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Adult T-cell leukemia (ATL) occurs after a long latent period of
persistent infection by human T-cell leukemia virus type 1 (HTLV-
1). However, the mechanism of oncogenesis by HTLV-1 remains to
be clarified. It was reported that the incidence curve of ATL ver-
sus age was consistent with a multistage carcinogenesis model.
Although HTLV-1 is an oncogenic retrovirus, a mechanism of car-
cinogenesis in ATL by insertional mutagenesis as one step during
multistage carcinogenesis has not been considered thus far, be-
cause the exact integration sites on the chromosome have not
been analyzed. Here we determined the precise HTLV-1 integra-
tion sites on the human chromosome, by taking advantage of the
recently available human genome database. We isolated 25 inte-
gration sites of HTLV-1 from 23 cases of ATL. Interestingly, 13
(52%) of the integration sites were within genes, a rate signifi-
cantly higher than that expected in the case of random integra-
tion (P=0.043, %2 test). These results suggest that preferential
integration into genes at the first infection is a characteristic of
HTLV-1. However considering that some of the genes are related
to the regulation of cell growth, the integration of HTLV-1 into or
near growth-related genes might contribute to the clonal selec-
tion of HTLV-1-infected cells during multistage carcinogenesis of
ATL. (Cancer Sci 2004; 95: 306-310)

A dult T-cell leukemia (ATL) is an aggressive leukemia of
T-cells.D Although infection by a retrovirus, human T-
cell leukemia virus type 1 (HTLV-1), is known to be an etiolog-
ical factor, the precise role of HTLV-1 infection in leukemo-
genesis is still not clear.>® However, ATL is induced in only a
few percent of the infected population after 50—60 years of in-
fection by HTLV-1, and statistical analysis of the incidence
curve suggested a mechanism of multistep carcinogenesis con-
sisting of 5 independent events.?

HTLV-1 contains a unique trans acting viral gene called tax,
and the function of Tax has been extensively analyzed. How-
ever, Tax alone is not sufficient to explain the pathogenesis of
ATL.Y One of the unique characteristics of retroviruses is that
they integrate in chromosomal DNA of the host. The signifi-
cance of insertional mutagenesis in tumor formation has been
well documented for oncogenic animal retroviruses.® Two re-
cent cases of leukemia arising from gene therapy for 11 boys
with X-linked severe combined immune deficiency suggest the
possibility of insertional mutagenesis by retroviral vector inser-
tion near the LMO2 gene that has been linked to leukemia.”®

Although HTLV-1 is an oncogenic retrovirus, the pathogene-
sis of ATL by insertional mutagenesis has not been studied thus
far, since the chromosomal integration sites of HTLV-1 vary
greatly among patients.” Previous studies of several ATL pa-
tients showed the preferential integration of HTLV-1 in AT-rich
regions of the genome, but did not identify the precise integra-
tion sites in the genome.'®'V Since the human genome se-
quence has become available in detail recently,'>'® it has
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become possible to precisely analyze the sites of integration of
HTLV-1 in the genome of ATL cells that show monoclonal pro-
liferation.

Here we cloned 25 integration sites from 23 patients with
ATL and identified their exact positions in the genome using
the recently clarified human genome sequence. Interestingly,
we found that 13 (52%) of the 25 integration sites were within
genes, some of which have been reported to be related to cell
growth.

Materials and Methods

Cases. Peripheral blood mononuclear cells were isolated from
23 patients with ATL and 4 asymptomatic HTLV-1 carriers, and
their DNA was extracted with phenol and chloroform. The
study was approved by the Ethics Committee of the University
of Tsukuba.

Inverse PCR (I-PCR). The strategy to amplify the flanking se-
quence to the HTLV-1 provirus is shown in Fig. 1. Briefly, 1 ug
of DNA was digested with PstI for 2 h at 37°C, self-circular-
ized with 8 units of T4 DNA ligase in a 200-ul reaction mixture
for 2 h at 15°C, precipitated with ethanol and dissolved in TE
buffer. The circularized DNA was used as a template for I-
PCR. The reaction mixture contained Ex Tag polymerase
(TaKaRa, Otsu) and one of the two sets of primers: U1641 (5'-
CCCCTTTCCCTTTCATTCACGACTGACTGC-3") and L60
(5-AACACGTAGACTGGGTATCCGAAAAGAAGA-3"); or
U992 (5-TTAACGAAAAAGAGGCAGATGACAATGACC-
3’) and L64 (5-TCCAAACACGTAGACTGGGTATCCGA-
AAAG-3"). The conditions for I-PCR were 95°C for 1 min,
followed by 35 cycles of 95°C for 30 s and 68°C for 7 min in a
GeneAmp PCR system 9600 or 2400 (Applied Biosystems).

Cloning and sequencing. The PCR products were cloned into
pGEM-T easy vector (Promega) and their sequences were de-
termined using an ABI PRISM 377 (Applied Biosystems).

Identification of the integration sites. The sequences flanking
the 3’LTR were compared to the DNA database and their chro-
mosomal locations were determined by BLAST (http://
www.ncbi.nlm.nih.gov/BLAST/). All the candidate sites were
confirmed using site-specific primers, which were located out-
side of the I-PCR-amplified region and do not contain known
repeat elements. REPEATMASKER (Arian Smit, http://
ftp.genome.washington.edu/cgi-bin/RepeatMasker) was used
for extraction of repeat elements. The BLAST option of
“Search for short, nearly exact matches” was used for examina-
tion of the specificity of primers. The PCR reaction mixture
contained genomic DNA and Ex Tag polymerase with the
U1641 forward primer and each reverse primer (Table 1). The
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conditions for genomic PCR were the same except for the an-
nealing temperatures: 95°C for 10 min, then 35 cycles of 95°C
for 30 s, the annealing temperature corresponding to each re-
verse primer (Table 1) for 1 min and 72°C for 5 min, followed
by a final stage of 72°C for 7 min.

Statistical analysis. Goodness of fit was assessed using the >
test.

Results

Isolation and confirmation of HTLV-1 insertion sites. For isolation
of the integration sites of HTLV-1, we amplified and cloned the
sequences of 25 integration sites from 23 ATL patients. There
were 2 patients (patients 3 and 26) who gave 2 clones (03a and
03b; 26a and 26b, Table 2). In contrast, we could not amplify

the sequence by I-PCR from 4 asymptomatic carriers of HTLV-
1. This is consistent with the idea of monoclonal proliferation
in ATL of leukemic cells that contain one or two copies of
HTLV-1 provirus, while in carriers there is polyclonal prolifer-
ation with no major cell clones with HTLV-1 integration.”
Therefore our I-PCR could not amplify DNA fragments from
such a small population of infected cells in carriers.

The insertion sites were determined as follows. Nucleotide
sequences of 200—500 bp derived from both ends of the I-PCR
products were examined by “BLAST the Human Genome.” A
BLAST hit was regarded as identical when it matched the
query with over 99% identity throughout the full length of the
query sequence. First, if the query matched a single region of
the human genome, the region was regarded as the insertion
site. Second, if the query matched two regions, mismatches and
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Fig. 1. Scheme of I-PCR to isolate the
flanking sequences of HTLV-1 provirus. Probe: tax A 0.9 kb
Pstl digest of genomic DNA was circu-
Iarizeq with ligase, jchen sub.jecjced to I-PCR
PCR with 2 sets of primers as indicated.
The specificity of I-PCR products was Pstl
show_n by the differenc_e in size of 0.6 XEILIELI | ot -
kb with the 2 sets of primers. The band
on genomic Southern blot analysis OO A 0.6 kb
showed a larger band by 0.9 kb than U1641-L60 RROCOOC0S -
that of I-PCR product with U992-L64.
Table 1. Nucleotide sequences of the primers used to confirm the exact sites of integration
Clone ID Reverse primers PrOd(E:)t) size temﬁ:)r;?;fJIrZQGC)
05 5-GAGAGAAAGGACAGTTGCCGATGCT 3285 64
10 5’-AGAGCCAAACAAAACCAAACATTAC 828 54
12 5-ATCCCTATCTTGAAACCCCTTACCT 4902 68
13 5-GCAGAACTAGGGCAGGCGGGGACAA 1641 60
15 5-AGGATTGACCATAGGATTAGTGACC 2970 68
19 5-AAACTATGATTGAACCTATTGAACG 3520 55
21 5-TGTCCACAGTAAAATTCCTAGTGAG 3338 58
22 5-TTCAACTTGTGACTGTACTTCCAGA 6129 68
24 5-CTTGTCGGGGATTGAGATACCAGAG 1504 60
26b 5-TCTAGTTCTACATCTTATCCAATCC 2079 58
27 5’-AGACAGTGGCAGTGGAGGCGAATAC 7136 64
34 5-GGTAAGTAGTGGTTTTTTCAAGGT 1263 58
23 5-GAGAGCCACCTACATTCCACAGACG 2093 68
04 5-TGACTTCATCAAAGACTATTATTAA 4504 60
26a 5-TGGACAAGGTGAGAAGTTTTAGGTA 2923 68
07 5-GAACAAACCGAATCTGCTGCTCACC 1637 64
37 5-TGGTGAAAAGAATAATATCTCCCGC 1339 68
41 5-CTATCTCTACCCTTCAACCTATTCT 2578 68
01 5-AAGACAGTTCCAGTTCCCAGATTGC 903 61
40 5-TTCCATCTTCACCATAACAGTCCTT 2403 58
17 5-GACCTAAGGAGAGACGGCAAGATGT 4925 66
03a 5-TCTCAGGCAGCAGGCACAATACCAG 1166 64
03b 5’-TTCCCACAAAAACATCGCACCATCC 1091 61
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Table 2.

Summary of the HTLV-1 integration sites in clones isolated from patients with ATL

Clone ID Classification” and candidate genes with integration or Provi_ral LocusLink Map Local host sequences ﬂank_ed with
nearest genes direction? ID 3’-LTR of HTLV-1 provirus

05 I CLIC5 (chloride intracellular channels 5) intron 1 + 53405 6p12.3 GCTGATAGCAGCAGAAACGG

10 | androgen receptor intron 1 + 367 Xq11.2-12 GAAAGGCAGCCTGTTGCAAA

12 I PRKG1 (protein kinase, cGMP-dependent, type 1) intron 8 + 5592 10q11.2 CTTAGTCATTATAGGGCATA

13 I myosin IF intron 1 + 4542 19p13.2 GTTAGGTGAGCTGCCCAATC

15 | SPATAS (spermatogenesis associated 5) intron 9 - 166378 4927 CTCTTAGACCTAAGAAAAGA

19 I HGNT-IV-H (UDP-N-acetylglucosamine: «-1,3-D-manno- - 25834 12921 GCTTCCCATATATTTTCCTA
side [-1,4-N-acetylglucosaminyltransferase IV-homolog)
intron 4

21 | ZFD25 (zinc finger protein) intron 1 - 51427 7911.2 AAATTGCATTGGGAACAAGG

22 I HOOK3 (Golgi-associated microtubule binding protein) + 84376 8p11.1 ACAGGGTTTTGCCCGGTTGG
intron 15

24 I DGKZ (diacylglycerol kinase, {) intron 6 + 8525 11p11.2 AAAAATGTGTTCAAAGCTGG

26b | EDG2 (endothelial differentiation, lysophosphatidic acid + 1902 9932 GTTTGCGTGTGTATTTAGAA
G-protein-coupled receptor, 2) intron 1

34 | SHARP (SMART/HDAC1 associated repressor protein) + 23013 1p36.33-11 TTTATACGCCAAATTGAGAG
intron 5

23 I FBX15 (F-box only protein ) intron 8 + 201456 18q922.3 GTACATGACTGTGTACTTCT

27 Il hypothetical Notch2-like transcript intron 2 + NA? 1921.2 GGAAGGGAGGCAGAAAATTT

01 Il 16 kb up of FLJ20582 (hypothetical protein with multi + 54989 15q13.2 GGCTCATTCTTGTATTTTTA
Zn-finger)

03a Il 270 kb up of TMEPAI (transmembrane, prostate andro- + 56937 20913.31 CAGATCCTCTTCTGCTGAGC
gen induced RNA)

03b Il 113 kb down of LOC139067 (similar to SPANX family, - 139067 Xq27.3 AACTTTTTCTTATTTAAATA
member C)

04 Il 274 kb up of TGIF2LX - 90316 Xq21.31 ACATATTACCATGGAAATGG

07 Il 21 kb down of NRF1 (nuclear respiratory factor 1) - 4899 7q932.2 CTGCGTGTTCCCCTTCCCTA

17 Il 135 kb up of SEL1L - 6400 14931.1 GACATAAAAGTTCTCCAAGT

26a Il 47.6 kb up of SYN3 + 8224 22q12.3 AATACCCTCTTGGAGATGCC

37 Il 59 kb up of TMEPAI + 56937 20q13.31 GAAATGTCGTCCTAGCAACA

40 Il 40 kb up of LOC253820 (similar to MEGF6, transcribed + 253820 3026.2 AGTATTAATTTGCTTTTGTT
pseudogene)

41 Il 78 kb up of GNAQ (guanine nucleotide binding protein - 2776 9921 TTAACTACTTATGAAGTTGA
(G protein), q polypeptide)

02 IV a-satellite ND ND AGATTCCACAAAAAGAGTGT

08 IV o-satellite ND ND CAACTCTGTGAGTTGAATAC

1) The symbols represent: I, within known gene; Il, within predicted gene; Ill, outside of gene. The nearest known or predicted gene is shown.

IV: not specified.

2) Integration of the provirus at the 5’ or 3’ end of the gene, in sense (+) or antisense (-) orientation.
3) NA: LocusLink ID not available. Our assignment, predicted transcripts and peptides are different from annotations in data base. The exact in-
sertion site of clone 27 corresponds to 452364-452369 of NT_004434.16, Gl: 37547377.

gaps were compared carefully, and the candidate with an exact
match was regarded as the insertion site. In fact, there are 2
candidates for clone 04, NCBI accession AL136111 on X and
NCBI accession AC006152 on Y, and for clone 27, Notch2 on
1p13-p11 (NCBI accession AL512503) and Notch2-like tran-
script (NCBI accession AL592307) on 1q21.2. Third, if there
was no hit, the query sequence was regarded as a repeat ele-
ment. Re-analysis without the repeat element filter of “BLAST
the Human Genome” and “BLASTn” showed many hits against
repeat elements. However, we could determine the exact match
by using unique junctions and nucleotide changes of the ele-
ments, except for 2 patients, in whom the sites of integration
were located in the highly repetitive a-satellite sequences.

To further confirm the sites of integration in the leukemia
cells from the original patients, we performed PCR using the
forward primer within the 3’LTR, U1641, and the site-specific
reverse primers deduced from the sequences of the respective
integration sites isolated by I-PCR from 23 patients (Table 1).
We observed bands with the expected sizes, as shown in Fig. 2.

Chromosomal location of the insertion sites. The flanking se-
quences of 25 integration sites are summarized in Table 2. The
integration sites were found to be located on chromosomes 1p
(2 sites), 3q, 4q, 6p, 7q (2 sites), 8p, 9q (2 sites), 10q, 11p, 12q,
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14q, 15q, 18q, 19p, 20q (2 sites), 22q, and Xq (3 sites). Clones
02 and 08 were within highly repetitive o-satellite sequences
on chromosomes 9 and 3, respectively. These results are consis-
tent with previous reports indicating that there was no specific
integration site in individual chromosomes,” although there
were two cases with close integration at chromosome 20q13.31
(clones 03a and 37).

Preferential integration of HTLV-1 in genes. The genes in or
around the insertion sites were identified according to the Lo-
cusLink description, except for predicted genes. We examined
these predicted genes by comparison with EST records. A close
examination of the integration sites on the human genome re-
vealed that 52% (13/25) of integration sites were within tran-
scriptional regions of genes (Table 2).

Discussion

Thirteen out of 25 integration sites (52%) of HTLV-1 in ATL
patients were found in transcription units. According to the an-
notation of the human genome sequence, transcription units oc-
cupy about 33% of the genome.!>'» Therefore if HTLV-1
integrates randomly and there is no effect of integration into
genes on cell proliferation, we should expect that 33% of inte-
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Fig. 2. Confirmation of the integration sites by PCR. The 23 integration sites other than the o-satellite repeats were confirmed by genomic PCR
using forward primer on 3’LTR (U1641) and the corresponding reverse primers designed from each flanking sequence found in I-PCR (Table 1).

gration events would be within genes. However interestingly
our results showed preferential integration of HTLV-1 into
genes (P=0.043, y? test). It is possible that HTLV-1 has the
general property of preferentially initially integrating into tran-
scription units and/or that the cell clones that have proviral in-
tegration within or near certain genes gain a growth advantage
during carcinogenesis. Leclercq et al. have analyzed the host
sequences flanked with HTLV-1 provirus among HTLV-1-in-
fected individuals, but did not find preferential integration into
genes.') At that time, information about the human genome se-
quence was not fully available, and the short range of the PCR
method was not suitable for identification of the exact locus of
integration in the human genome. We took advantage of the
currently available human genome information and the long-
range PCR method, and could identify the exact locations of
HTLV-1 integration sites in ATL patients.

Interestingly, the sites of integration observed included sev-
eral genes related to cancers (Table 2, classification I). They
were the SHARP gene (clone 34) encoding a hormone-induc-
ible SMART/HDACI-associated repressor involved in the
Notch/RBP-Jx signaling pathway'¥ and the Notch2-related
gene (clone 27). It was reported that activation of the Notch
signaling pathway may be related to leukemia.' In addition,
there were the androgen receptor gene (clone 10) which regu-
lates the expression of fibroblast growth factor 8,'9 the diacyl-
glycerol kinase £ gene (clone 24), a negative regulator of T cell
activation,'” and the cGMP-dependent protein kinase gene
(clone 12), the expression of which correlates with cell den-
sity.!® It was also reported that the insertion of the retrovirus
could influence the transcription of adjacent genes, which were
located within 300 kb of the integration site.'” The distance be-
tween the integration sites of clones 03 and 37 was about 200
kb and the sites were close to the PMEPAI gene (also called the
TMEPAI gene), a highly androgen-induced gene?” and the tar-
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