cancer
HeLa, SiHa and CC-7T cells, the HPV-negative cervical can-
cer C33A and HT-3 cells, and p53-null human osteosarcoma
Saos-2 cells. The relative promoter activity of 1E123 was
shown as the percentage of the CAT activity of pCAT-C in
the respectively transfected cells. The average and standard
deviations are calculated from three independent experiments,
* p < 0.05 and ** p < 0.01 versus CC-7T.

LTR on the SV40 enhancer and promoter. For
example, using CC-7T cells for the promoter
function assay and the parental pCAT-E for
comparison, we found strong promoter activity
with TES12 and IEDSI12 that contained box 1 and

box 2 without box 3 whereas very little promoter
activity with IEDA1 and IEA3 that contained,
respectively, only boxl and only box 3 (Fig-
ure 2B). In particular, IEAS?2 that contained only
box 2 showed the strongest promoter activity
among the LTR-CAT recombinant constructs.
These results indicate that LTR fragments that
carry the ATAAAAA element may confer a
promoter function. In enhancer function assay
(Figure 2C), TPS12 and IPDSI12 that contained
box 1 and box 2 without box 3 possessed strong
enhancer activity and IPAT1 that contained box 1
alone gave particularly the strongest enhancer
activity, whereas IPS that contained only box 3
showed no enhancer activity, suggesting the asso-
ciation of the CCAAT element with the enhancer
function of this HERV-I LTR.

Functional analysis of site-directed mutants
of HERV-I LTR

To further define the promoter and enhancer
functions of the specific elements, we prepared a
series of point mutations at box 1| or box 2 or box
3 in IE123 and IP123. The schematic diagram of
the site-directed mutagenesis is shown in Figure 3.
In the promoter function assay of site-directed
mutation constructs (Figure 3A), changes from
the wild type sequence ATAAAAA in IEI23 or
IEAS2 to GCGGAAA (in IEI23b2ml or
[EAS2b2m1) and to GCAAGGG (in 1E123b2m?2
or IEAS2b2m2) resulted in a decrease in CAT
expression. Also, mutation of the wild type
sequence CCAAT (in 1E123) into CACGT (in
IE123bl) decreased the promoter activity. In
contrast, change from the wild-type ATAAAAA
sequence into a typical TATA box sequence,
ATAATAA, (from TE123 to IE123b2m3) mark-
edly increased the CAT activity. The result sug-
gested that ATAAAAA element exerts mainly a
promoter function.

In the enhancer activity assays (Figure 3B),
IP123b1m]l, IP123blm2, TP123b2ml1 and IP123
b2m2 did not cause a significant difference in
enhancer activity, as compared to wild type IP123.
Since all the site-directed IP mutants showed lower
CAT expression than pCAT-P, we concluded that
overall HERV-I LTR had poor enhancer activity
even with the CCAAT element to provide a partial
enhancer function.



AGTAAA element plays a negative regulatory role
in the HERV-I LTR promoter and enhancer activity

AGTAAA, which is present in the mouse mam-
mary tumor virus (MMTYV) LTR as the polyaden-
ylation signal [18], is found in both the 5- and 3’-
LTRs of HERV-I. In the promoter function assay
of LTR fragments (Figure 2B), IES12 and IEDS12
each expressed higher CAT level than IEI123.
Similarly, in the enhancer function assay (Fig-
ure 2C), IPS12 and IPD123 each gave higher CAT
activities than IP123. The results showed that
promoter and enhancer activities could be mark-
edly increased by deleting box 3 from full-length
LTR, implicating a negative regulatory function
within box 3. We therefore performed site-specific
mutagenesis of the box 3 in the IE123 and TP123
constructs to refine this negative regulatory ele-
ment. The derivative of TE123 with AGTAAA
element mutated to ATTCGA, called TE123b3,
was found to express higher CAT activity than the
original TE123 (Figure 3A). And the site-directed
mutant of 1E123b3 showed higher CAT activities
than IE123 in HeLa, SiHa, HepG2 and HIA cells
similarly as in CC-7T cells (Figure 4). Taken
together, these results demonstrated that the
AGTAAA element of the putative polyadenyla-
tion signal, at least in part, exerted a negative
regulatory effect on the transcriptional activity of
HERV-1 5-LTR.

Both the promoter and enhancer activities of
HERV-I LTR are low in HPV-positive cervical
carcinoma cells but high in HPV-negative cervical
carcinoma cells

In this study, we have used five cervical carcinoma
cell hines, including HPV-positive HeLa, SiHa and
CC-7T, and HPV-negative C33A and HT-3, and
one osteosarcoma Saos-2 cell line as recipients of
DNA transfection for determining the transcrip-
tional activity of HERV-I LTR. The HPV positive
cells expressed low levels of wtp53 protein as a
consequence of its association with the HPV E6
onco-proteins, and the HPV negative cells have
mutations in the p53 gene and expressed mutated
p53 protein [19, 20]. We noted that CAT activities
of IE123 were consistently much lower in the wild
type p53-harboring Hela, SiHa and CC-7T cells
than in mutant p53-harboring C33A, HT3 and
p53-null Saos-2 cells (Figure 5). Similar results
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were obtained using 1P123 (data not shown). The
results implied that the transcriptional activity of
LTR might be affected by the p53 phenotypes in
these cancer cells.

Transient expression of wild type p53 represses
while mutant p53 stimulates the transcriptional
activity of HERV-I LTR

To confirm that the tumor suppressor p53 plays a
role in regulating transcriptional activity of
HERV-I LTR, we examined the transcriptional
activity of LTR-CAT constructs in Saos-2 cells
with exogenously transfected p53. The plasmid
pCEPwtp53 or one p53 mutant (V143A) was
cotransfected respectively with plasmid IE123 or
[P123 into p53-null Saos-2 cells to examine the
effect on CAT expression (Figure 6A). The CAT
activities of IE123 and IP123 were reduced in cells
cotransfected with pCEPwtp53 but increased in
cells cotransfected with p53 mutant of V143A.
Similar results were obtained by using C33A cells
(data not shown). Other p53 mutants, specifically
mt1(V143A), mt2(R175H), mt3(R248W),
mt4(R273H) and mt5(D281G) were cotransfected
individually with plasmid IE123 into Saos-2 cells
and assayed for their CAT activities (Figure 6B).
The CAT activity of TE123 was reduced in cells
cotransfected with pCEPwtpS3 but increased in
cells cotransfected with one p53 mutant of
V143A, as compared to cells cotransfected with
pCEP4 vector alone. The results indicated that
wtp53 repressed but mutant p53 (V143A) stimu-
lated the promoter activity and enhancer activity
of HERV-I LTR.

Witp53 repression of the HERV-I LTR
transcriptional activity may be mediated through
the TATA- and CAAT-like elements

To map the region of LTR that is responsible for
the inhibitory effect of wtp53, LTR deletion
mutants, IEDI123, IEDAI1, IEAS2 or IEA3,
together with pCEPwtp53 were co-transfected into
Saos-2 cells. The CAT activities of the four LTR
deletion mutant constructs were inhibited by
pCEPwtp53 (Figure 7A). Besides, three LTR
point mutants mutation respectively of box 1, 2
and 3 (i.e., 1E123bl, IE123b2m2 and IE123b3)
were co-transfected with pCEPwtp53 into Saos-2
cells. The CAT activities of these mutant con-
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Figure 6. Effects of exogenously transfected wtp53 or mutant
p53 on the transcriptional activity of HERV-I LTR. (A)
[E123 or IP123 were mixed with wtp53 (expressing wild type
p53) or mt1(V143A) and co-transfected into Saos-2 cells and
the CAT activity of the transfectants was determined by thin-
lay chromatography and autoradiography. (B) 1E123 was co-
transfected with either pCEP4 (vector only), or wtp53, or one
of the p53 mutants, mt1(VI143A), mt2 (R175H), mt3 (R248),
mt4 (R273H) and mt5 (D281G) into Saos-2 cells. The CAT
activity of the transfectants was determined by thin-layer
chromatography and autoradiography. The upper panel of
autoradiograph shows the percentage of chloramphenicol
acetylation quantitation and the lower panel shows the name
of plasmid clones. The result is reproducible in three indepen-
dent experiments.

structs were also repressed by wtpS3 (Figure 7B),
implying that wtp53 exerted its effect mainly on
the box 1 CCAAT element and the box 2
ATAAAAA element in the HERV-I LTR pro-
moter region. Taken together, the results of LTR
fragment and point mutation constructs revealed
that wtp53 inhibits HERV-I LTR promoter activ-
ity mainly via the regions of TATA- and CAAT-
elements.

Discussion

We have engaged in a series of studies to
understand the control mechanisms of multiple
endogenous retroviral genes in the human
genome. The focus of present investigation is to
understand the LTR-directed gene regulatory
mechanism of HERV-I in the context of cis-
elements in naked (non-methylated non-histone
associated) DNA form. For this purpose, we
constructed series of CAT recombination plas-
mids with molecularly cloned RTVL-Ia LTR and
its site-specific deletion and mutation derivatives
for functional assay in various human cancer
cells. We have found that, unlike the active
LTRs of the HERV-H [21], HERV-K [22] and
HERV-W [23] in vitro, the full length HERV-1
LTR has very poor promoter and enhancer
activity. However, we have found that deletion
of the box-3 LTR fragment that contains
AGTAAA clement or site-directed mutation at
this site can increase the transcriptional activity
of HERV-1 LTR, suggesting the presence of a
negative regulatory role played by this putative
polyadenylation AGTAAA signal. This is a
distinct controlling mechanism not found in
other HERV LTRs examined. More significantly,
we have found that the wild type p53 can down-
regulate the transcriptional activity of HERV-I
LTR through its action on the promoter and
enhancer sites, while p53 mutant of VI143A
produced the opposite function of up-regulation.
These results suggest that the LTR-directed
expression of HERVs may be altered in p53-
mutanted human cancer cells.

In contrast to the proviruses of exogenous
retroviral infection that tends to continue their
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Figure 7. Effect of wtp53 on the promoter activities of various deletion and site-directed mutation mutants of LTR-CAT. (A) The
LTR deletion constructs with box 1, box 2, or box 3 are indicated on the left, and relative CAT activities of these deletion con-
structs co-transfected with/without wtp53 in Saos-2 cells are shown on the right. (B) The LTR site-directed mutation constructs
carrying point mutations in box 1, box 2 or box 3 of IE123 plasmid, designated IE123bl, IE123b2m2 and IE123b3 are indicated
on the left, and relative CAT activities of the point-mutation constructs co-transfected with/without wtpS3 in Saos-2 cells are
shown on the right. The relative promoter activity is shown as the percentage of the CAT activity of pCAT-C. The average and
standard deviations are from three independent experiments, * p < 0.05 and ** p < 0.01 vs pCEP4 construct.

replication cycle and horizontal transmission,
most HERVs in the human genome are defective
in the viral structure genes and can not by
themselves generate infectious retroviruses. In
addition, HERVs are relatively inactive presum-
ably due to strict negative control mechanisms of
their transcription through the cis clements in the
LTR. Indeed, negative regulatory elements
(NREs) have been identified in HERV-K LTR
[22], HERV-H LTR [24] and other endogenous
retroviral LTRs. The use of putative polyadenyla-
tion site, AGTAAA, as a NRE in the HERV-I
LTR might represent a distinct mechanism. It is
however not known whether or not the AGTAAA
element, being located downstream of the pro-
moter and transcription initiation sites in the 5

LTR as in the 3" LTR, would hinder the progres-
sion of RNA polymerase initiation complexes,
thus preventing transcription or causing prema-
ture termination. Furthermore, we have found
ATAAAAA sequence at the TATA box of our
HERV-I LTR clone instead of the typical TATA
box found in the LTRs of HERV-H, HERV-K
and HERV-W gene families. And site-specific
mutation of the TATA box from ATAAAAA to
ATAATAA significantly increased the promoter
activity (Figure 3A, IE123 vs. IE123b2m3). Since
both HERV-I and HERV-E that carry the same
atypical TATA are among the low expressing
HERV families, the transcriptional activity of
HERV LTR might have been attenuated by
mutation(s) at the promoter site during phyloge-
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netic evolution. Taken together, the NRE of
AGTAAA in combination with an atypical TATA
box plays a negative role in control of the
transcriptional activity of HERV-I LTR. -

Although the RNA transcripts of HERV-1
could hardly be detected in most human somatic
cells by conventional methods [25], recent micro-
array analysis showed tissue-specific expression of
HERV-I in reproductive organs [16]. It implied
that HERV-I gene expression was not only regu-
lated by its cis-elements but also by tissue-specific
factors. In our functional assay of IE123 and IP123
in different cervical cancer cell lines, we found the
CAT activity of both IE123 and 1P123 was low in
the HPV-positive cell lines, CC7T, SiHa and Hel a,
but ten fold-higher in HPV-negative cervical cancer
cell lines, C33A (with p53 mutation at amino acid
position 273) and HT-3 (with p53 mutation at
amino acid position 245) [26] We next determined
whether the status of p53 would regulate the
transcriptional activity of HERV-I LTR, and
found that the CAT activity of IE123 was strongly
repressed by wip53 and, in contrast, markedly
stimulated by a mutant p53 with mutation at codon
143. The results suggest that p53 can modulate the
transcriptional activity of HERV-I LTR. Accord-
ing to previous reports, wtp53 is potentially an
inhibitor, whereas mtp53 an activator, of several
viral promoters, including the herpes simplex virus
type I UL9 promoter, the human cytomegalovirus
major immediate early promoter enhancer, and the
LTR promoters of Rous sarcoma virus and human
T-cell lymphotropic virus type I [27, 28] It is likely
that HERV-I LTR, like other exogenous retrovirus
promoters, is repressed by wtp53 and activated by
mtp53, especially by mutant p53 (V143A). Besides,
witp53 was reported to exert more generalized
repression of transcription on various genes by the
direct interaction with transcriptional factors, such
as TATA- binding protein (TBP) [29-31], Sp1 [32],
and CCAAT-binding factors [33] In combination
with our observations that the loss of expression of
HERV-I results from the absence of transcriptional
activation through both the TATA and CAAT
sites, we presume that the repression of HERV-1
LTR by wtp53 may be mediated via the specific
interaction of p53 with TBP and p53 with the
CAAT-binding factor. In addition, it appears that
mtp53 did not behave merely as losing the function
of wtp53 in our LTR functional analysis. Several
studies revealed that certain types of p53 mutations

will result in gain of functions and exert functions
that the wild type p53 does not {34] For example,
human p53 mutant alleles (mutation at codon 143,
175, 248, 273 and 281) have been shown to either
enhance the tumorigenic potential in nude mice or
increase the plating efficiency in soft-agar cell
culture [35]. Similarly, the mutant p53 (VI43A)
might confer the gain-of-functions by activating
the promoter activity of HERV-1 LTR. In this
respect, as HERV LTRs exist abundantly in the
human genome, it would be of interests to deter-
mine if p53 mutation might enlist HERVs into the
carcinogenesis process by LTR activation to pro-
duce retro-transposition factors and also to cause
aberrant regulation of upstream- and downstream-
proto-oncogenes and tumor suppressor genes.

In this study we have elucidated some control
mechanisms of HERV, particularly the identifica-
tion of negative cis-elements and the finding of
regulatory modulation by p53 proteins, by using
the HERV-I LTR model at the level of un-
modified LTR DNA sequences. However, the
transcriptional regulation of the abundant inter-
dispersed HERVs in human genome may also
occur at the level of chromatin structure, which is
known to be modified by DNA methylation and
histone acetylation. We have therefore investigated
the expression of indigenous HERVs in human
cells transfected with the wild-type and mutant
p53s, with or without exposure to inhibitors of
DNA methylation and histone acetylation, and
obtained consistent and additional results that the
expression of chromosomal HERYV family genes,
especially with inhibited DNA methylation and
histone acetylation, is stimulated by some p53
mutants in human cells in vitro (manuscript in
preparation). Furthermore, it remains to be inves-
tigated whether or not regulation of HERV
expression can take place at the level of tissue-
specific transcriptional and LTR binding nuclear
factors that may show dynamic changes in
response to environmental hazardous conditions
like carcinogen exposure, as previously reported
for the mouse endogenous retroviral LTR se-
quences [14].
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