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SUMMARY

An 8.3-kb human endogenous retroviral-tRNA®® (HERV-E)-encoding cDNA clone and a 1.5-kb genomic clone were
isolated from a Chinese-derived cervical cancer cell line, CC7T, and their sequences determined. The former is a full-
length endogenous retroviral cDNA containing corresponding us-gag-pol-env-us-r regions. The latter is a partial retrovi-
ral DNA segment, covering the gag and pol genes. Analysis of normal human DNA by Southern blot hybridization
with three specific HERV-E molecular DNA probes revealed complex restriction-fragment length polymorphisms
(RFLP), implying that the human genome contains diverse proviral structures and dispersed integration sites. The
complex patterns were virtually identical between DNAs from African-Americans, Asians and Caucasians, with only a
few minor variations. The data suggest that these proviral sequences were mostly incorporated into the human genome
before racial divergence and, hence, may serve as markers for distinct chromosomal sites.

INTRODUCTION

The human genome contains various retroviral multi-
gene families that possess the characteristic provirus
structure (Larsson et al.,, 1989). These human endogenous
retrovirus (HERV) genes generally carry a putative
primer binding site (pbs) which is complementary to the
3" 18 nt of a distinct tRNA. The genes are designated
according to which tRNA they bind; thus, pbs of HERV-E
binds tRNA®® (Repaske et al, 1985), while pbs of
HERV-H, -1 and -P, respectively, bind tRNAs for His,
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Ile, and Pro (Maeda, 1985; Harada et al., 1987; Kroger
and Horak, 1987, Mager and Freeman, 1987). It is
unknown whether these HERV genes can be expressed
as viruses or retrotranspose to new genomic sites.
Recently, certain ERV genes located at defined chromo-
somal sites in certain mouse strains have been shown to
have distinctive genetic effects. For example, the charac-
teristic coat color dilute of DBA/2 mice (Jenkins et al.,
1981) and the hairless trait of HRS/J mice (Stoye et al.,
1988) are the result of the germline insertion of a murine-
leukemia-related endogenous retroviral gene. Also,
‘superantigens’ of the mouse histocompatibility complex
involved in T-cell development of immune self-tolerance
are encoded by endogenous mammary tumor virus genes
(Dyson et al., 1991; Woodland et al, 1991). As nothing
is known about these aspects of ERV genes in humans,
a primary question is whether or not persons of different
racial background carry different HERV loci. Thus, we
chose the HERV-E multigene family for this study, which
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was originally isolated from human genome by use of
homological sequence of murine leukemia virus (Martin
et al, 1985). The aim of present study was to isolate
several HERV-E proviral sequences from Chinese origin,
then to examine the pattern of integrated HERV-E
proviral sequences in different human racial genomes.

EXPERIMENTAL AND DISCUSSION

(a) Molecular cloning, sequencing and transcription of
HERV-E genes

A Chinese-derived cervical cancer cell line, CC7T, was
grown to confluence in Dulbecco-modified Eagle medium
containing 10% fetal bovine serum, in an atmosphere of
5% CO,/95% air at 37°C. cDNA libraries were estab-
lished in pUCI19 from poly(A)*"RNA. The libraries (10°
clones) were screened by hybridization with a HERV-E
4-1 clone DNA. Strongly positive clones were selected,
one of which, designated as CC-3-1, was isolated and
characterized in detail. The nt sequence of 8.3-kb cDNA
showed 97% identity to the corresponding us-gag-pol-
env-us-regions of the HERV-E 4-1 clone (Repaske et al.,
1985). The putative LTR us of the CC-3-1 clone encom-
passes the first 112 bp, while the u; and polyadenylation
site, respectively, begin at nt 7932 and 8327. When com-
pared to the 4-1 clone, the CC-3-1 clone showed 13 single
nt substitutions (eight in gag, four in pol and one in env),
four single-nt insertions (two in gag, and one in pol and
env, respectively) and one deletion of nt 1019 in gag. The
three nt, which were absent in the 4-1 clone (pol region)
but were needed to maintain a proper reading frame for
retroviral pol proteins, were also absent in the CC-3-1
sequences. Thus, analysis of the possible ORFs and the
stop codon contents revealed that the HERV-E CC-3-1
proviral genome was likely defective in the 3’ (one third)
portion of pol and parts of the gag region, but its env
genes and the 5’ portion of pol gene might remain intact
(Fig. 1B). In addition, genomic libraries of EcoRI-
restricted CC7T cellular DNA constructed in Agtl0
phage were screened by using 4-1 clone DNA probe; a
1.5-kb genomic DNA fragment clone, designated HRC,
was obtained. The complete nt sequence of HRC clone
shows 78% identity to the corresponding gag-pol region
of HERYV 4-1 clone, suggesting considerable genetic alter-
ations. In addition to 3 single nt insertions at 3’-end gag
region, there are also 12 1-5-nt deletions and three inser-
tions occurring in the pol region. Aside from the stop
codon (TGA) that presumably seperates gag and pol
genes (nt 219 to 221), an additional five stop codons are
found in pol region, which are not present in clone 4-1
(Fig. 1B, HRC). An interesting feature of this analysis is
the presence of nearly identical deduced aa (Asp-End-
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Fig. 1. Physical maps (panel A) and ORFs (panel B) of CC-3-1, HRC
and LTR-u; (LTR-U3) DNA clones, compared with that of HERV-E
4-1 clones (Repaske et al., 1985). Primary restriction sites within the
clones are indicated. Assignment of putative gag, pol and env genes
regions, as well as reading frames is based on the data of Repaske et al.
(1985). CC-3-1 (accession No. M74509) and HRC (accession No.
M96062) clones, as described in section a, were isolated from ¢cDNA
libraries and genomic libraries, respectively. LTR-u; clone was amplified
from the LTR-u; region of CC-3-1 by PCR, then subcloned in pGEM3Z
vector. In panel B, a stop codon in the ORF is depicted as a solid line
and designated by the first nt of the triplet from 5 end or (in parenthe-
ses) the corresponding sequence numbers of the 4-1 clone. A, Accl; B,
BamH1; H, HindIIl; HC; HincIl; P, Pstl; Pv; Poull; R, EcoRI; S, Sacl.
Asterisks (*) indicate restriction sites which differ among HERV 4-1,
CC-3-1 and HRC clones.

Gly-Gly) at the putative gag-pol junction in both the
HRC and the 4-1 clones. This implies that HRC possibly
belongs to the same endogenous retroviral DNA family
as the clone 4-1 (Repaske et al., 1985). The restriction
maps of these DNA clones in comparison with HERV
4-1 clone are shown in Fig. 1A.

Northern blot hybridization analysis of CC7T
poly(A)"RNA with CC-3-1 ¢cDNA probe clearly demon-
strated that HERV-E genes expressed in these cultured
cervical cancer cells (Fig. 2A). In addition to the full-
length 8.3-kb gene, one 6.3- and one 1.6- kb HERV-E-
related RNA transcripts could be detected. A survey of
HERV-E-related gene transcripts in some other human
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Fig. 2. Northern blot analysis of HERV-E transcripts in (A) CC7T
cervical cancer cell line and (B) other human cancer cells, including
four hepatoma cell lines, NTUBL, NTUBC, NTUBLS (an isolated cell
clone of NTUBL) and H3; three cervical cancer cell lines, CC-135,
CaSki and HeLa; and a nasopharyngeal cancer cell line NP039. Using
the procedure of Birnboim (1988), 15 ug poly(A)*RNA from these cul-
tured cancer cells was isolated and separated by electrophoresis in a
1.2% agarose gel; it was blotted and hybridized with 3?P-labeled CC-
3-1 probe using standard conditions (Sambrook et al, 1989). After
washing, the membrane was autoradiographed for 36 h. AzaC indicates
that the cell culture was treated with 0.7 mM azacytidine for 24 h prior
to RNA extraction. GAPDH indicates the glyceraldehyde-3-phosphate
dehydrogenase gene used as a probe to perform an internal control in
Northern blot.

cancer cell lines showed considerable variation in the gel
pattern (Fig. 2B). Also, treatment with S-azacytidine, that
presumably can cause DNA hypomethylation and is
known to induce endogenous retroviral gene expression
(Groudine et al, 1981), was found to increase the
HERV-E transcripts in some cancer cell lines (e.g., H3
hepatoma cells) but not in others (e.g., NTUBLS hepa-
toma cells). Furthermore, we could not detect the pres-
ence of HERV-E transcripts in RNA preparations from
human normal fibroblast culture cell lines (data not
shown). This implies that the mechanism for regulating
endogenous retroviral genes is complicated, as reported
by others (Larsson et al., 1989; Lower et al.,, 1993).

(b) Complexity of HERV-E RFLP

In order to distinguish the HERV-E proviral structures
in human genome, a series of Southern gel blot analyses
were performed. The normal human DNA samples that
we prepared invariably gave complicated patterns of
EcoRI-, BamHI- and Kpnl-cleaved DNA fragments in
Southern blot analysis with the HERV-E full-length CC-
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3-1 cDNA probe or the gag-pol HRC probe, as previously
observed (Martin et al., 1981; Steele et al., 1984). Since
only a single Sacl site is found at the wu;-r junctional
region of each LTR in the full-length 4-1 genomic clone
(Repaske et al., 1985) and at the same region of the CC-
3-1 ¢cDNA clone (Fig. 1), an individual HERV-E locus
carrying the same Sacl site is expected to yield three
Sacl fragments, ie., the 5’ flanking-u; (LTR), proviral
r-us-[ gag-pol-env J-u; and the 3’ r-us (LTR)-flanking
sequences, the first two of which can be recognized by

TABLE I

Sacl-cleaved HERV-E fragments characterized by length and
differential hybridization with CC-3-1, u; and HRC sequence probes

Band Probe®
size (kb)
CC-3-1 U, HRC Group®
Autoradiographic intensity®

20 - + — \%

17 + + + 1

15 + + + + + 1

14 + + + 1

12.8 + + + + + + + + 1

11 + - + v
9.8 + + + + 1
8.6 + - - 1
8.3 + + + + + + I
7.5 + - ++ v
7.25 + - — v
7.1 ++ - + v
6.1 + + + + + +++ III-b
55 ++ - ++/+ v
5.1 ++ + + III-b
4.7 ++ - + v
4.1 +/++ +4++/++ +++ II-b
37 +/++ ++ — Il-a
34 +/++ + - Il-a
3.0 + +++ +/++ III-b
29 + + + — III-a
2.8 + + — II-a
245 +/+ +/++ ++ MI-b
2.2 + + + + III-b
2.1 + + — III-a
1.96 ++ + 4/ ++ + II-b
1.5 + + + + III-b
1.3 +/- + — \%
12 +/— + - . v
0.9 ++ +++ - HI-a
0.7 - + - \Y
0.56 — + — v

* Probes CC-3-1, u3 and HRC were shown in Fig. 1.

® Five groups of HERV-E sequences were interpreted as following: I,
transduced fragments or sequence that lost the LTR Sacl site; 11, full-
length proviral structure; III, truncated proviral structures with
deleted gag-pol region (Illa) or others (IlIb); IV, sequence with
rearrangement and loss; V, solitary LTR.

¢ Autoradiographic intensity of the gel bands is graded from the highly
positive (+ + +) to the apparently negative (—), with a slash (/) to
indicate the intermediate intensity.

—
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Fig. 3. Sacl-cleaved HERV-E fragment patterns of genomic DNA prepared from three African-Americans (lanes 1-3), four Asians (lanes 4-7) and
three Caucasians (lanes 8-10). All the genomic DNAs were isolated from fresh mononuclear white blood cell samples by ficol-hypaque density
centrifugation. DNA of each sample (10 pug) was digested with 4 units enzyme per pg DNA for 12 h, under reaction conditions suggested by respective
suppliers. The cleaved DNA was electrophoresed in a 0.6% agarose gel, blotted, and hybridized with probe CC-3-1 (panel A), HRC gag-po! probe
(panel B) and u; (panel C), respectively. High-stringency conditions (0.1% SSC/0.1% SDS, 65°C) were used in washing steps. After hybridization
with one probe and autoradiography, the DNA membrane was boiled in 10 mM Tris:Cl/10 mM EDTA buffer (pH 7.6) for 3—5 min to remove the

probe, and then hybridized with another labeled probe. All DNA membranes were examined sequentially with the three specific probes.

using CC-3-1, HRC and the LTR-u; as the probes
(Fig. 3). Such analysis revealed at least 30 different Sacl
fragments, which could be divided into 5 groups (I-V)
according to their different length and differential hybrid-
ization with the three probes (TableI). Repeated
Southern blot analyses under a variety of electrophoretic
conditions yielded essentially the same results, although
some electrophoretic bands apparently contained
overlapping or co-migrating heterogeneous fragments,
sometimes with strong bands masking the closely migrat-
ing weak bands. Different HERV-E Sacl fragments
showed different autoradiographic intensity, suggesting
possible variation in copy number or degree of sequence
homology (Table I). In particular, the 8.3-kb Sacl band
(group II) was not quantitatively prominent, indicating
that full-length proviruses of the 4-1/CC-3-1 type are not
in the majority among the population of HERV-E gene.
The complex qualitative and quantitative patterns of the
Sacl restriction fragments clearly show the highly diverse
character of the HERV-E multigene family in the normal
human genome.

(c) Similarity of the complex HERV-E RFLP in different
human races

Fig. 4 shows a comparison of the Pstl fragment pat-
terns of HERV-E from three African Americans, six
Asians and five Caucasians. Despite the complexity, the
patterns were remarkably similar both qualitatively and
quantitatively among these individuals; nor difference
was detected between male and female suggesting the
absence of Y-chromosome-associated HERV-E elements.

kb
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Fig. 4. Southern blot analysis of Pstl-cleaved HERV-E fragments
detected by LTR-u; probe in DNA preparations of three African-
Americans (lanes a—c), six Asians (lanes d—i) and five Caucasians (lanes
j-n). A 7.3-kb fragment detected in the DNA of Asians is indicated by
a dot on the right side of the lanes. DNA preparation and hybridization
were performed as described in the legend to Fig. 3.

When these DNA preparations were digested with EcoRI
{(data not shown), again complex and yet nearly identical
fragment patterns of HERV-E were observed regardless



of the racial or sex origin. Minor differences in the DNA
of some individuals were noted but were mostly not
reproducible in repeated enzyme digestion and Southern
blot analyses of the same DNA preparations. One excep-
tion was a 7.3-kb us-containing PstI fragment that was
consistently detected in all samples from Asian individ-
uals but not (or hardly) in the others. This apparent
Asian-specific PstI HERV-E fragment was likely due
to restriction fragment polymorphism in the flanking
cellular sequence, rather than the proviral structure, as
no corresponding specific Sacl fragment was detected in
these Asian DNA samples. By contrast, some marked
changes in HERV-E restriction fragment patterns were
found in DNA preparations of some human cancer cells,
such as a Chinese patient-derived hepatoma-cellular
carcinoma cell lines H1A, that also showed marked
karyotypic changes. It implies that HERV-E restriction
fragment changes could be due to chromosomal alter-
ations in these cancer cells (data not shown).

Although our initial aim was to demonstrate differ-
ences, we instead observed remarkable similarity of the
HERV-E multi-genes in normal cellular DNA prepared
from humans of various racial backgrounds. This is in
contrast to the murine leukemia virus-related proviral
genes in the mouse genome, which vary considerably
among different mouse strains (Wejman et al., 1984;
Ch’ang et al., 1989; Frankel et al., 1989). The present
results are consistent with two speculations, namely, that
most (if not all) HERV-E genes were incorporated into
the human genome early on in human evolution (Martin
et al, 1981), and that the integrated proviral structures
and their adjacent cellular sequences largely have not
changed during human racial divergence (Steel et al,
1984). Concerning the latter, the apparent minor varia-
tions in HERV-E such as those found in the DNA
samples from Asian individuals should be confirmed.
Finally, since HERV-E genes possess marked sequence
diversity and yet little racial variation, they might serve
as useful markers for distinct chromosomal locations.
A recent study (Nakamura et al, 1991) showed that
HERV-E sequences detectable by an LTR probe could
be segregated with human chromosomes in various
human-rodent somatic cell hybrids. Further study is
required to determine whether particular HERV-E loci
on segregated human chromosomes can be distinguished
by the Sacl fragment patterns revealed by our specific
molecular probes.
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