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The worldwide geographic and ethnic clustering of patients
with diseases related to human T-cell lymphotropic virus type |
(HTLV-I) may be explained by the natural history of HTLV-I in-
fection'* The genetic characteristics of indigenous people in the
Andes are similar to those of the Japanese®*, and HTLV-I is gen-
erally detected in both groups®. To clarify the common origin of
HTLV-l in Asia and the Andes, we analyzed HTLV-I provirus DNA
from Andean mummies about 1,500 years old. Two of 104
mummy bone marrow specimens yielded a band of human B-
globin gene DNA 110 base pairs in length, and one of these two
produced bands of HTLV-I-pX (open reading frame encoding
p40*, p27¥) and HTLV-I-LTR (long terminal repeat) gene DNA
159 base pairs and 157 base pairs in length, respectively. The
nucleotide sequences of ancient HTLV-l-pX and HTLV-I-LTR
clones isolated from mummy bone marrow were similar to those
in contemporary Andeans and Japanese, although there was mi-
croheterogeneity in the sequences of some mummy DNA
clones. This result provides evidence that HTLV-l was carried
with ancient Mongoloids to the Andes before the Colonial era.
Analysis of ancient HTLV-I sequences could be a useful tool for
studying the history of human retroviral infection as well as
human prehistoric migration.

To investigate the unique distribution of HTLV-l among
Mongoloids in Asia and South America, ethnoepidemiological
assessment of Japanese and American carriers is valuable for
comparison with other types of HTLV, such as HTLV-II (ref. 6).
The HLA haplotypes of Andean HTLV-I carriers and Orinoco
HTLV-II carriers are mutually exclusive®; that is, Andean haplo-
types are commonly found among Japanese HTLV-I carriers in
South Japan, whereas Orinoco haplotypes are found among na-
tives in South and North America where HTLV-II carriers are de-
tected. To determine whether the ancient Andeans
(Paleo-Mongoloids) migrated with HTLV-l, we isolated the
HTLV-I provirus and human R-globin DNAs from mummies ex-
cavated in northern Chile (Fig. 1) and compared the nucleotide
sequences with DNA from present-day natives of the Andes and
southwestern Japan.

We analyzed DNA samples extracted from a total of 104
mummy bone marrow specimens and three contemporary DNA
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samples of peripheral blood lymphocytes (PBLs) from Chilean (n
= 2) and Japanese (n = 1) HTLV-I-seropositive individuals. We
amplified these by PCR with two sets of primers for 3-globin and
HTLV-1 genes. Two of the mummy DNAs from San Pedro de
Atacama (SP-2 and SP-11) yielded bands 110 base pairs in length,
corresponding to the PCR product of the human R-globin gene
(Fig. 2a). One of these two (SP-2) produced a band 159 base pairs
in length, corresponding to the HTLV-1-pX gene (Fig. 2b). With
further analysis of the LTR gene using a newly designed primer
set for the 5’-LTR nucleotide sequence, we detected a band 157
base pairs in length, corresponding to the HTLV-I-LTR gene from
the SP-2 DNA (Fig. 2c). The DNA samples from the remaining
102 cases of mummy bone marrow failed to provide any ampli-
fied sequences of B-globin or HTLV-I.

To determine the nucleotide sequence of the PCR-amplified 3-
globin DNA, we analyzed nine clones from the mummy R3-globin
DNA (SP-2 and SP-11) and twelve clones from contemporary
Chilean and Japanese PBL DNA (Fig. 3). One of the mummy
clones (SP11BG1) had one nucleotide substitution (T - C) at po-
sition 875 of the standard human R-globin DNA (L26462; ref. 7),
whereas the other clones had exactly the same sequences
throughout the 110 base pairs of 3-globin DNA as that of the

North Chile South America

Fig. 1 Map of northern Chile, showing locations of study fields from
which mummy bones and blood samples of contemporary Andean people
were collected (boxed area, right, enlarged at left). ®, names of towns and
villages; %, sites of mummy museums; O, regional capitals.
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Fig. 2 PCR amplification. a, B-globin DNA. b, HTLV-I-pX DNA. ¢, HTLV-I-
LTR DNA. M, molecular size markers (sizes, left margin); lane 1, Japanese
HTLV-I-seropositive PBLs (KAG130); lane 2, Chilean HTLV-I-seropositive
PBLs (CHI430); lane 3, Chilean HTLV-I-seropositive PBLs (CHI383); lane 4,
SP-2 mummy bone marrow; lane 5, SP-11 mummy bone marrow; lane 6,
Japanese HTLV-I-seronegative PBLs (KAG991); lane 7, control without DNA
sample. Right margins, sizes of PCR products.

contemporary DNA clones (CHIBG and JPBG). These results con-
firmed that the DNA extracts from mummy bone marrow were
of human origin.

To determine the nucleotide sequence of HTLV-1-pX DNA am-
plified by two independent PCR reactions, we analyzed 40
clones of the HTLV-I-pX DNA from the SP-2 mummy and con-
temporary PBLs of Japanese® and Chilean® donors. Eight the 22
SP-2 HTLV-I-pX DNA clones from mummy bone marrow had
the same sequence as the standard HTLV-I clone (ATK-1; ref. 9)
throughout the 159 base pairs of the gene, whereas seven clones
had random substitutions (Fig. 4). The other seven clones had
two point substitutions, at nucleotides 7,372 and 7,473. Six
clones of the contemporary HTLV-lI DNA from the Chilean
(CHI430) and Japanese (KAG130) PBL samples had exactly the
same sequence as ATK-1, whereas the other six clones of the
Chilean HTLV-I DNA (CHI383) had one point substitution, at
nucleotide 7,378.

To determine the nucleotide sequence of HTLV-I-LTR DNA
amplified by two independent PCR reactions, we analyzed 33
clones of the HTLV-I-LTR DNA from the SP-2 mummy and con-
temporary PBLs of Japanese and Chilean donors. Two of the 15
clones of the SP-2 HTLV-I-LTR DNA from mummy bone marrow
(SP2-L12-13) had the same sequence as the contemporary
Japanese HTLV-I-LTR clones (KAG130) but with one point sub-
stitution (G - A at nucleotide 338) in the standard HTLV-I clone

830 875
Human B -globin § 4
L26462

Mummy

SP2BG1
SP2BG2
SP28G3
SP2BG4
SP2BGS

SP118G1
SP11BG2
SP118G3
SP11BG4

Japanese

JPBG1
JPBG2
JPBG3
JPBG4
JPBGS
JPBG6
Chilean
CHIBG1
CHIBG2
CHIBG3
CHIBG4
CHIBGS
CHIBG6

Fig. 3 Nucleotide sequences of PCR-amplified R-globin DNA.
Nucleotide positions 830-939 were aligned by sequencing five SP-2
clones (SP2BG1 to SP2BG5), four SP-11 clones (SP11BG1 to
SP11BG4), six Japanese PBL clones (JPBG1 to JPBG6) and six Chilean
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(ATK-1), whereas four clones (SP2-L8-11) had additional ran-
dom point substitutions (G - C at nucleotide 280 and C-T at
nucleotides 291 and 380). The other nine clones of SP2 had two
point substitutions (T - C at nucleotide 268 and A-G at nu-
cleotide 353). Twelve clones of the contemporary Chilean
HTLV-I-LTR DNA (CHI430 and CHI383) had two point substitu-
tions (T - C at nucleotide 268 and C - G at nucleotide 328) com-
pared with the Japanese HTLV-I-LTR DNA, but had one
additional point substitution (G- A at nucleotide 338) com-
pared with the ATK-1 clone. Six clones of the contemporary
Chilean HTLV-I-LTR DNA (CHI1430) had a unique point substi-
tution (C - T at nucleotide 387) that was not found in any other
DNA samples (Fig. 5).

939
]

ACACAACTGTGTTCACTAGCAACCTCAAACAGACACCATGGTGCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGAACGTGGATGAAGTTG

PBL clones (CHIBG1 to CHIBG6). SP11BG1 has one nucleotide sub-
stitution (T - C) at nucleotide 875. Arrows indicate nucleotide posi-
tion in the human (-globin DNA and its substitution in SP11BG1
clone.
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Fig. 4 Nucleotide

sequences of PCR-amplified HTLV-I-pX DNA.
Nucleotide positions 7336-7494 (159 nucleotide pairs) were aligned by
sequencing 22 SP-2 clones (SP2-1 to SP2-22), 6 Japanese clones (KAG130-
1 to KAG130-6) and 12 Chilean clones (CHI430-1 to CHI430-6 and
CHI383-1 to CHI383-6). Top line, nucleotide sequence of the standard
HTLV-I clone (ATK-1; ref. 9). SP-2 clones were categorized by nucleotide

substitution with reference to the ATK-1 sequence: no substitution (cate-
gory 1), random substitutions (category 1), or two substitutions at nu-
cleotides 7,372 and 7,473 (category lll). Chilean clones CHI383-1 to
CHI383-6 had one nucleotide substitution at position 7,378. *, HTLV-I-pX
and HTLV-I-LTR clones from second PCR reaction. Arrows indicate nu-
cleotide position in the HTLV-I-pX DNA and its substitution.

The two independent PCR reactions to amplify SP-2 HTLV-I-
pX and HTLV-I-LTR resulted in ten pX clones and nine LTR
clones for the first PCR reaction, and twelve pX clones and six
LTR clones for the second. We categorized these into three kinds
of nucleotide sequences (Figs. 4 and 5): the same sequence as the
contemporary Japanese ATK-1 (or KAG130) HTLV-I clones (cate-
gory I); random point substitution in the HTLV-I-pX and HTLV-
I-LTR sequences (category Il); and limited point substitutions in
the HTLV-I-pX and HTLV-I-LTR sequences (category Ill). The
amplification of contemporary HTLV-I pX and HTLV-I-LTR by
two independent PCR reactions resulted in only one kind of nu-
cleotide sequence for each of three clones of Japanese and
Chilean DNA samples.

Recent studies of the phylogeny of HTLV-I focusing on genetic
variation in the LTR have allowed classification into three major
lineages: Melanesian, Central African and Cosmopolitan. The
Cosmopolitan lineage can be further divided into four sub-
groups: Transcontinental, Japanese, West African and North
African®. The HTLV-I of contemporary Andeans from northern
Chile belongs to the Transcontinental subtype; this is also found
in some Japanese subpopulations, including the northern
Japanese aborigine Ainu. The Ainu are considered to be the di-
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rect descendant of the Johmon people who lived in the Japanese
archipelago about 12,000-2,3000 B.P.

To elucidate the unresolved issue of the origin of HTLV-I in the
Andes and in Asian Mongoloids, we analyzed ancient DNA of
mummies from San Pedro de Atacama that have been well pre-
served. In fact, we successfully detected the human R-globin
DNA sequence in two mummy DNAs, and detected an HTLV-I
proviral DNA sequence (pX and LTR) in one by PCR amplifica-
tion (Fig. 2). Nucleotide sequencing of the cloned DNA showed
little variation in sequences of HTLV-I-pX and HTLV-I-LTR DNAs
between mummy DNA clones (category I1l) and contemporary
DNA clones; the frequencies of difference were 1.3% (2 of 159
nucleotides) for HTLV-1-pX and 1.9% (3 of 157 nucleotides) for
HTLV-I-LTR, similar to those observed for Japanese adult T-cell
leukemia/lymphoma patients and HTLV-I carriers'* as well as
other HTLV-I carriers of the Transcontinental subtype®*2.

Of the three categories described above, category | may repre-
sent the aboriginal HTLV-I distributed among Japanese HTLV-I
carriers. Category Il may be produced by microheterogeneity in
HTLV-I-pX and HTLV-I-LTR sequences™** or by misincorpora-
tion during PCR amplification, probably compounded by dam-
age in the template DNA of the SP-2 mummy, as documented for
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Fig. 5 Nucleotide sequences of PCR-amplified HTLV-I-LTR DNA. Nucleotide
positions 245-401 (157 nucleotide pairs) were aligned by sequencing 15 SP-
2 clones (SP2-L1 to SP2-L15), 6 Japanese clones (KAG130L1 to KAG130L6)
and 12 Chilean clones (CHI430L1 to CHI430L6 and CHI383L1 to CHI383L6).
Top line, nucleotide sequence of the standard HTLV-I clone (ATK-1; ref. 9);
bottom three lines, nucleotide sequences of the Transcontinental subtype
HTLV-I clones (Ainu, ARGSOT, SIB170; refs. 8,12). SP-2 clones were catego-

rized by the nucleotide substitution with reference to the ATK-1 LTR se-
quence: one substitution (category 1), random substitutions (category 1) and
three substitutions at nucleotides 268, 338 and 353 (category lll). Chilean
HTLV-I-LTR clones had two unique substitutions at nucleotides 328 and 387,
compared with the ATK-1 and Japanese HTLV-I-LTR sequences. *, HTLV-I-pX
and HTLV-I-LTR clones from second PCR reaction. Arrows indicate nucleotide
position in the HTLV-I-LTR DNA and its substitution.

Neanderthal sequences®™. Category IIl may be based on muta-
tions in the HTLV-1-pX and HTLV-I-LTR sequences.

Here, category | and Ill sequences seemed to be the main lin-
eage of SP-2 HTLV-I-pX and HTLV-I-LTR DNAs, whereas cate-
gory Il clones were infrequent in the SP-2 mummy bone
marrow. We confirmed the category | and |1l sequences by two
independent PCR reactions that amplified the HTLV-I proviral
DNA sequences consistently integrated into the SP2 mummy
genome, in which the original HTLV-I strain was conserved as a
nuclear DNA. In fact, the LTR sequence of SP2 proved to be very
similar to that of the Transcontinental subtype of HTLV-I iso-
lated from Ainu people in Japan®, and Andean natives in
Argentina (ARGSOT; ref. 12) and Colombia (SIB170; ref. 10).
The ancestral HTLV-1 DNA sequence was probably preserved for
more than 1,000 years by virtue of the low frequency of HTLV-I
replication in vivo, that is, downregulation by the specific func-
tion of HTLV-I rex gene®®. These results indicate that the HTLV-I
provirus of the SP-2 mummy might be the aboriginal HTLV-I
prevailing among Mongoloid populations in Asia and Andes at
least 1,500 years ago.

One of two mummies with R-globin DNA was positive for
HTLV-I-pX and HTLV-I-LTR; thus, the frequency of HTLV-I carri-
ers among ancient Andeans may have been very high. The ad-
vantages of the newly designed overlapping short primers for
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human R-globin DNA and HTLV-I provirus (pX, LTR, gag, pol, env
genes) are evidenced by detection rates of more than 1.9% (2 of
104) for R-globin and 0.96% (1 of 104) for HTLV-I-pX and HTLV-
I-LTR in ancient DNA. Experiments are ongoing to identify
human DNA sequences other than the R-globin as well as the
HTLV-I provirus.

Methods

Mummy samples. Two sites in northern Chile were selected for this field
study (Fig. 1). The Museo Archeologia San Miguel around the Azapa valley
and the Museo Padre le Paige in the Atacama Desert preserve mummies
excavated from ruins of cemeteries. The age of each mummy was deter-
mined by carbon-14 dating (Beta Analytic, Miami, Florida), and body sur-
faces were thoroughly inspected for exogenous contamination, especially
with human blood. We selected 104 examples of intact mummy bones
that have never been used in other investigations. We prepared wedged
cuts of femur and humerus bones (1 x 2 cm) and obtained bone marrow
samples (1-2 grams) after copious cleaning of the skin with disposable al-
cohol-soaked cotton, making a hole 2 x 2 cm in size beneath the greater
tubercle of the femur with disposable bone cutters and scraping the bone
marrow powder with disposable spatulas. Each specimen of bone and
bone marrow was individually wrapped in plastic bags in desiccating con-
ditions. All procedures were done in an isolated dust-free room by four of
the authors (K.T., S.S., L.C. and H.C.L), who used disposable clothes and
gloves as well as fine-filter masks to prevent contamination of mummy
samples with experimenter body materials. One author (H.C.L.) did all the
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experiments involving mummy DNA isolation and PCR amplification, han-
dling one sample per day to prevent any cross-contamination between an-
cient and modern DNA in the laboratory procedures. All of the participants
in this study, including K.T., S.S., L.C. and H.C.L, were seronegative for
HTLV-l and HTLV-II.

DNA isolation. Mummy DNA was isolated in two steps, using a Geneclean
Kit for Ancient DNA (Bio101, La Jolla, California). Samples of mummy bone
marrow (100-500 mg) were placed in separate 2.0-ml Eppendorf tubes,
with 850 pl DNA dehybernation solution A and 150 pul DNA dehybernation
solution A2, and were homogenized with a 1.5-ml tube mixer and a dis-
posable pestle (catalog number 9992; IEDA, Tokyo, Japan) at a separate
clean bench. Protective clothing, separate equipment, newly prepared
reagents, ultraviolet irradiation and other measures to prevent contamina-
tion were routinely used. The homogenates were incubated at 55 °C
overnight with 20 pl proteinase K solution (20 mg/ml) with mixing and
centrifugation at 11,000g for 5 min to remove particulate materials. The
supernatant fluid was used for DNA isolation with a Geneclean Kit for
Ancient DNA (refs. 17,18) (Bio 101, La Jolla, California). Eluted DNA was
amplified by PCR without further processing. An extraction control used
identical procedures without mummy bone marrow. Contemporary DNA
samples from peripheral blood lymphocytes, obtained with informed con-
sent from native Chilean and Japanese HTLV-I-seropositive donors, were
also analyzed by PCR.

PCR amplification. The DNA samples were analyzed by PCR amplification
of human B-globin, HTLV-l-pX and HTLV-I-LTR genes using two sets of
primers according to a standard protocol. The GeneAmp PCR system 2400
(Perkin-Elmer, Norwalk, Connecticut) was used to amplify 5-pl aliquots of
eluted DNA samples in a 50-pl reaction mixture of 10 mM Tris-HCI, pH 8.3,
50 mM KCI, 1.5 mM MgCl,, 1.25 mM of each dNTP, 20 pmol of each
primer and 2.5 U AmpliTaq Gold™ polymerase (Roche Molecular System,
Somerville, New Jersey). In parallel with the mummy DNA amplification,
three samples of contemporary Japanese and Chilean HTLV-l DNA were
similarly amplified for the human B-globin, HTLV-l-pX and HTLV-I-LTR
genes using another clean bench in a separate room. Laboratory contami-
nation was monitored by parallel analysis of extraction controls lacking
marrow samples, and PCR controls without DNA. PCR amplification used
the following conditions: polymerase activation at 95 °C for 9 min, 40 cy-
cles of denaturation at 94 °C for 30 s, annealing at 58 °C for 60 s, and a final
extension at 60 °C for 10 min. The first and second sets of primers for the
human R-globin were KM29 (5'-GGTTGGCCAATCTACTCCCAGG-3’) and
KM38 (5'-TGGTCTCCTTAAACCTGTCTTG-3’); and PC03 (5'-ACACAACT-
GTGTTCACTAGC-3’) and PC04 (5'-CAACTTCATCCACGTTCACC-3")(ref.
19). The PCR primer sets for HTLV-I-pX were SN543 (5'-AGGGTTTGGACA-
GAGTCTTC-3’) and SN544 (5'-ACCTTGAGGGTCTTAGAGGTTC-3’); and
SK43 (5'-CGGATACCCAGTCTACGTGT-3") and SK44 (5'-GAGCC-
GATAACGCGTCCATCG-3"))ref. 20). The PCR primer sets for HTLV-I-LTR
were KLTR1 (5-GGGAAGCCACCAAGAACCA-3’) and KLTR2 (5-ACT-
CAACCGGCGTGGATG-3’); and KLTR11 (5-TCCTCCCCATGTTTGT-
CAAG-3’) and KLTR12 (5'-GGGCGCGTGAAGGAGAG-3’). The amplified
DNA was separated by electrophoresis on 2% agarose gels to detect spe-
cific DNA bands with ethidium bromide staining using a standard protocol.
A 100-base-pair DNA Ladder (Life Technologies) was used for molecular
size comparison. We did two independent PCR reactions for all DNA sam-
ples to detect sequence changes during PCR amplification.

Prevention of contamination. Cross-contamination of ancient and con-
temporary DNA samples poses a serious problem that requires many safe-
guards and controls, as has been emphasized**?!. To prevent laboratory
contamination, the following safeguards were used: all procedures with
mummy bone marrow were done in an isolated dust-free room using dis-
posable clothes and gloves, and fine-filter masks; mummy DNA was iso-
lated and amplified in a separated clean bench with disposable equipment
and newly-prepared reagents, which were irradiated with ultraviolet light;
special extraction control tubes were used, to which no mummy bone mar-
row sample was added, to allow monitoring by parallel processing; and
mummy and contemporary DNA samples was amplified by PCR i separate
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clean benches irradiated with ultraviolet light, using newly prepared
reagents and newly designed PCR primer sets that had never been used be-
fore the mummy DNA study.

DNA cloning and sequencing. The PCR products were prepared for DNA
cloning using an Original TA Cloning® Kit (Invitrogen, Carlsbad, California)
as described®. Clones were selected using blue/white color screening on in-
dicator plates and recombinant DNA in plasmids was isolated from positive
colonies. The cloned DNA was identified by size, excised by digestion with
Apal and EcoRlI, and was prepared for DNA sequencing in a Hitachi SQ-5500
automated sequencer (Hitachi, Tokyo, Japan) according to the manufactur-
er’s instructions. With reference to published results®, 110 nucleotides of -
globin, 159 nucleotides of HTLV-I-pX and 157 nucleotides of HTLV-I-LTR
genes (ATK-1) were sequenced.
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