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Review

Molecular approach to human leukemia: Isolation and characterization
of the first human retrovirus HTLV-1 and its impact on tumorigenesis
in Adult T-cell Leukemia

By Mitsuaki YOSHIDA*!-
(Communicated by Kumao TOYOSHIMA, M.J.A.)

Abstract: Molecular biology of mouse and chicken retroviruses had identified oncogenes and
provided a revolutionary concept in understanding of cancers. A human retrovirus was established
during 1980-1982 in linkage with a unique human leukemia, concurrently in Japan and USA.
This review covers our efforts on the discovery of new retrovirus, Human T-cell Leukemia Virus
Type 1 (HTLV-1), first introducing to a new class of retroviruses with a unique regulatory factors,
Tax and Rex. Then it is followed by analyses of molecular interaction of the vial Tax with cellular
machineries involved in the pathogenesis of Adult T-cell Leukemia (ATL). And then a probable
mechanism of pathogenesis of ATL is proposed including recent findings on HBZ after our efforts.

117

Keywords:
suppressor gene

Introduction

It has been certainly established that cancer is
a disease of genes which control cellular proliferation,
differentiation and apoptosis. Such molecular con-
cept has been substantiated in 1976 by the discovery
of a viral oncogene in Rous sarcoma virus? followed
by identification of the cellular counterpart.? After
the discovery, a number of oncogene has been iden-
tified in retroviruses which had been isolated from
various animal species in the 1970’s and 1980’s. The
oncogene was a conceptual revolution in understand-
ing cancers: the viral oncogenes originated from their
host cell “proto-oncogenes’’, which are widely con-
served in many animal species. Thus the ‘“oncogene’
became the ‘“‘key player” in cancer research linking
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cancers of animals and humans, and also linking
among the different origins of cancers. A human retro-
virus was therefore expected to provide a powerful
tool in understand human cancers and searched by
number of investigators for a long time, however,
the trials were all failed.

The discovery of the first human retrovirus pro-
ceeded through two independent approaches: One is
effort for identification of an etiologic agent of newly
described Adult T-cell Leukemia (ATL), in Japan,
and the other is effort for detection of retrovirus in
human cell lines in the USA.® These independent
approaches have reached to discovery of the identi-
cal retrovirus, Human T-cell Leukemia Virus Type 1
(HTLV-1). In this review, I first summarize our his-
tory of discovery research and then discuss probable
pathogenic mechanisms including recent findings by
other groups.

1. Prologue to ATLV/HTLV-1

1.1. Discovery of ATL. The first key event
for human retrovirus was the discovery of Adult T-
cell Leukemia (ATL) by Takatsuki and his colleagues
in 1977. The leukemia cells in patients were char-
acterized by unusual morphology with lobulated
nucleus, which is called ‘“flower-like cell”’. The abnor-
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mal cells were soon identified as T cell expressing in-
terleukin 2-receptor (IL-2R, CD 25) at abnormally
high levels.®) Patients carrying the “flower-like cells”
were found mostly in Kyushu (West part of Japan),
suggesting its unexpectedly unique nature. The orig-
inal report by Takatsuki’s group was later confirmed
by extensive epidemiology: Most of ATL patients
were clustered in Kyushu area and other sporadic
cases were mostly originated from Kyushu in their
life.”-®) The epidemiology suggested that an etiologic
factor hits the patients at the early stage of their
lives, and develops ATL after long latency. In fact,
possible virus infection or carcinogenic plant fac-
tors were seriously discussed at the early stage of
the investigation.

1.2. Establishment of cell lines. Cell line
which represents specific character of the disease
would be critically useful for investigation of the
disease. In studies on ATL, cell lines played critical
roles in various aspects. A typical cell line, MT-1,
was established from ATL by Miyoshi” by co-culti-
vation of leukemia cells from patient with cord blood
lymphocytes from normal baby. When any purified
lymphokines or growth factors were not available,
the co-cultivation technique was effectively used
for establishing cell lines. In one case, Miyoshi used
a combination of cord blood and ATL cells with
different sexes, and found by karyotype analysis that
the established cell line MT-2 was derived from cord
blood cells.!® Nevertheless, MT-1 and -2 cells have
greatly contributed to the epidemiology of ATL and
identification of the retrovirus (see later discussion).

1.3. Unique antibodies in patient sera with
ATL. Discovery of unique serum antibodies in ATL
patients was another key event for identification of
virus infection. Hinuma and his colleagues applied
indirect immuno-fluorescence assay which had been
used for diagnosis of Epstein-Barr virus infection in
human:? sera from infected people had specific anti-
bodies against EB-virus and immunologically reacted
with cells infected with the EBV. Postulating a viral
infection in ATL patients, cell line which positively
reacts with ATL patient sera was searched surveying
a cell panel randomly accumulated in his laboratory.
After laborious assays, a single cell line was identified
to give a robustly positive signal. That was the MT-1
cell, established from ATL by Miyoshi.? The puta-
tive antigens in the cell line were termed ATLA
(ATL Antigens). MT-1 cell expressing ATLA was
then used for screening sera from various types of
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leukemia, and the results demonstrated that anti-
ATLA was detected in all ATL patients and also
in a minor fraction of healthy individuals.®) This
was a strong suggestion for virus infection in ATL,
although the nature of ATLA was unclear at that
time.

2. Appearance of the first human
retrovirus, HTLV-1

2.1. Identification of retrovirus. Epidemi-
ology of ATL strongly predicted a viral infection in
ATL, and various groups thus challenged identifica-
tion of the possible virus. We were one of challengers
using molecular techniques. Since MT-2 cells were
shown to express ATL antigens, an MT-2 cell line
was used for further examination. The culture fluid
showed reverse transcriptase (RT) activity in the
presence of RNA template in particle fractions at
similar density to animal retrovirus (Fig. 1).!D More
importantly, the RT activity was also detected with-
out exogenous RNA template indicating the presence
of endogenous RNA. Thus, the presence of retroviral
particles was strongly suggested.!D

DNA was prepared by the endogenous RT reac-
tion, and was used as probe for hybridization with
cellular DNA. The ¢cDNA was demonstrated to hy-
bridize with cellular DNA of MT-1 and MT-2 cells,
but not with DNA of cells unrelated to ATL (Fig.
1). This was a clear evidence for the provirus DNA
sequence homologous to particulate RNA in MT-2
culture fluid.!Y Furthermore, unique proteins with
molecular weight 24K and 19K were distributed in
particle fractions overlapping with the RT activity.
These proteins were shown to react immunologically
with patient sera, proofing the 24K and 19K proteins
are a part of ATLA.'D Conclusion was that MT-2
cells harbored retroviral provirus DNA and produced
the viral particles containing 24K and 19K proteins
in addition to RNA, and the viral proteins were a
part of ATLA. The retrovirus was originally reported
as Adult T-cell Leukemia Virus (ATLV).!D

During corresponding period, Gallo and his
group at NIH, USA reported a retrovirus HTLV in
HUT102 cell line.!? The cell line HUT102 was estab-
lished from a patient with Mycosis fungoides. This
diagnosis for the patient from whom HUT102 was es-
tablished was an origin of some confusion for a while.
We finally demonstrated the identity of ATLV with
HTLYV isolates at the sequence levels,'® thus the
terminologies were then unified into Human T-cell
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Fig. 1. Identification of HTLV-1 in a cell line MT-2.1D (A) Reverse transcriptase activity. Concentrated culture fluid of MT-2

cells was centrifuged on a gradient of 20-60% sucrose and the fractions were assayed for DNA polymerase activity with
poly(A)-oligo(dT) (®), no exogenous template (A ), or in presence of MnCl, instead of MgCl, (¢). A (or open triangle)
represents the density of each fraction. (B) Detection of provirus sequences by Southern blot analysis of cellular DNA of
ATL-related MT-1 (a) and MT-2 (b), ATL-unrelated A204 (c) and KB cells (d). Cellular DNA was digested with Eco-R1
and probed with cDNA prepared by the endogenous reaction of active fractions in Fig. 1(A).

Leukemia Virus Type 1 (HTLV-1). Diagnosis of the
Mycosis fungoides from which HUT102 was estab-
lished has been changed to ATL later, and all were
integrated together.1-16)

2.2. New class of retrovirus with unique
genome structure. Retroviruses are classified
into two categories: chronic and acute leukemia vi-
ruses. The retroviral genome is generally illustrated
in form of “‘the provirus”. Chronic retroviruses have
a genome structure with LTR-gag-pol-env-LTR;
on the other hand, acute viruses have LTR-égag-
onc-denv-LTR, where has a large deletion span-
ning 6 to 6 with variable length and replaced with
“oncogene’’ acquired from cellular ‘“proto-oncogene”.
However, genome sequence of newly isolated HTLV-
1 was different from either case, but showed LTR-gag-
pol-env-pX-LTR, in which pX is 1.6 kb long!7?-1®
(Fig. 2). The pX sequence was not host cell origin,
that is, not oncogene. On the other hand, it was re-
ported that HTLV-1 had ability to immortalize pri-
mary T cells in vitro.!® These observations clearly
indicated that the newly identified HTLV-1 should
have a unique transforming gene, because usual chronic
retroviruses never immortalize primary cells in vitro.
The structure and property were different from any
class of the other retroviruses, and thus the newly

identified virus was classified into a new group of the
retroviruses. Other members of this viral class were
later identified including HTLV-2,29 STLV2D and
BLV.22

2.3. Association with ATL. Unique anti-
bodies in patient sera were used as marker for HTLV-
1 infection, because those reacted with HTLV-1 p24
and p19.1D Using a cell line, MT-1, the serum anti-
bodies were surveyed for HTLV-1 infection in the
world-wide scale. The results were rather unique
clustering in West Japan, South America and Cen-
tral Africa. Precisely overlapping with these cluster-
ing, ATL was also observed.2

Furthermore, the overlapping of ATL with
HTLV-1 infection was also observed at a level of
individuals; vast majority of ATL patients were
infected with HTLV-1, but healthy population in
the same region are mostly negative.®) However, it
should be commented on a paper reporting that
some ATL-like patients were free of viral infection.24
These findings on overlapping at geographical and
individual levels unequivocally established a close
association of HTLV-1 infection and ATL.

Subsequently, HTLV-1 infection was also shown
to be associated with tropical spastic paraparesis
(TSP) in Jamaica® and with HTLV-1-associated
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Illustration of the HTLV-1 genome structure, gene expression and function of Tax. In upper half, transient expression

by a combination of Tax and Rex is summarized, and in lower half, direct targets of Tax and their effects on cellular functions
are summarized. In the lower, open arrows represent ‘‘enhancement’ and closed arrows ‘‘down-regulation”, some arrows with

major player in the pathway.

myelopathy (HAM) in Japan.2?® TSP and HAM are
today recognized as an identical myelopathy, and
termed HAM/TSP.

3. Unique control of HTLV-1 replication

As mentioned in the previous section, HTLV-1
has an extra sequence pX. We had postulated the
pX is a transforming gene. From sequence analysis
of the pX region, we observed four open reading
frames (ORF) possibly coding for proteins.!® Raising
antibodies against the C-terminal peptides predicted
from each ORF, we successfully identified three pro-
teins, p40Tax, p27Rex and p21.27 These were en-
coded by two overlapping ORF's, although one ORF
encodes both p27Rex and p21 with different initia-
tion codon.?%)-29)

After trial and error for a while, we found Tax
can activate gene expression from the LTR, and
then identified it as a transcriptional activator of
the viral genome.3932 One of the other proteins,
p27Rex was identified as a suppressing factor of
splicing of un-spliced viral transcripts, which enabled
to express un-spliced mRNA transporting in cyto-
plasm.?® Combination of the Tax and Rex proteins

encoded by a single mRNA operated at different
levels of viral gene expression, and accomplished a
unique control of the viral replication.34-36)

The control mechanism is very unique and makes
the viral replication transient as summarized in the
followings (Fig. 2): Transcription of the provirus
genome is initiated by cellular machinery at 5> LTR
(Long Terminal Repeat) and terminates at 3’ LTR.
The transcripts are fully spliced like cellular tran-
scripts into pX mRNA which encodes p40Tax and
p27Rex. One of the products, Tax is a potent tran-
scriptional activator and thus strongly activates the
viral transcription, and the transcripts are mostly
spliced. After repeating such process, the accumu-
lated Rex protein suppresses splicing of the viral
transcripts at visible level. Consequently, unspliced
viral RNA, gag- and env-mRNAs are expressed in
the cytoplasm and translated into Gag and Env pro-
teins, which are components of viral particles. The
suppression of splicing of the viral RNA in turn re-
duced the level of fully spliced pX mRNA, and thus
resulted in down-regulation of viral gene transcrip-
tion. After such process, the viral expression became
moderate quickly and transient. Depend on this re-



No. 2]

gulation, HTLV-1 was able to quickly replicate, but
was able to escape form the host immune responses.
A similar regulatory mechanism was later identified
in HIV with Tat and Rev proteins.3”

Additional accessory proteins to Tax and Rex
were also identified including pl2, p35 and some
others encoded by alternatively spliced RNA of
the pX region.?® Some functions of these alternative
proteins could be significant in viral replication and
pathogenesis, however, mostly are remained to be
studied.

4. Etiology of adult T-cell leukemia

The most critical question on newly identified
HTLV-1 was whether it is an etiologic agent of ATL
or not. When suitable animal model is not available,
the etiology of human disease is hard to answer. We
therefore challenged a molecular approach focusing
on a character of cancer cells.

The retrovirus infection integrates the pro-
viruses into random site of the host chromosomal
DNA. In fact, the integration sites in HTLV-1 car-
riers were confirmed to be mostly random. On the
other hand, tumors are known to arise from a single
malignantly transformed cell. Therefore, if the virus
infection played a causative role in tumorigenesis,
the resulted tumor cells would be a clone of the
infected original cell. This could be examined by
clonality of the provirus integration site in ATL cells.
If the viral infection is just passenger such as infec-
tion after tumorigenesis, the integration sites would
not be clonal.

Leukemia cell DNA was digested with a restric-
tion enzyme, Pst-1, and subjected to Southern blot
analysis. Every case of 122 patients gave two distinct
bands with cellular franking sequences in addition to
the internal fragments, clearly indicating all clonal in
the provirus integration.?? We therefore concluded
that HTLV-1 is the “causative agent’ for ATL.

We had unexpected experience with a few cases
of HTLV-1 carriers. These cases were never been
diagnosed as any type of ATL, but showed clonal
integration site of the provirus. It might have repre-
sented antigen stimulation of specific T cell clone,
however, not further investigated.

5. Pathogenic mechanism of adult
T-cell leukemia

HTLV-1 infection was proposed as an etiology
of ATL.?® The most interesting question was its
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mechanism. Animal retroviruses induce leukemia
either through ‘“‘viral oncogene” or ‘‘insertional acti-
vation” of a cellular proto-oncogene. However, nei-
ther mechanism was applied to HTLV-1 in ATL.3®
The reasons were 1) DNA sequence in the pX region
did not show any homology to cellular DNA denying
the nature of oncogene (MY, unpublished observa-
tion), and 2) The sites of provirus integration in
ATL cells were clonal in each patient, however, were
not common in any specific region among patients.*?)
These observations suggested the third mechanism in
which Tax might be involved. Possible roles of Tax
had been suggested by 1) Transforming capacity of
Rat-1 cells, a rat fibroblast cell line,*) 2) Immor-
talizing activity of primary T cells in wvitro,*® and
3) Tumorigenic activity in transgenic mice.*?) So we
focused on molecular function of Tax.
5.1. Multidisciplinary function of Tax.
As introduced in the previous section 3, Tax is a ac-
tivator of the transcription from the HTLV-1 LTR.
This finding has triggered the long and wide stories
of Tax, which include today multidisciplinary func-
tions* (Fig. 2): Categorically it covers 1) specific
trans-activation and trans-repression of transcription
of some sets of genes, 2) inhibition of tumor suppres-
sor proteins, 3) attenuation of cell cycle checkpoints,
4) enhancement of apoptosis-suppressing genes and
repression of apoptosis-inducing genes, and 5) repres-
sion of DNA repair. These mechanisms and effects
are partly discussed in the following sections, #5.1.1,
#5.1.2 and #5.1.3.
5.1.1. Transcriptional activation and repres-
In addition to LTR activation, Tax was found
to activate cellular genes also. Surprisingly further-
more, Tax was also found to repress transcription of
another series of cellular genes. Today, a number of
cellular genes have been identified as transcriptional
targets of Tax. Broadly speaking, through transcrip-
tional regulation Tax seems to enhance expression of
many growth-promoting genes and repress another
series of growth-suppressing genes. Some examples
are discussed in the following sections.
5.1.1.1. CREB/Tax complex in LTR activation.
In the activation mechanism of the transcription
from the LTR, Tax was demonstrated to bind to
CREB (Cyclic AMP Response Element Binding pro-
tein) and CBP (CREB Binding Protein) forming ter-
nary complex on the enhancer DNA,*5 where CREB
is DNA binding protein and CBP is a transcriptional
cofactor (Fig. 3A). In normal regulation, CREB is

ston.
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phosphorylated depending upon cellular signal and
the p-CREB becomes to interact with CBP on en-
hancer element in the LTR.4® The CBP in such com-
plex opens nucleasome structure through its histone
acetyl transferase activity for transcriptional initia-
tion. In HTLV-1 infected cells, instead, Tax binds to
both CREB and CBP without any signal, and forms
active complex on the enhancer DNA.#5 This signal
independent complex formation enables the constitu-
tive activation of LTR as long as Tax is expressed.
5.1.1.2. I-kB/Tax and NF-kB/Tax in activation
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of IL-2R. Tax is a potent activator of the viral
LTR. This finding led us to postulate activation of
cellular gene by Tax and the hypothesis was first ex-
amined with IL-2 receptor gene. The IL-2R was re-
ported to be expressed on ATL cell surface at a high
level and was supposed essential for its abnormal
proliferation. At this time period, only one molecule
(CD25, a subunit) was known for IL-2R although o
and B subunits were shown later to be required for
the activity.

Tax expression vector was found to robustly
activate the IL-2R promoter.*”49 Furthermore, in-
duction of cellular IL-2R gene was demonstrated by
Tax induction with Cd++ ion in JPX-9 cell lines.
This was an exciting finding because it was thought
to represent the mechanism how the viral infection
explains abnormal growth of ATL cells. It was un-
fortunately shown today not to be sufficient for T
cell growth, because both a and B expressions were
required for the full activity. Nevertheless, our report
on IL-2Ra induction triggered number of trials to
identify cellular targets of Tax.

Regulation of IL-2Ra expression is under con-
trol of NF-kB and Tax was found to activate
NF-kB pathway. The mechanism was rather unique
since Tax operated at two different levels: NF-kB
is bound with I-kB and kept in cytoplasm as in-
active complex. The I-kB in the complex is degraded
through phosphorylation responding to cellular sig-
nals, consequently the released NF-kB is translocated
into the nucleus for transcription. The first mecha-
nism is Tax binding to I-kB followed by dissociation
of I-kB/NF-kB complex promoting nuclear translo-
cation of NF-kB>V (Fig. 3A). Second mechanism is
Tax binding to NF-kB on the enhancer DNA form-
ing complex of NF-kB/Tax and then NF-kB/Tax/
p300.99 Principle for the activation is similar to
the mode of CREB/Tax/CBP complex in LTR
activation.

Considerably later, another mechanism for acti-
vation of NF-kB was reported: Tax enhanced I-kB
degradation through activating IKKy (I-kB kinasey)
and resulted in nuclear translocation of the released
NF-kB for transcriptional activation.® All together,
the NF-kB signaling pathway is activated at several
steps by Tax through activation of IKKy, binding
to kB dissociating I-kB/NF-kB complex, and en-
hancement of NF-kB activity on the enhancer DNA
through Tax/NF-kB complex formation. The find-
ings on activation of the NF-kB pathway at several
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steps may be unusual, but it may be a reflection of its
importance in survival and proliferation of HTLV-1-
infected T cells.

5.1.1.3. p300/Tax complex in repression of p53.
During investigation of trans-activation, Tax was
found to repress transcription of certain genes. The
first report in this category was repression of DNA
polymerase P, which functions in DNA repair.
The interest was two folds: Its significance in patho-
genesis and mechanism how a activator protein re-
presses transcription in other hand.

P53 is a tumor suppressor with transcription
factor and is a ‘“‘guardian of chromosomal DNA”.
Mutations of p53 were frequently observed in various
human cancers, however, not frequently in ATL
cases. As one of the reason for this, Tax was found
to represses p53-dependent transcription.®® In tran-
scription, p53 interacts with p300 on its binding site
in the promoter and initiates transcription. In this
system, Tax binds to p300, but not to p53. Con-
sequently, p300 is sequestered from the activation
system by binding to Tax, and thus represses pb3-
dependent transcription (Fig. 3B). The mechanism
represents an indirect attenuation of tumor suppres-
sor function of p53 and explains abnormal cell cycle
regulation. A similar mechanism is also operating
for repression of DNA polymerase B gene, which
would enhance mutation rate in infected cells.

The principle of trans-activation and trans-
repression by Tax depend on the same mechanism:
Tax interaction with two factors A and B and forma-
tion of a ternary complex, [A]/Tax/[B], is an activa-
tion mechanism, on the other hand, Tax interaction
with only one of them interferes the basal activity
achieving repression (Fig. 3A and B).

5.1.2. Inhibition of tumor suppressor proteins.
Analysis of mode of Tax interaction with NF-kB
unexpectedly led us to finding of Tax interaction
with tumor suppressor protein. The binding domain
of NF-kB to Tax was ankyrin motifs.>> As one of
proteins carrying the ankyrin motifs, pl6ink4d was
focused because it was well known tumor suppres-
sor protein. And we found a new category of Tax
function, an inhibition of tumor suppressor proteins.
Down-regulation of signaling pathways mediated by
Rb, APC and p53 are discussed in the next.

5.1.2.1. Tumor suppressor Rb. pl6inkd and
pl5ink4 are tumor suppressor proteins keeping Cdk4
inactive, which enables Rb to hold E2Fs as inactive
and to arrest cell cycle at G1 phase. Mutations or
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silencing of both alleles were widely detected in
many types of human tumors. We found that Tax
bound to pl6ink4 and plbink4 and induced activa-
tion of Cdk4. The activated Cdk4 then phosphory-
lates Rb protein and finally induced cell transition
from G1 to S phase of cell cycle’® (Fig. 3C). There-
fore, it is conceivable to expect that HTLV-1 infec-
tion and Tax expression inactivates both pl6ink4
and plbink4 resulting in activation of Cdk4, which
subsequently phosphorylates Rb protein to releases
E2F. The released E2F then activates transcription
of various genes required for compelling cells into a
G1-S transition and promotes abnormal cell cycles.
This is an independent growth promoting activity of
Tax from transcriptional activation.

5.1.2.2. Tumor suppressor hDLG and APC.
To identify a series of targets of Tax, we used yeast
two hybrid system. Among various proteins iden-
tified, another tumor suppressor protein, hDlg, was
focused as a binding target of Tax.>”) The Dlg is
identified as a tumor suppressor in Drosophila and
the human counterpart hDlg is known to interact
with several cellular proteins and also with DNA tu-
mor virus transforming proteins. The PDZ domain
of hDlg interacted with the C-terminus of Tax and
also with that of APC, thus competing with each
other. Through such competition, Tax would inter-
rupt hDlg-APC interaction and possibly abrogate
growth-suppressing machinery finally enhancing cell
growth.5?

5.1.2.83. Tumor suppressor pb3. As discussed
previous section, #5.1.1.3, a tumor suppressor pro-
tein pb3 is trans-repressed by Tax through binding
to p300. Down-regulation of p53 target genes would
induce instability of cellular DNA and increase risk
of HTLV-1 infected cells for malignant transforma-
tion.

5.1.3. Other functions of Taz

5.1.8.1. Suppression of apoptosis. Apoptosis is
a programmed cell death for removing abnormal and
undesired cells and plays crucial roles in organ devel-
opment and protection from undesired events. Fail-
ure in apoptosis of abnormal cells is thought to be a
significant process toward malignant cells. In accor-
dance with this notion, T cell lines infected with
HTLV-1 were reported to be resistant to apoptotic
signals.®® Tax was shown to be involved in this
mechanism through: 1) NF-kB activation through
dissociation of IkB-NF-kB complex in cytoplasm
and through complex formation of NF-kB-Tax-p300



124 M. YOSHIDA

in the nucleus®®-3D as discussed in the previous sec-
tion, 2) activation of transcription of Bcl-X gene,>®
and 3) trans-repression of Bax gene.®® According to
these effects, Tax enables infected cells to survive
even under critically harmful alterations.

5.1.3.2. DNA repair and cell cycle check point.
DNA repairs are crucial function to protect DNA
from mutations, and thus lower activity of the repair
would increase mutation rate. Surprisingly, Tax was
shown to enhance accumulation of mutations. This
was demonstrated using a rat cell line carrying an
indicator gene in presence or absence of Tax.D
Various mechanisms were proposed for this pheno-
type: As examples, 1) Tax represses transcription
of DNA polymerase B which is involved in DNA
repair;>» 2) Tax inhibits DNA topoisomerase I re-
quired for DNA replication and repair;®? 3) Tax
suppresses Madl function and attenuates G2/M
cell cycle check point.®® These functions of Tax all
together enhance mutation rates and make the ab-
normal cells possible to go through checkpoint fixing
the mutations.

5.2. Possible molecular mechanism of ATL

5.2.1. Malignant transformation of infected
cells. Tt is well established that cancer formation
proceeds through multiple processes. In fact, multi-
ple abnormalities are detected in a single cancer cell.
This would be rational from the point of aspect that
cells are protected through multiple mechanisms, so
that, normal cells are able to tolerate against a single
or just few damages. The multifold functions of Tax
(discussed in the previous sections) may correspond
to multiple alterations observed in cancer cells (Fig.
2): Tax expression upon HTLV-1 infection induces
abnormal cell cycle through transcriptional activa-
tion and repression, inhibition of tumor suppressor
proteins and attenuation of cell cycle checkpoints.
Concurrently, Tax enhances mutation rates through
inhibition of DNA repair. Because of Tax-mediated
suppression of apoptosis and cell cycle checkpoint
capacity, the mutated cells are now enforced to con-
tinue abnormal cell proliferation. Consequently, mu-
tations are gradually accumulated in infected T cells,
and after repeating these cycles, a cell will fortui-
tously accumulate the right combination of mutated
DNA which would trigger malignant transformation
and progress into malignant conversion.

5.2.2. Mode of pathogenesis in ATL. Tax is
a potent modulator targeting multiple molecules.
Nevertheless the prevalence of ATL shows long
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latency for 40~60 years after infection in rate of
3~5% among HTLV-1 carriers. The long latent pe-
riod does not sound in good accordance with potent
multiple functions of Tax. This apparent discrepancy
would be probably due to extremely limited expres-
sion of HTLV-1 in wivo. In fact, it is reported that
Tax expression is absolutely negative in the vast
majority of ATL cells®® and also in non-malignant
infected cell in carriers. Our proposal for possible me-
chanism of ATL pathogenesis is as follows (Fig. 4):

Upon infection into T cell, the original expres-
sion of HTLV-1 genome is initiated by cellular ma-
chinery and then transiently amplified by the viral
regulatory proteins as discussed above. The expressed
viral Tax stimulates cell growth through multiple
pathways and also stimulate virus production and
infection, but the expression of Tax is transient and
quickly turned off. Cells failed to be transient or
delayed in shutting off the viral expression would
be rejected by host immune response and only the
latent cells for the viral expression would survive.
After certain period for possibly rather long, any sig-
nal for infected T cells such as immune stimulation
may re-initiate the viral expression and repeat the
same cycle, but slowly increasing a population of
infected T cells through their own replication and
new infection. Repeating such cycles for long period,
infected individuals stay at ‘virus carrier’” state,
but Tax-induced mutation would be accumulated in
infected T cells.

Tax-mediated mutation, however, would finally
hit right combination of genes for malignant trans-
formation. This would be the critical event for ATL
that triggers a clonal selection of infected T cells as
a malignant leukemia cell. Even after such event,
the selected cell clone might be frequently benign or
limited in its expansion, but transient expression of
the viral Tax would be repeated at similar levels to
the carrier cells, and finally abrupt aggressive ATL.
The rate of ATL is 3-5% of HTLV-1 carriers in their
life span.

5.2.3. Transformation strategy similar to DNA
tumor wviruses. Through strenuous efforts on Tax
function including ours and others, Tax has been
turned out to be multi-functional interacting with
cellular regulatory factors including Rb, p53, APC,
CBP/p300, and some others. It is interesting to note
that those factors referred above are also known as
targets of T antigens of SV40 and Poliomaviruses,
E6/ET7 of Papillomaviruses, or E1A/B of Adeno-
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Fig. 4. Probable mechanism of pathogenesis in ATL. Circles with X* represents Tax expressing T cell and those with X" repre-
sents Tax expression negative infected T cell. CTL represents cytotoxic T cell against virus expressing cells and dotted circle

represents infected cell injured.

viruses. Firstly, these similarities among evolution-
ally unrelated tumor viruses suggest strongly that
the targets of Tax would play significant roles in the
pathogenesis of ATL. Secondly, the viral similarity
suggests that multiple functions of Tax might be
a unique surviving strategy of HTLV-1. Retro-
viruses replicate its genome through transcription,
but HTLV-1 dominantly through replication of in-
fected cells. This has been achieved by transient viral
expression by Rex and Tax acquired cell growth pro-
motion activity similarly to DNA tumor virus re-
plication. HTLV-1 thus is able to survival more
effectively under strong immune response of the host.

6. Epilogue

Since HTLV-1 was isolated, molecular and epi-
demiologic understanding on the virus itself and
ATL progressed rapidly and comprehensively during
subsequent two decades. Epidemiology, clinical and
basic sciences on ATL and HTLV-1 established pre-
vention of HTLV-1 infection through bottle feeding
and removal of sero-positive blood from the bank.
Molecular biology of Tax greatly improved under-
standing of ATL and provided a probable mecha-
nism for the leukemogenesis. However, we still have
obstacles to be overcome. I like to introduce here
issues left and add an additional tail which has been

extended according to recent studies by other inves-
tigators.

6.1. Contradiction in Tax hypothesis. As
discussed in the previous section, Tax can modulate
cellular activities for proliferation, survival, and mu-
tation, and thus strongly indicated to play central
roles in leukemogenesis. On the other hand, however,
it has been also known that viral expression is ex-
tremely limited at low levels in wvivo. Some reports
described that a vast majority (over 95%) of ATL
cells is absolutely negative in HTLV-1 expression.®
Furthermore, Tax sequence in some cases of ATL
had a termination mutation in the coding region,
clearly indicating Tax function is no longer re-
quired for maintenance of the ATL cell phenotypes.®>
Nevertheless, ATL cells in such patients kept tumor
phenotypes such as an expression of IL-2Ra. It was
therefore apparent additional abnormality should be
identified for better understanding of ATL.

2. Anti-sense HBZ of HTLV-1. One
solution of the contradiction in Tax hypothesis could
be a “hit-and-run” mechanism. But, it apparently
needs an additional player after Tax. Other possibil-
ity has been proposed by recent studies identifying a
new viral gene. It is transcribed from the pX region
by initiating at the 3° LTR in the form of anti-sense
RNA. The RNA is translated into a protein, HTLV-1
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env tax, rex LTR

Fig. 5.

bZIP factor (HBZ), with basic leucine zipper motif
(Fig. 5).

The function of HBZ protein was first reported
as transcription factor that repressed the viral ex-
pression, competing with Tax-mediated LTR acti-
vation.®®) More strikingly, it was then shown to stim-
ulate proliferation of T cells without translation into
protein.®” Furthermore, transgenic mice expressing
HBZ by T cell specific promoter developed lymphoma
indicating HBZ alone is oncogenic.%®)

Another striking feature of the HBZ is constitu-
tive expression in vivo:°?) Expression was detected by
PCR in most cases of ATL patients and also in viral
carriers so far tested. Taking all these observations
into account, HBZ has been expected to be responsi-
ble for inducing and persisting tumor state even after
Tax was shut off. Although the mechanism how HBZ
induces tumors in transgenic mice is yet unknown, it
could be speculate that HBZ suppresses Tax function
protecting infected cells from immune response and
concurrently contributes to persistence of the tumor
phenotypes through continuous expression (Fig. 4).

6.3. Questions remained in pathogenesis.

6.3.1. Clonal expansion of infected cell. As
discussed in previous section #5.2 and #6.2, issue
on Tax expression seemed to be solved by HBZ.
However, HBZ is still unable to explain a clonal se-
lection of infected cell toward malignant transfor-
mation because it would express in all infected cells.
A key question how a given T cell infected with
HTLV-1 is selected for clonal expansion for trigger-
ing ATL is still remained.

6.3.2. Specificity to CD4* T cells. Receptor for
HTLV-1 infection was identified as Glut-1, which
is ubiquitously expressed as a glucose transporter;

T cell proliferation

Tumorigenic

Tllustration of HBZ expression and the functions.

nevertheless, HTLV-1 infection is restricted to T
cells in vivo. Furthermore, ATL cells are always
CD4% T cells. HTLV-1 infects both CD4% and
CD8* T cells, but immortalizes only CD4™ T cells.
Mechanism of such specific infection and transforma-
tion is totally unknown. The functions of Tax and
HBZ are unlikely to explain the cell type specificity;
therefore, we need an additional event for malignant
transformation in ATL.

During the last three decades since discovery of
ATL, the HTLV-1/ATL research has provided great
opportunities for scientists to study tumor initiation
and progression directly in humans. Even though the
ATL is only in small population, it would provide an
insight into oncogenesis, immune response mecha-
nisms, and treatment and prevention strategies for
cancer in humans. Efforts for further understanding
and better treatment of ATL seemed to be curtailed
recently, however, it should be emphasized to re-visit
remained issues and prematurely derived conclusion.
Recent technology advances in dealing with cancer
stem cell, micro RNA, molecular profiling and indi-
vidual genome sequencing would make it possible to
lead complete solution of ATL.
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