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Table 1| Continued

Study design

Population-based
descriptive study

Cohort study
(Miyazaki Cohort
study)

Population-based
descriptive study

Population-based
descriptive study

Reference Country Targeted population Size of population No. ATL cases
Gérard et al. French Whole French Guiana Total 115,000 Enrolled in the study in
{1996} Guiana population 1990-1993
Total: 18
Hisad Japan Residents in two HTLV-1 1,960 of whom 27% were Data in 1984-2000
{19988} endemic villages in the HTLV-1 antibody-positive in
Miyazaki Prefecture (an 1984
endemic area in Japan)
Okayama et al, Total: 6
(2004)
Levine et al. us Central Brooklyn black Total: 1,184,670 Data from a survey in
{1999) community (an endemic 1994
area in New York)
' M: 2
F:10
Arisawa et al. Japan Entire residents of the Data from the Statistics Data from a cancer

{2000)

Nagasaki Prefecture (an
endemic area in Japan)

Residents of 4 towns on
the K Islands (a cluster
regions in Nagasaki)

HTLV-1 carriers of 4 towns
on the K Islands (a cluster
regions in Nagasaki)

Bureau in 1990

M: 736,729
F: 826,230

Data from the Statistics
Bureau in 1990

M: 12,820
F: 14,060

Data from HTLV-1 screening
in 1985-1996

registry in 1985-1995

M: 567
F: 422

Data from a cancer
registry in 1985-1995

M: 24

F: 16

Data from a cancer
registry in 1985-1995

Incidence rate (IR)

Crude annual IR {per 100,000

entire population) Total: 3.5
Crude annual IR in an
endemic region (per 100,000
population) Total: 30

NA

NA

World age-standardized
annual IR (cases/100,000
population):

M: 10.5

F: 6.0

Crude IR (per 100,000
person-years of residents)

M: 274
F:15.9

Crude IR {per 100,000
person-years of HTLV-1

Lifetime risk
(estimated
cumulative risk)

NA

NA

NA

NA

(30-79 years):

M: 1.7%
F:0.7%

(30-79 years):

carriers)
M - F: 18,485 M: 24 M: 1377 M: 6.6%
F: 16 F: 574 F:21%
(Continued)
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Table 1| Continued

No. ATL cases

Study design Reference Country Targeted population Size of population
Population-based ‘arnamoto and  US General population in US Approximately 61% of the US ~ Data from cancer
descriptive study Goodman population registry in 1997-2002
(NAACCR) (2008}
M: 248
F: 183
White population in US NA M: 187
F: 104
Black population in US NA M: 46
F: 69
Population-based Arisawa et al, Japan Entire residents of the Data from the Statistics Data from a cancer
descriptive study {2009) Nagasaki Prefecture (an Bureau in 1995 registry in 1985-2004
endemic area in Japan)
M: 726,894 M: 1,022
F: 818,040 F: 829
Hospital-based and  Koga et al. Japan Estimated HTLV-1 carriers Data calculated by multiplying  Data from a cancer
Population-based 2010 in Nagasaki City {an the HTLV-1 positivity rate in registry in 1990-2005
descriptive study endemic area in Japan) the University hospital with
the number of the population
census in Nagasaki City
M: 12,755 M: 188
F: 24,228 F: 172
Nationwide Yamada et al. Japan Whole Japanese population  Data from the Statistics Data from 156 hospitals

hospital-based
survey

(2011)

Estimated HTLV-1 carriers
in Japan

Bureau in 2006

Total: 127.053,000
Kyushu: 13,407,000

Data calculated by multiplying
the HTLV-1 seropositivity rate
in blood donors in an
individual prefecture by the
number of the population in
this individual prefecture
Total: 1,078,722

2006-2007

Total: 910
Kyusyu: 544

Data from 156 hospitals
2006-2007

Total: 910

Incidence rate (IR)

Lifetime risk
(estimated
cumnulative risk)

Age adjusted to the 2000 US

standard population per
100,000 population

M: 0.05

F:0.03

M: 0.05

F:0.02

M: 0.12
F:0.13

World age-standardized
annual IR {per 100,000
population)

M: 8.7

F: 5.5

Annual IR {per 100,000
HTLV-1 carriers)

M: 92
F: a4

Annual IR (per 100,000
population)

Total: 0.91
Kyushyu: 5.11

Annual IR (per 100,000 HTLV-1
carriers over 20 years old)

Total: 106

NA

NA

NA

(30-99 years):

M: 0.88%
F:0.67%

(30-79years):

M: 729%
F:3.78%

NA

M:8.73%

F:5.14%

NA, not available.
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FIGURE 1 | Annual number of deaths from adult T-cell leukemia (ATL) during 2001-2010 in Japan. The raw data were obtained from vital statistics in the
Portal Site of Official Statistics of Japan (e-Stat; accessed April 8, 2012). Abbreviations: M, male; F, female.
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FIGURE 2 | Chronological changes in the mean age at diagnosis of adult T-cell leukemia (ATL) in Japan. The figure was modified from Figure 2 in Yarnada

EAST ASIA (EXCLUDING JAPAN)

Although there were several reports of blood donor screening for
HTLV-1,no epidemiological study of ATL has been published from
East Asian countries other than Japan because of the lower preva-
lence of HTLV-1 (less than 0.1%). Nevertheless, several case series
of ATL were available. The first case of ATL was reported in Tai-
wan in 1985 (Chen et al., 1985), in Korea in 1987 (Lee et al.,
1987), and in China in 1995 (Zhuo et al.,, 1995). In Hong Kong,
since the first case of ATL was reported in 1994 (Liang, 1994), all

patients with T-cell lymphoma have been routinely screened for
HTLV-1 antibody. In a registration study of lymphoma between
1993 and 2002 in Hong Kong, six cases of ATL were diagnosed
among 5,911 lymphomas, in which ATL contributed to 0.1% of
all cases of lymphoma and 1.3% of T-cell lymphoma (Au and
Lo, 2005). Recently, 17 cases of ATL were reported from Taiwan
(Lee et al., 2010), of those approximately 40% of the patients co-
infected with HBV and HCV, which may be a characteristic of the
Taiwanese ATL.
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MIDDLE EAST

The prevalence of HTLV-1 infection among healthy subjects is
reported to be very low, less than 0.1%, in Lebanon, Saudi Arabia,
Egypt, and Kuwait (Proietti et al., 2005). However, there are some
areas with a very high rate of HTLV-1 infection.

Northeast province of Iran (Mashhad, Sabzevar, and
Neyshabour) and Urmia are known to be an endemic area for
HTLV-1, where the prevalence of HTLV-1 infection was reported
to be 0.34-0.77% in blood donors (Abbaszadegan et al., 2003;
Khamenehetal.,2008), 1.7-12% in cross-sectional studies (Meytes
et al, 1990; Safai et al, 1996; Hedayati-Moghaddam et al,,
2011; Azarpazhooh et al,, 2012), and 2-3% in community-based
population (Rafatpanah et al,, 2011).

Romania is also suggested to be an endemic area for HTLV-
1 because antibodies to HTLV-1 were found in 0.64% of blood
donors (Paun et al., 1994), which was an extremely higher sero-
prevalence rate than in Europe and the USA. In Israel, HTLV-1
seropositive were discovered only in 0.0018% out of 276,000 blood
donations, but a very high rate of infection (over 20%}) has been
identified among a segregated community of Jews originated from
the city of Mashhad in Iran (Miller et al., 1998).

Although, there are several clinical studies for ATL patients in
the Middle East (Kchour et al,, 2007, 2009), epidemiological stud-
ies regarding incidence and prevalence of ATL were not available
in literature from the Middle East. There were several case reports
of ATL, most of which were Mashhad origins or Romanian origins
(8idi et al., 1990; Veelken et al., 1996; Shtalrid et al., 2005; Bitar
etal., 2009).

UNITED STATES

HTLV-1 and ATL are extremely rare in North America. Several
ATL cases have been reported sporadically (Catovsky et al., 1982).
Most of the cases were migrants from endemic areas. A population-
based survey reported that the annual incidence in African Amer-
icans in central Brooklyn (population size; 1,184,670) was esti-
mated to be approximately 3.2 per 100,000 person-years (Levine
et al., 1999). An interesting finding in their study was that the
male-to-female ratio of 1:3 was different from the male dominance
reported in Japan. Recent cancer registry systems for hematolog-
ical malignancies allow a precise evaluation of epidemiological
features of ATL in the USA. In a recent report from the North
American Association of Central Cancer Registries (NAACCR;
Yamamoto and Goodman, 2008), a total of 431 cases (248 men
and 183 women) of ATL (ICD-O-3 code; 9,827) were registered
between 1997-2002, showing that the age adjusted incidence rate
was 0.05 for men and 0.03 for women per 100,000 population. The
study also reported a racial difference in the incidence rate, show-
ing that African Americans had the highest rates of ATL (0.12
for men and 0.13 for women per 100,000 population). A possi-
ble explanation for this observation might be the higher number
of migrants from endemic areas of the Caribbean and parts of
Sub-Saharan Africa rather than a racial difference in susceptibility.

THE CARIBBEAN

In the early 1980s, eight patients were diagnosed with ATL in the
USA, and all of them were Blacks from the Caribbean (Blattner
etal., 1982). Since then, Central/South America and the Caribbean

are known as areas of high prevalence of HTLV-1. Although there
is no concrete epidemiological report regarding the incidence or
prevalence of ATL from Central and South America, several case
series have been published. A regional registration study of Jamaica
reported a total of 126 cases of ATL (acute 46.8%, lymphoma 27%,
chronic 20.6%, and smoldering 5.6%) between January 1985 and
July 1995 (Hanchard, 1996). The mean age was 43 years old (17—
85 years old), which is similar to that reported in Brazil (43 years;
Pombo de Oliveira etal,, 1995) but younger than thatin Japan (50—
60 years; Yamaguchiet al., 1987). There is definite evidence that the
age at diagnosis in Central/South America and the Caribbean is
younger than that in Japan. This difference in the age at diagnosis
might be due to different environmental backgrounds.

CENTRAL AND SOUTH AMERICA

In Central and South America, HTLV-I has been shown to be
endemic mainly in populations of African ancestry and in some
populations of Japanese origin.

Brazil has the highest HTLV-1 seroprevalence rate in healthy
subjects (approximately 1%), especially in Rio de Janeiro and
Salvador (1.8%) on the northeast coast of the country where
the population is largely of African descent. ATL accounts for
approximately 30% of patients with T-cell malignancies in Brazil
(Pombo de Oliveira et al., 1995; Farias de Carvalho et al,, 1997).
A Brazilian ATLL Study Group identified 195 cases of ATL in the
national registry of T-cell malignancies between 1994 and 1998
(Pombo de Oliveira et al., 1999), but no epidemiological indica-
tors were available. In Argentina, HTLV-1 infection is known to be
highly prevalent among Native Americans living in the Andes, and
ATL accounts for approximately 14.7% of patients with lymphoid
malignancies (Marin et al,, 2002).

Chile is a non-tropical country but small case series of ATL
patients have been reported frequently (Cabrera et al., 1994, 1999,
2003). The characteristics of Chilean ATL were reported that the
most of patients were of Caucasian origin, and age at diagno-
sis (50 years old) was younger than Japanese patients but older
than those from other Latin American countries. According to
the recent pathological study in Chile, ATL accounts for 0.5% of
patients with of NHL (Cabrera et al., 2012).

French Guiana (population 115,000), an overseas French
administrative district located on the northeast coast of the South
American continent between Brazil and Surinam, is also known
to be an area of high endemicity for HTLV-I (Plancoulaine et al.,
1998; Talarmin et al., 1999, Pouliquen et al,, 2004). Although the
population consists of various ethnic groups, a high seroprevalence
of HTLV-I (8%) and a high incidence of cases of ATL were found
among the Noirs-Marrons, an isolated population descended from
Surinam slaves (Gérard et al., 1995; Tuppin et al., 1995; Plan-
coulaine et al,, 1998). An epidemiological study was performed in
French Guiana to determine the prevalence and incidence of ATL
(Gérard et al,, 1995). Only 18 patients with ATL (8 acute forms,
8 lymphoma types, and 2 smoldering cases) were enrolled dur-
ing 1990-1993 and the annual crude incidence rate was estimated
to be around 3.5 per 100,000 populations. However, in a small
remote ethnic group of African origin (around 6200 inhabitants),
the annual crude incidence rate was the highest to be around 30
per 100,000 populations.
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Table 2 | Risk factors for the development of ATL with regard to the
HTLV-1 carrier status.

Reference

Host susceptibility

Vertical infection with HTLV-1 as infant Murphy et al. (1889
Attained at an age of >50 years Many references
Male sex

HLA-A*26, HLA-B*4002, HLA-B*40086, and
HLA-B*4801 (Japanese ATL)

Co-infected with Strongyloides stercoralis
Laboratory markers

A high level of sil-2R, more than 500 U/ml
A high level of anti-HTLV-1, titer more

than x 1,024

A high level of circulating abnormal

Many references
Yashiki et al. (2001)

Arisaw et al. {2002}
Arisaw et al. (2002)

Hisada et al. {1898a)
lymphocytes, more than 0.6%
Hisada et al. {18980}

Iaizumy et el (2008

A low level of of anti-Tax reactivity

A high level of white blood cell count, more than
9,000/uL

Viral markers

A higher HTLV-1 proviral load level, more than 4
copies per 100 PBMCs

lwanaga et al. (2010)

ATL, adult T-cell leukemia; HTLV-1, human T-cell leukemia virus type 1; HLA, human
leukocyte antigen; PBMC, peripheral blood mononuclear cell; sll-2R, soluble
interleukin-2 receptor.

AFRICA AND EUROPE
In Africa, a high HTLV-I seroprevalence rate (>2% in the adult
population) has been reported in sub-Saharan African countries,
especially in Gabon (Hunsmann et al,, 1984; Delaporte et al., 1988;
Gessain, 1996; Etenna etal,, 2008; Gongalves et al,, 2010). Although
there are many reports regarding the HTLV-I seroprevalence rates
in African countries, only a few epidemiological studies of ATL
were available. In a case-control study including NHL and control
that performed in Gabon, only four cases of the 26 patients with
NHL fitted the criteria of ATL (Delaporte et al.,, 1993), but further
information on epidemiological feature of ATL was not available.
In Europe, HTLV-1 is endemic in Southern Italy (Manzari et al.,
1985). Several case series of ATL were reported from Europe (Man-
zari et al., 1985; Gessain et al., 1990). Most of ATL patients were
African origin from high-HTLV-1-endemic areas (West Indies,
Nigeria, and other African areas); however, some patients had no
background regarding endemic areas (Manzari et al., 1985).

RISK FACTORS FOR ATL IN HTLV-1 CARRIERS

Although a variety of genetic abnormalities due to HTLV-1 infec-
tion have been reported to explain the characteristics of ATL
oncogenesis, HTLV-1 infection alone is not sufficient to develop
ATL from HTLV-1 carrier status. Risk factors for developing ATL in
HTLV-1 carriers have been investigated in many epidemiological
and clinical studies (Table 2).

HOST SUSCEPTIBILITY
Age is a well-known risk factor for the development of ATL. ATL
occurs mostly in adults, at least 20-30 years after HTLV-1 infection.

However, the age at onset differs across geographic areas, which
may be affected by racial or environmental characteristics. In Japan
in the early 1980s, an average age at diagnosis of ATL was reported
to be individuals in their early 1950s (The T- and B-Cell Malig-
nancy Study Group, 1981, 1985), but the age at diagnosis increased
yearly, reaching 65 years in the latest nationwide survey for ATL
(Yamada et al., 2011). However, the average age at diagnosis of ATL
in Jamaican and Brazilian series was reported to be individuals in
the 1940s (43 years in Jamaica and 44 years in Brazil; Hanchard,
1996; Pombo de Oliveira et al., 1999), which is younger than that
in Japan (Yamaguchi et al., 1987).

The age at the time of HTLV-1 infection is also a very impor-
tant risk factor for the development of ATL. Individuals infected
in childhood (vertical transmission) may be at higher risk for
developing ATL (Murphy et al, 1989). ATL seldom develops in
individuals infected in adulthood, although no epidemiological
study has proven this fact. There was one case report describing
that a female HTLV-1 carrier known as conclusively transmitted
horizontally by her partner developed ATL (Sakuma et al., 1988).
To clarify whether or not ATL develops among individuals infected
in adulthood, a large prospective follow-up study is required.

Male sex is considered a risk factor for ATL. In most studies
from Japan, the incidence of ATL is two- and threefold higher
in male carriers than in female carriers, which is contrary to the
higher rate of HTLV-1 positivity in women than in men. However,
a population-based survey in central Brooklyn reported that the
annual incidence of ATL was higher in women than in men (male-
to-female ratio of 1:3; Levine et al., 1999). Modeling data from
Jamaican series also showed a higher cumulative lifetime risk of
ATL in women than in men (4.0% for men and 4.2% for women;
Murphy et al., 1989). The reason for the sex-related differences
in the incidence rate of ATL between Japan and other regions is
unknown.

It seems unlikely that there are apparent ethnical differences
in susceptibility to infection by HTLV-1 and developing ATL. A
higher incidence of ATL was found individual of African origin
than in others (Manzari et al., 1985; Gessain et al., 1990; Yamamoto
and Goodman, 2008), however, most of patients of African origin
came from HTLV-1 endemic areas.

Earlier epidemiologic studies have found that ATL patients are
more likely to have a family history of lymphoid malignancy (Ichi-
maru et al,, 1979; The T- and B-Cell Malignancy Study Group,
1981). Since then, several host genetic background factors influ-
encing the onset of ATL have been investigated. Human leukocyte
antigen (HLA) is a candidate for the genetic factors controlling
the immune response against the viral antigen. Specific HLA anti-
gen alleles have been reported to be associated with an increased
risk of developing ATL (Uno et al., 1988). The allele frequencies
of HLA-A"26, HLA-B*4002, HLA-B*4006, and HLA-B*4801 were
significantly higher in ATL patients than in asymptomatic HTLV-1
carriers in southern Japan, and ATL patients possessing these alle-
les developed ATL 12.6 years earlier than patients with other alleles
(Yashiki et al., 2001). Ethnic differences in HLA alleles related to
ATL were also investigated in another study (Sonoda et al.,, 2011).

HTLV-1 carriers with abnormal immune system may be at
high-risk of developing ATL. Several studies reported that HTLV-
1 carriers co-infected with Strongyloides stercoralis are considered
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a high-risk group for developing ATL because of the clonal
proliferation of HTLV-1-infected lymphocytes and high proviral
load (Nakada et al.,, 1987; Yamaguchi et al., 1988; Plumelle et al,,
1997; Gabet et al,, 2000). Satoh et al. (2002) suggested that S. ster-
coralis infection induces polyclonal expansion of HTLV-1-infected
cells by activating the interleukin 2/interleukin 2 receptor (IL-2/IL-
2R) system in dually infected carriers, which may be a precipitating
factor for ATL. The immunosuppressive state has been reported
to potentially contribute to ATL development in HTLV-1 carriers.
There were several case reports of ATL developed in HTLV-1 carri-
ers undergoing immunosuppressive treatment after living-donor
liver transplantation (Kawano et al., 2006; Yoshizumi et al.,, 2012)
and kidney transplantation (Hoshida et al., 2001).

LABORATORY MARKERS

Several laboratory abnormalities were found to be markers for the
development of ATL. Kamihira et al. (1994) measured prospec-
tively soluble IL-2R (sIL-2R) levels and lactate dehydrogenase
(LDH) levels in HTLV-1 carriers, reporting that the increasing
level of sIL-2R may be a more sensitive indicator of ATL than
LDH. A nested case-control study also showed that high levels of
sIL-2R (more than 500 U/mL) and HTLV-1 antibody titers (more
than 1,024) were independently associated with an increased risk
of developing ATL (Arisaw et al., 2002). Imaizumi et al. (2005)
analyzed the outcomes of 50 HTLV-1 carriers with monoclonal
proliferation of HTLV-1-infected T cells in a 20-year follow-up
study, reporting that a high white blood cell count more than
9,000/pL was a potential prognostic factor for developing ATL,
even after adjustment for age, sex, and relative lymphocyte counts.

A series of the Miyazaki Cohort Study (population size; 1,960
people, of whom 27% were HTLV-1 antibody-positive) reported
that an HTLV-1 carrier with a high anti-HTLV-1 titer (odds ratio;
1.6), a high number of circulating abnormal lymphocytes, and a
low anti-Tax reactivity were associated with a greater risk of devel-
oping ATL (Mueller et al., 1996; Hisada et al., 1998a,b). Recently,
an international ATL Cohort Consortium study by merging eight
cohorts from Japan, Jamaica, the United States, and Brazil exam-
ined serologic markers of HTLV-I pathogenesis and host immunity
in 53 ATL cases and 150 matched asymptomatic HTLV-I carriers
(Birmann et al., 2011). The study confirmed that above-median
sIL-2R and anti-Tax seropositivity were independently associated
with an increased ATL risk, and found that above-median total
immunoglobulin E levels predicted a lower ATL risk.

Aberrant expression of cell-surface antigens is usually used for
clinical routine diagnosis on ATL. ATL cells phenotypically express
CD4, CCR4, and CD25. However, data of cell-surface antigens
rarely used for a prognostic marker of ATL from HTLV-I carri-
ers. Two studies reported that expression of CD3, CD7, and CD26
on HTLV-1-infected cells were diminished in acute and chronic
ATL and those were slightly down-regulated in smoldering ATL
(Tsuji et al,, 2004; Tian et al,, 2011). These results suggest that the
down-regulation of those cell-surface antigens could be possible
predict markers for the early phase leukemogenesis of ATL from
HTLV-1 carriers. A resent study serially evaluated cell-surface anti-
gens on HTLV-1-infected cells in HTLV-1 carriers, smoldering
ATL, and chronic ATL, by taking into consideration the pattern
of Southern blot hybridization and proviral load (Kamihira et al.,

2012). The report suggests that the decreasing expression of CD26
and the decreasing ratio of CD26/CD25 are novel biomarkers
for prediction of clonal bands and discrimination of carriers and
smoldering ATL.

PROVIRUS-INTEGRATION STATUS

Among HTLV-1 carriers, there exist a group of cases having the
monoclonal integration of HTLV-1 proviral DNA in mononuclear
cells without signs of malignant proliferation or clinical signs and
symptoms related to leukemia (Ikeda et al., 1993). Such carriers
have been suggested to be a high-risk group of developing ATL, but
their prognosis varied from being stable carriers for long to devel-
oping ATL (Tkeda et al., 1993; hmaizumi et al., 2005). There are
only a few epidemiological studies to investigate the significance
of the provirus-integration status on non-malignant infected cells
from asymptomatic HTLV-1 carriers.

Nakada et al. (1987) reported that patients with S. stercoralis
infection and co-infected with HTLV-1 had a high frequency
(35%) of patients presenting a monoclonal integration of HTLV-1
proviral DNA in their blood lymphocytes. Carvalhio and Da Fon-
seca Porto (2004) also The author also found a correlation between
monoclonal integration of proviral DNA and abnormal lympho-
cytes in peripheral blood, with a trend for greater severity of the
parasitic infection. Although several studies reported that HTLV-1
carriers co-infected with S. stercoralis are considered a high-risk
group for developing ATL (Nakada et al., 1987; Yamaguchi et al,
1988; Plumelle etal., 1997; Gabet et al., 2000), no study investigated
the clinical significance of the monoclonal integration of HTLV-1
proviral DNA in their blood lymphocytes in HTLV-1 carriers with
S. stercoralis.

PROVIRAL LOAD

In the area of viral oncogenesis, there are accumulated data
indicating a relationship between an increased viral load and
viral-associated malignancies. HTLV-1 proviral DNA load in the
peripheral blood mononuclear cells (PBMCs) are also evaluated in
some epidemiological and clinical studies to support the hypoth-
esis that increased HTLV-1 proviral load level is an important
predictor of developing ATL.

A cross-sectional study (Manns et al., 1999) and a series of
the Miyazaki cohort study (fachibana et al., 1992; Hisada et al,,
1998a,b; Okayama et al,, 2004) reported that HTLV-1 proviral
load level was higher in HTLV-1 carriers who developed ATL
than in asymptomatic HTLV-1 carriers. However, the proviral load
was measured only in a small number of subjects in the above
literature.

Several large-scale prospective studies support results from the
previous small studies that an increased HTLV-1 proviral load is an
important predictor of developing ATL. In Japan in 2002, a nation-
wide prospective cohort study for asymptomatic HTLV-1 carriers,
the Joint Study on Predisposing Factors of ATL Development
(JSPFAD), was initiated (Yamaguchi et al., 2007) to investigate
viral- and host-specific determinants of the development of ATL
in more detail. In the cohort of 1,218 asymptomatic HTLV-1 car-
riers (426 men and 792 women), 14 subjects progressed to overt
ATL during a follow-up of 1981.2 person-years (Iwanaga et al.,
2010). All of the 14 subjects were among those with the high-
est group of baseline proviral load (range, 4.17-28.58 copies/100
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PBMCs). Multivariate Cox analyses indicated that a higher provi-
ral load (more than 4 copies/100 PBMCs) is an independent risk
factor for progression of ATL, even after adjusting for sex, age,
family history of ATL, and other possible risk factors. The result
indicated that HTLV-1 carriers with higher HTLV-1 proviral load
levels belong to the high-risk group of carriers who develop ATL
and in whom any measures to prevent the development of ATL
should be instituted.

Nevertheless, the association between HTLV-1 proviral load
and disease development remains unclear because a higher provi-
ral load is also an important predictor in patients with HTLV-1-
associated myelopathy/tropical spastic paraparesis (HAM/TSP).
Further viral markers are needed to determine the function of a
higher HTLV-1 proviral load to direct the way to developing ATL
or developing HAM/TSP from HTLV-1 carriers.

CONCLUDING REMARKS

Although many prior studies found important epidemiological
evidence on ATL and risk factors for the development of ATL in
HTLV-1 carriers, limited data are available on the valid annual
incidence of ATL from longitudinal prospective studies. Existing
predisposing factors are still insufficient to explain the character-
istics of ATL oncogenesis. Unknown risk factors may be involved
in the acquisition of malignant characteristics of HTLV-1 infected
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The human T-cell leukemia virus type 1 (HTLV-1) is a retrovirus causing an aggressive T-cell
malignancy, adult T-cell leukemia (ATL). Although HTLV-1 has a compact RNA genome, it
has evolved elaborate mechanisms to maximize its coding potential. The structural proteins
Gag, Pro, and Pol are encoded in the unspliced form of viral mMRNA, whereas the Env pro-
tein is encoded in singly spliced viral mMRNA. Regulatory and accessory proteins, such as
Tax, Rex, p30Il, p12, and p13, are translated only from fully spliced mRNA. For effective viral
replication, translation from all forms of HTLV-1 transcripts has to be achieved in concert,
although unspliced mRNA are extremely unstable in mammalian cells. It has been well
recognized that HTLV-1 Rex enhances the stability of unspliced and singly spliced HTLV-1
mRNA by promoting nuclear export and thereby removing them from the splicing site. Rex
specifically binds to the highly structured Rex responsive element (RxRE) located at the
3’ end of all HTLV-1 mRNA. Rex then binds to the cellular nuclear exporter, CRM1, via its
nuclear export signal domain and the Rex-viral transcript complex is selectively exported
from the nucleus to the cytoplasm for effective translation of the viral proteins. Yet, the
mechanisms by which Rex inhibits the cellular splicing machinery and utilizes the cellular
pathways beneficial to viral survival in the host cell have not been fully explored. Further
more, physiological impacts of Rex against homeostasis of the host cell via interactions
with numerous cellular proteins have been largely left uninvestigated. In this review, we
focus on the biological importance of HTLV-1 Rex in the HTLV-1 life cycle by following the
historical path in the literature concerning this viral post-transcriptional regulator from its
discovery to this day. In addition, for future studies, we discuss recently discovered aspects

of HTLV-1 Rex as a post-transcriptional regulator and its use in host cellular pathways.

Keywords: HTLV-1 Rex, retroviruses, post-transiational regulator, CRM1, importing, B-23, HTLV-2, HIV-1 Rev

INTRODUCTION

Human T-cell leukemia virus type 1 (HTLV-1) is widely accepted
as the causative agent of adult T-cell leukemia (ATL) and was dis-
covered almost a decade after the recognition of ATL as a disease
(Takatsuki, 2005). By the early 1970s, many clinicians recognized
the existence of a new type of human leukemia/lymphoma; how-
ever, an official description of ATL did not appear until 1977 in
Kyoto, Japan. In 1979, HTLV-1 was confirmed in the United States
(Gallo, 2005), and reported as the first human retrovirus (Poiesz
etal, 1980, 1981). Soon after the discovery of HTLV-1, a retro-
virus was also isolated from ATL patients in Japan and named
adult T-cell leukemia virus (ATLV; Yoshida etal., 1982). It was
then confirmed that ATLV and HTLV-1 were the same virus and
the description was modified thereafter to indicate that ATL is
caused by HTLV-1 (Popovic et al., 1982, 1983).

The genomic structure of the HTLV-1 provirus was thoroughly
investigated and published by Seiki etal. (1983), which acceler-
ated studies in biochemical and molecular aspects of HTLV-1 in
the late 1980s and resulted in the first review on the molecular biol-
ogy of HTLV-1 in 1995 (Franchini, 1995). Generally, RNA viruses
have evolved elegant mechanisms to maximize coding potential
and to precisely regulate the expression of encoded genes. Over-
* lapping reading frames, internal ribosome entry sites, alternative

splicing, sub-optimal Kozak sequences, and ribosomal frame shift-
ing are among the varied mechanisms used to maximize genomic
coding potential and regulate expression of specific viral genes
(Balvay etal., 2007). HTLV-I has a compact genome RNA of 8685
nucleotides with two long terminal repeats (LTR) located at the 5
and 3’ ends that function as the viral promoter. HTLV-1 encodes
more than 10 open reading frames (ORFs) by employing sev-
eral mechanisms to achieve appropriate and ordered expression
of these genes, including alternative splicing and programmed
ribosomal frame-shifting (PRF). In particular, gag and pol are
separated by pro, which overlaps both the 3’ end of gag and 5’
end of pol. The protein precursors, Gag-Pro and Gag-Pro-Pol,
share a common Gag initiator codon located at the 5’ end of gag,
and expression is translationally regulated by an in-frame read-
through and PRE PRF is a mechanism frequently used by viruses
to alter the translational reading frame by shifting the ribosome
at a slippery site (Theis etal., 2008). The HTLV-1 RNA genome
has a —1 PRF at nucleotide 1718 and another at nucleotide 2245.
Moreover, HTLV-1 RNA genome contains two major splice sites.
Unspliced HTLV-1 RNA vyields Gag, Pro, and Pol proteins and the
singly spliced RNA produces Env, whereas the functional proteins
derived from the pX region can be translated only from doubly
spliced mRNA.
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The 3" end of the HTLV-1 genome was named the pX region at
the time the genomic structure of this virus was determined, since
the function of this region was unclear. Deciphering the over-
lapped ORFs in the pX region allowed us to examine the encoded
regulatory and accessory proteins of HTLV-1 in the pX region and
newly discovered findings of wide-ranged functions of those viral
proteins involved in the host cellular pathways have been quickly
accumulated. Information concerning the function of HTLV-1
accessory proteins including Rex in the regulation of viral repli-
cation has been accumulated and updated during the last decade
(Johnson etal., 2001; Franchini et al., 2003; Kashanchi and Brady,
2005; Taylor and Nicot, 2008; Kannian and Green, 2010). As a
retrovirus, HTLV-1 is composed of only RNA genome that con-
tains all the information necessary for self-replication; thus, the
expression of viral genes entirely relies on the host transcriptional
and translational machinery. Besides the structural proteins Gag,
Pro, Pol, and Env, HTLV-1 encodes several unique regulatory and
accessory proteins, such as Tax, Rex, P3011, p12, p13, and HTLV-1
basic leucine zipper factor protein (HBZ) coded in antisense ORF.
Here we start this review of HTLV-1 Rex by introducing the func-
tions of all viral accessory proteins before focusing on Rex, since
these proteins function in concert to achieve successful infection
and replication of HTLV-1 in the host cell. Thus, understand-
ing the overall viral mechanism is necessary to understand the
functional importance of Rex in the HTLV-1 life cycle.

SCHEDULED AND CONCERT FUNCTIONS OF VIRAL PROTEINS
FOR REGULATION OF VIRAL EXPRESSION

HTLV-1 has two major transcriptional regulators, Tax and Rex.
Tax is a strong trans-activator of HTLV-1 LTR promoter, which
enhances the expression of integrated HTLV-1 proviruses (i.e.,
viral replication) during the early phase of infection. Tax also
has a significant influence on host signal transduction, gene
expression, and cell cycle regulation by interacting with various
cellular proteins and plays a major role in immortalization and
leukemogenesis of the host T-cells (Matsuoka and Jeang, 2007;
Boxus etal,, 2008). On the other hand, it is also well recognized
that Tax is expressed only during the early phase of infection
and not expressed, at least not at a detectable level, thereafter.
Consequently, it remains unclear how the “influence” of Tax is
maintained for decades and triggers transformation of infected
T-cells.

Rex is an mRNA binding protein, which specifically binds to the
Rex responsive element (RxRE) and acts as a post-transcriptional
regulator of HTLV-1 mRNA. Since RxRE locates to the U3 and R
regions, all HTLV-1 transcripts (i.e., unspliced, singly spliced, and
doubly spliced mRNA) have RxRE. The most important func-
tion of Rex is selectively binding to unspliced and partially spliced
HTLV-1 mRNA in the nucleus and quickly exporting them to
the cytoplasm, thereby preventing further splicing and enhancing
effective translation of the structure proteins (Hidaka et al., 1988;
Adachi etal., 1990, 1992; Hamaia etal., 1997).

A second HTLV-1 RNA binding protein, p30Il, specifically
binds to doubly spliced tax/rex mRNA and retains it in the nucle-
olus. Therefore, p301II reduces Tax and Rex expression levels (and
thus, overall viral activity), which eventually leads the virus to
enter the latent period (Nicot etal., 2004; Ghorbel etal., 2006;

Sinha-Datta etal., 2007; Bai etal,, 2010). Rex directly binds to
p30II and rescues tax/rex mRNA retention by p30Il to promote
viral replication (Sinha-Datta et al., 2007); thus, switching between
replication and latency is modulated by p30Il and Rex interactions.
In addition, p30II interacts with a number of cellular proteins and
represses expression from HTLV-1 TR by binding to p300, an
important co-activator of LTR, probably by competing with Tax
(Michael etal., 2006). This viral protein enhances the transform-
ing activity of cMyc through interactions with a transforming
co-activator, TIP60 (Awasthi etal.,, 2005). Recently, p30Il was
reported to enhance inappropriate DNA repair (Baydoun etal,,
2011). The authors speculated that this new role of p30II may
result in accumulation of DNA lesions during transformation of
an infected cell. Anupam etal. (2011) also suggested an important
role of p30Il in enhancement of cellular survival under DNA dam-
age through modulation of ataxia telangiectasia mutated (ATM)
level, which is a key regulator of the cell cycle checkpoint initiated
by a double-strand DNA break. The authors also demonstrated
that REGy, which stimulates the proteolytic activity of the 20S
core proteasome independent of ubiquitination and ATP, unex-
pectedly enhanced p30Il expression. Overall, p30II has multiple
functions via interactions with both viral proteins/transcripts and
cellular proteins and maintains a balance between viral latency and
spread, as well as between cellular survival and transformation.
The small HTLV-1 accessory proteins, pl2 and pl13, are not
essential for viral replication, but they play important roles in
escaping from the host immune system and transformation of
infected T-cells (Koralnik etal., 1993; Nicot etal., 2005). Finally,
HBZ, a product of the antisense strand of HTLV-1 RNA genome,
is known to promote viral replication and cellular proliferation
(Matsuoka and Jeang, 2011) and induces T-cell lymphoma and
chronic inflammation in vivo (Satou et al., 2011). The importance
of this antisense-coded protein in the viral life cycle remains vague,
although Arnold etal. (2006) showed that HBZ was dispensable
for cellular immortalization in vitro, whereas it enhanced viral
infectivity in vivo in a rabbit model. A new perspective of this
antisense gene-coded product as a non-coding RNA was recently
proposed, since HBZ has not been observed at detectable levels
in HTLV-1 carriers and ATL patients, and a large portion of hbz
mRNA was shown to accumulate in nucleus (Rende etal., 2011).
After HTLV-1 entry and integration into the host human
genome, proviral expression is initiated and the viral regula-
tory/accessory proteins function in concert with a precise schedule.
Such well-organized regulation of HTLV-1 expression has been
investigated by many researchers in the field of molecular and
cellular virology and it was also recently confirmed by kinetic cal-
culations (Corradin etal., 2010). Figure 1 shows the time-course
of HTLV-1 expression postinfection. Expression of the HTLV-1
provirus relies entirely on the host cell machinery and during
the initial stage of infection, the viral mRNA is fully spliced to
tax/rex mRNA. Since Tax has a stronger Kozak sequence than Rex,
translation of Tax is initially superior to that of Rex (Green and
Chen, 1990). Tax boosts transcription by LTRs and Rex gradu-
ally accumulates. Once a sufficient level of Rex is pooled in the
host cell, Rex blocks splicing of viral mRNA and exports the
unspliced and singly spliced viral mRNA to the cytoplasm for
selective translation of Gag, Pro, Pol, and Env, resulting in active

Frontiers in Microbiology | Virology

September 2012 | Volume 3 | Article 330 | 2



ATL SERICETEHRORRKAE CESIKRREICS & D <IRNEMRARIDBERICET SR

169

Nakano and Watanabe

HTLV-1 Rex in host cellular pathways

Viral Replication |

FIGURE 1 | Concerted functions of viral proteins for HTLV-1 expression.
Postinfection, the HTLV-1 provirus expresses viral proteins at appropriate
times to control the early productive phase and the late shut-down phase
leading to latency in the HTLV-1 life cycle. At the very beginning, without
Rex, the viral transcripts are fuily spliced and thus, Tax and Rex are
selectively translated (stage 1). Tax transactivates HTLV-1 LTR promoter
activity, whereas Rex inhibits splicing and actively exports the unspliced
and singly spliced viral mRNA from the nucleus resulting in the expression
of structural proteins and production of viral particles (stage 2). In the late
phase, p30!l from a minor, doubly spliced transcript binds to tax/rex mRNA
and confines it to the nucleoli (stage 3) resulting in decreased Tax/Rex
protein levels leading to latency. N, nucleus; C, cytoplasm; Nu, nucleolus.

viral replication. Selective nuclear export of unspliced and par-
tially spliced viral mRNA by Rex eventually reduces the export of
fully spliced tax/rex mRNA, resulting in a decrease in Tax expres-
sion. Finally, p30Il, with a strong nucleolar localization signal
(NoLS), is expressed from the minor doubly spliced viral mRNA
and retains fax/rex mRNA in the nucleoli, thus preventing their
expression and avoiding immune evasion to initiate latency. The
time course of HTLV-1 expression was thoroughly investigated by
Lietal. (2009) in HTLV-1-expressing 293T cells. Such time-lagged
operations of the positive (Tax and Rex) and negative (p301I) reg-
ulators of HTLV-1 promotes the early infectious phase followed
by a rapid shut-down in the late infectious phase to escape from
the host immune surveillance against pathogens (Figure 1).
During the course of viral expression, the small viral acces-
sory proteins p13 and pl2 also function to optimize the cellular

environment for the viral spread and facilitate viral persis-
tence in infected cells. pl3, a short isoform corresponding to
the C-terminal 87 aa of p30II is localized primarily in the
mitochondrial inner membrane and increases mitochondrial per-
meability to KT and activates the electron transport chain.
This results in increased mitochondrial production of reactive
oxygen species, which induces genetic instability and apopto-
sis (Silic-Benussi etal,, 2010a,b; Biasiotto etal.,, 2010). p13 also
localizes to the nucleus and is ubiquitinated by Tax for stabi-
lization; thus, HTLV-1 balances viral expression and silencing
through negative feedback (Andresen etal., 2011). The balance
between T-cell activation and silencing is achieved by HTLV-1
pl2 and p8, which are encoded in the singly spliced viral
mRNA at minor splicing sites. pl2, which mainly localizes to
the endoplasmic reticulum (ER) and modulates T-cell activa-
tion and proliferation by interacting with the § and y chains of
the interleukin-2 receptor (IL-2R) and leading to activation of
the Janus kinase/signal transducer and activator of transcription
5 (Jak/Stat5) signal transduction pathway to provide a mito-
genic signal (Prooyen etal., 2010a,b). p12 also decreases surface
expression of major histocompatibility complex I via proteasomal
degradation, thus contributing to the rescue of HTLV-1-infected
cells from being targeted by CTL. pl2 also interacts with cal-
reticulin and calnexin resulting in increased Ca?* release from
the ER and activation of the nuclear factor of activated T-cells
(NFAT), a mitogenic pathway in T-cells. On the other hand,
p8, which is cleaved from p12 in the ER, travels to the cell sur-
face and induces T-cell anergy. p8 also increases cell-to-cell viral
transmission through the formation of immunological synapses
(Prooyen etal, 2010a,b).

HBZ was the first viral protein found to be encoded in the
antisense ORF of HTLV-1. HBZ is known to interact with cAMP
response element-binding protein 2 (CREB-2) and suppresses Tax-
mediated viral transcription. HBZ also enhances viral replication
(Matsuoka and Jeang, 2011). On the other hand, previous reports
demonstrated that HBZ expression does not affect the ability of
HTLV-1 to immortalize T-lymphocytes in culture (Arnold etal,
2006), and that hbz mRNA enhanced T cell proliferation in culture
and transgenic mice (Satou etal., 2006). These reports proposed
the possibility that HBZ proteins and hbz mRNA may have differ-
ent functions. Choudhary and Ratner (2011) demonstrated that
hbz mRNA destabilizes p30ii mRNA, thus increasing Tax expres-
sion. Rende etal. (2011) showed that #bz mRNA remains in the
nucleus and speculated that 1bz mRNA may have an important
physiological role as a functional non-coding mRNA. Further
investigations are necessary to clarify the involvement of HBZ and
hbz mRNA in the HTLV-1 life cycle.

Opverall, the interactions and positive and negative feedbacks
among HTLV-1 Tax, Rex, p301l, and HBZ control the activation
and inhibition of HTLV-1 expression, whereas p13, p12, and p8
organize a cellular environment suitable for viral retention.

HTLV-1 Rex: THE CONDUCTOR OF VIRAL
POST-TRANSCRIPTIONAL EXPRESSION
HTLV-1 Rex is a viral RNA binding protein of approximately
27 kDa and is essential for nuclear export of viral mRNA. Rex
is also known to stabilize and export unspliced and singly spliced
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viral mRNA that code structural proteins; thus, Rex is considered
essential for viral replication (Inoue et al., 1986, 1987; Hidaka et al.,
1988; Grone etal., 1996). It has been speculated that Rex inter-
acts with the host splicing machinery in the nucleus to prevent
splicing and stabilizes unspliced and partially spliced viral mRNA.
However, the exact molecular mechanisms have not been fully
elucidated to date.

As a viral post-transcriptional regulator, Rex binds to the RxRE
of the viral transcript with high affinity. The RxRE sequence spans
255 nt from the U3 to R region of the 3'LTR and forms a sta-
ble secondary structure consisting of four stem loops (Ahmed
etal, 1990). RxRE is not only a landmark for Rex binding,
but it is also essential for optimal positioning of the polyA sig-
nal and polyA binding site in the HTLV-1 transcript, which
are otherwise separated by the RxRE sequence (Ahmed etal.,
1991). The cis-acting repressive sequence (CRS) is another reg-
ulatory sequence of HTLV-1 mRNA, located at both ends of
HTLV-1 LTRs. Seiki etal. (1990) described the CRS in the U5
region for the first time and concluded that the CRS suppresses
R activity, thereby enhancing RNA expression from the LTR. In
agreement with their hypothesis, the authors demonstrated that
the CRS in the U5 region significantly suppressed the expression
of unspliced HTLV-1 mRNA only, but not spliced mRNA, since
splicing within the R region removes the U5 element from the
spliced mRNA. Interestingly, the function of Rex in protection
of unspliced mRNA from splicing is CRS-independent. Thus, the
CRS can be viewed as a post-transcriptional repressor, whereas
Rex stabilizes unspliced viral RNA by directly interacting with the
splicing machinery in addition to evacuating the unspliced viral
mRNA to compartments not accessible to the splicing machinery.
More recently, the other CRS in the 3'LTR region overlapping
the RxRE sequence was identified by King etal. (1998). They
examined the functions of 5 and 3’CRSs separately and clari-
fied that 5'CRS hampers nuclear export of only unspliced viral
mRNA, whereas 3'CRS does so for all spliced and unspliced viral
mRNA. This is rather reasonable, since 5CRS remains only in
unspliced mRNA, whereas 3’CRS is conserved in all forms of
viral mRNA. They also found that deletion of both CRSs induced
the constitutive nuclear export of reporter transcripts indepen-
dent of Rex. Recently, Li etal. (2012) demonstrated that nuclear
export of unspliced gag/pol mRNA and singly spliced env mRNA of
HTLV-1 was Rex-dependent, whereas that of alternatively spliced
mRNA was not. According to their conclusion, the unspliced
and singly spliced HTLV-1 mRNA, containing RxRE/CRS and a
functional splice donor site, are nuclear-exported in a Rex/RxRE-
dependent manner, whereas the fully spliced mRNA is not, even
though it contains a 3RxRE/CRS. Their results are somewhat
different from those of Bai etal. (2012), who demonstrated that
tax/rex mRNA was also nuclear-exported in a Rex/RxRE/CRM1-
dependent manner. All together, nuclear export of unspliced and
spliced mRNA of HTLV-1 seems to be fine-tuned by nuclear
retention activity of CRS and selective nuclear exporting activity
of Rex.

Rex is a phosphoprotein; therefore, its activity is determined
by the state of phosphorylation at the several serine/threonine
residues (Kesic etal., 2009a). Adachi etal. (1990) demonstrated
for the first time that Rex is activated by phosphorylation, since

the treatment of an HTLV-1-infected cell line, HUT102, with a
protein kinase C inhibitor, H-7 [1-(5-isoquinolinyl-sulfonyl)-2-
methylpiperazine], resulted in decreased levels of unsliced viral
mRNA and Gag-p19 protein. They also determined Rex phos-
phorylation sites at S70, S177, and Th174 (Adachi etal., 1992),
although the kinase(s) responsible for Rex phosphorylation have
not yet been identified. Recently, Kesic etal. (2009a) thoroughly
examined Rex phosphorylation sites by conducting phospho-
ryl mapping and discovered five other phosphorylation sites at
Thr-22, Ser-36, Thr-37, Ser-97, and Ser-106. On the other hand,
they were unable to confirm the phosphorylation of Ser-177 as
reported by Adachi etal. (1992) and concluded that Rex has seven
phosphorylation sites in total. They also evaluated the importance
of each phosphorylation site by a reporter assay using RxRE-
dependent HIV-1 p24 Gag expression plasmids and concluded
that phosphorylation of Ser-97 and Thr-174 most significantly
influenced the expression level of the reporter plasmid, i.e., the
RxRE-dependent nuclear export of reporter mRNA by Rex.

The HTLV-1 Rex, a protein of 27 kDa, contains several func-
tional domains which play essential roles to induce the function
of Rex as a nuclear—cytoplasmic mRNA transporter. The loca-
tions and physiological importance of each Rex domain are well
described in several review articles (Younis and Green, 2005;
Baydoun etal, 2008). A highly basic N-terminal RNA-binding
domain located within aa 1-19 is essential for RxRE binding. This
domain also serves as a nuclear localization signal (NLS), as well
as a binding domain for p30Il. The nuclear export signal (NES)
spans from aa 66 to 118. Rex binds to Exportin-1 (CRM1), a cel-
lular nuclear export protein through the NES; thus, this domain
is essential for Rex function. The multimerization domains are
located at the N- and C-terminal ends of NES (aa 57—66 and 106—
124). The importance of NES and multimerization domains in
Rex was well studied by Hakata etal. (1998, 2001). Based on a
series of experiments investigating the interaction between CRM1
and Rex mutants in NES or in N’-multimerization domains, the
authors found that NES is critical for interactions with CRM1.
Thus, a multimer-deficient mutant Rex was translocated to the
cytoplasm by CRM1; however, the multimer-deficient mutant Rex
was not able to stabilize unspliced viral mRNA. Moreover, they
revealed that rat CRM1 (rCRM1) was unable to support the func-
tion of Rex as an mRNA transporter because of its poor ability
to induce multimerization of Rex, although rCRM1 can bind and
export nuclear Rex proteins to the same extent as human CRM1.
Accordingly, they concluded that the Rex protein needs to be both
a multimerized and nuclear-exported to achieve its function, and
that CRM1 was involved in multimerization and translocation of
Rex. Recently, a stability domain was identified at the very end of
the Rex C-terminus (aa 170-189; Kesic etal., 2009a,b; Xie etal.,,
2009). They showed that deletion of this segment resulted in a
decreased half-life of Rex; however, the activity of Rex without the
stability domain (SD), at least in translation from RxRE containing
HIV-1 p24 gag mRNA, was not significantly influenced.

To regulate viral expression through host machinery, Rex
interacts with several host cellular proteins (Figure 2). To date,
interaction of Rex with the following cellular proteins have
been confirmed: CRMI1 as already mentioned, the heteroge-
neous nuclear ribonucleoprotein A1 (hnRNP Al), the splicing
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FIGURE 2 | Molecular mechanism of HTLV-1 Rex function. HTLV-1 Rex
specifically binds to the RXRE motif of HTLV-1 transcripts. Rex also
interacts with the cellular nucleocytoplasmic shuttling protein, CRM1,
through its NES. Consequently, the Rex-viral mRNA complex is exported
from the nucleus by CRM1. In the cytoplasm, Rex subjects viral transcripts
to the cellular translational machinery to enhance viral production. Released
Rex binds to importing via its NLS and returns to the nucleus by the
importin complex shuttling activity. P30ll binds to Rex through its NLS and
retains Rex in the nucleolus for suppression. Rex not only transports viral
transcripts, but also inhibits splicing of viral mRNA that encode structural
proteins, hnRNP A1, which governs the processing/splicing of pre-mRNA
and transport of mature mRNA, was found to bind to RxRE in a competing
manner against Rex. Another major splicing factor, SF2/ASF, was found to
influence the processing of HTLV-1 mRNA (i.e., overexpression of SF2/ASF
resulting in differential pX splice site utilization), although the direct
physiological interaction to the viral proteins has not been examined.
Recently, Rex was shown to directly interact with Dicer and inhibit its
processing of shRNA to siRNA {(Abe etal., 2010). Overall, interactions
between Rex and other cellular mRNA processing proteins may lead to an
unknown molecular mechanism of Rex in the inhibition of the splicing
machinery. N, nucleus; C, cytoplasm; Nu, nucleolus.

factor SF2, importinf, and nucleolar protein B-23. hnRNPs are
heterogeneous nuclear RNA (hnRNA) binding proteins associ-
ated with pre-mRNA in the nucleus that influence the process-
ing/splicing of pre-mRNA and the transport of mature mRNA.
hnRNP Al was shown to bind to the RxRE sequence of HTLV-1
viral mRNA in competition with Rex (Duc Dodon etal, 2002).
Suppression of hnRNP Al expression in HTLV-1-infected C91PL
cells resulted in increased Rex-dependent nuclear export of

unspliced and singly spliced mRNA, as well as in accumulation
of unspliced mRNA (Kress etal., 2005). The authors confirmed
that hnRNP A1 inhibits the function of Rex in a dose-dependent
manner and proposed that hnRNP Al may enhance the splic-
ing processes of viral mRNA. Moreover, the authors found that
the basal level of hnRNP Al is lower in HTLV-1-producing cell
lines (C91PL, MT2, and HUT102) when compared with non-
HTLV-1-infected T-cell lines (CBL and Jurkat), indicating that
HTLV-1 may induce the down-regulation of hnRNP Al, which
is not conducive to viral replication. Another major splicing fac-
tor, SF2/ASE, also influences the processing of HTLV-1 mRNA,
although direct physiological interactions with viral proteins have
not been examined (Princler et al., 2003). SF2/ASF is considered to
be involved in all splicing reactions in the cell and plays a critical
role in splice site selection in a concentration-dependent man-
ner. Indeed, overexpression of SF2/ASF resulted in differential pX
splice site utilization, whereas hnRNP Al caused HTLV-1 exon
2 skipping (Princler etal., 2003). HTLV-1-infected cells and ATL
cells have different profiles of cellular transcripts, as they accumu-
late alternatively spliced transcripts compared to uninfected cells.
Such observations may denote lesions in the splicing machinery
in HTLV-1-infected cells.

Translocation of cellular proteins into the nucleus is due to
interaction between cis-acting NLSs in the protein and nuclear
transport receptor complex (the importin complex). Usually,
importina serves as a bridge between the NLS and the import
receptor importinf. It was demonstrated that the NLS of Rex
directly bound to importinf (Palmeri and Malim, 1999; Figure 2).
The authors found that Rex was nuclear-imported by interac-
tions with importinf and independent of importina. Nucleolar
phosphoprotein B-23, also known as nucleophosmin (NPM),
is a phosphoprotein mainly localized in nucleoli. Previously, it
was determined that B-23 bound to the N'-terminal NLS/NoLS
of Rex (Adachi etal., 1993). As described above, the Rex~viral
mRNA complex is transported to the cytoplasm by CRM1. The
authors speculated that B-23 may assist the return of Rex to the
nuclei/nucleoli, which is necessary for further export of unspliced
viral mRNA from the nucleus by Rex (Adachietal., 1993). Recently,
interactions between Rex and Dicer were reported by Abe etal.
(2010). Their experiments demonstrated that Rex directly inter-
acted with Dicer and inhibited its function in processing short
hairpin RNA (shRNA) to small interfering RNA (siRNA).

IMPACT OF Rex ON THE HOST CELLULAR HOMEOSTASIS
Viruses, including HTLV-1, utilize and direct host cellular mech-
anisms to facilitate viral replication through the whole life cycle.
Such hijacking is achieved by direct interactions of viral and cellu-
lar proteins. The interactome and impacts of HTLV-1 Tax on the
host cellular physiology have been well studied and described else-
where, whereas those for Rex have not been thoroughly explored
to date, even though numerous reports showed that Rex interacts
with a wide variety of cellular proteins as mentioned above.

Rex up-regulates il-2re mRNA expression, although the under-
lying mechanism has not been clarified. IL-2Ra. overexpression in
HTLV-1-infected and ATL cells influences the response efficiency
to IL-2. Rex is capable of stabilizing il-2re mRNA up to fivefold
(Kanamori et al., 1990, 1994); thus, the overexpression of this gene
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in HTLV-1-infected and ATL cells can be explained, at least partly,
by the function of Rex. White et al. (1991) found that the NoLS of
Rex (aa 1-19) was critical for stabilization of il-2ra mRNA. The
molecular mechanism of i-2ro. mRNA stabilization by Rex still
needs to be elucidated. If Rex stabilizes general mRNA metabolism
of the cell, including that of il-2re mRNA, it is highly possible that
Rex influences the expression levels of other cellular transcripts.

Fyn is a proto-oncogene that belongs to the membrane-
associated tyrosine kinase family and has been implicated in
malignant pathological processes, especially in melanoma progres-
sion, neuroblastoma genesis, and carcinoma invasion. Compared
to its implications in carcinogenesis, the physiological significance
of Fyn in hematological malignancy has not been investigated.
Fyn protein has two major isoforms, Fyn-B and Fyn-T, which are
derived from exon 7A and 7B, respectively. Fyn-B is expressed in
brain tissue, whereas Fyn-T is expressed exclusively in hematopoi-
etic cells. Exon 7 of fyn encodes the linker region involved
in intra-molecular interactions controlling Src tyrosine kinase
regulation. Thus, the two isoforms have distinct functions in sig-
nal transduction and transforming capacity. Picard etal. (2004)
reported that under pathological conditions, such as in acute lym-
phoblastic leukemia or chronic lymphocytic leukemia, expression
of Fyn-B was significantly increased, as confirmed in cell lines and
fresh patient cells. The author also mentioned that fyn-b mRNA
levels are significantly increased in the HTLV-1-infected cell line,
C91. Indeed, several years earlier, Weil et al. (1999) found for the
first time that fyn-b mRNA is up-regulated in C91 cells and Rex
is responsible for the down-regulation of alternative exon usage.
Thus, abnormal exon selection of fyn mRNA is widely observed
in various hematopoietic malignancies; however, the viral Rex
protein may induce dysregulation in the host splicing machinery
in HTLV-1-infected cells. The detailed molecular events explain-
ing the implication of Rex in alternative splicing of Fyn and the
physiological impacts of Fyn-B overexpression in T-cells have not
been investigated. However, since Rex is an RNA binding protein,
which has been implicated in the splicing machinery by several
researchers, it is possible that Rex has the capacity to influence
the splicing preference, resulting in an altered expression ratio of
Fyn-B and Fyn-T in infected T-cells.

SIMILARITIES AND DIFFERENCES BETWEEN
HTLV-1 Rex AND HTLV-2 Rex
HTLV-1 and HTLV-2 belong to the same genus (Vandamme et al,,
1998) and share a high homology in genomic structure (Figure 3).
Both are able to infect human T-cells and induce immortality. In
spite of a high similarity in the genome and life cycle, there is a sig-
nificant difference in pathogenesis between retroviruses. The most
outstanding difference is that HTLV-1 induces a severe hematopoi-
etic malignancy (ATL), whereas HTLV-2 does not (Figure 3). It is
unclear as to why there is such a significant difference in outcomes
from similar genomic structures. Nevertheless, current knowledge
indicates that the differences in properties and functions of acces-
sory and regulatory proteins expressed from the pX region of the
virus are critical for the distinct pathological differences between
the HTLVs.

Both HTLV-1 and HTLV-2 encode Tax and Rex, the major
transcriptional and post-transcriptional regulators. Tax-1 from

PTLV-2

Hiv2
Y 5 e P

+NF-xB Activation
“Ubiquititation
«SUMOylation
«Celi Transformation

FIGURE 3 | Similarities and differences between Rex-1 and Rex-2. The
phylogenetic tree of HTLV, which is drawn based on the report by
Vandamme etal. (1998), shows that the major branches of PTLV-1 and
PTLV-2 separated at an early stage. Sub-branches of STVL:1 and HTLV-1 or
STLV-2 and HTLV-2 were separated within each major branch thereafter. Yet,
the genomic structures of HTLV-1 and HTLV-2 are very similar and both
viruses encode Tax and Rex, the major transcriptional and
post-transcriptional regulators, respectively. Both Tax-1 and Tax-2 have NLS,
NES, and ATF/CREB binding domains, whereas only Tax-1 has a distinct
NF«B activating domain and p300 binding domain, as well as a number of
PTM sites, for phosphorylation, ubiguitination, and SUMOylation, resulting
in stronger transactivation and transforming activities than those of Tax-2.
Both Rex-1 and Rex-2 are phosphoproteins sharing 60% similarity with
overlapped major functional domains, such as NLS, NES, and SD at the
3’-terminus. The RxRE motif of HTLV-1 mRNA (RxRE-1) is located in the
U3/R region and all HTLV-1 mRNA have intact RXRE-1s in the 3'UTRs. On
the other hand, the RxRE of HTLV-2 (RxRE-2) is located at the R/U5 region
and only unspliced mMRNA maintains the intact RxRE-2. Thus, Rex-1 is
capable of transporting all viral mMRNA including tax/rex mRNA and
enhancing the expression of Tax for further transactivation of LTR, whereas
Rex-2 is not. Overall, Rex-1 may have a stronger impact on viral replication
through the enhancement of Tax-1 expression compared with Rex-2.
Different roles of Tax and Rex may be related to the differences in
pathophysiologies of HTLV-1 and HTLV-2.

HTLV-1 shows transforming ability, whereas Tax-2 from HTLV-2
does not. Thus, the different transforming activity of Tax deter-
mines the malignant pathology of this virus (Feuer and Green,
2005). Both Tax-1 and Tax-2 consist of NLS, NES, and ATF/CREB
binding domains. On the other hand, only Tax-1 has a distinct
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NF-kB activating domain and p300 binding domain, as well as a
number of post-translational modification (PTM) sites, such as
phosphorylation, ubiquitination, and small ubiquitin-like mod-
ifier (SUMO)ylation (Rende etal., 2012). Generally, Tax-1 has
stronger transactivation and transforming activities than Tax-2
(Figure 3).

Rex-1 encoded in HTLV-1 is a 27-kDa (189 aa) protein,
whereas Rex-2 from HTLV-2 consists of 170 aa and its molec-
ular weight ranges between 24 and 26 kDa depending on the
phosphorylation-induced conformational changes (Kesic etal.,
2009b; Xie etal., 2009). Rex-1 and Rex-2 share 60% similar-
ity with overlapped major functional domains, such as RNA
binding domain (RBD)/NLS at the N-terminus region, two mul-
timerization domains, activity domain (AD)/NES, and SD at the
3’-terminus. In Rex-2, the inhibitory domain (ID) is overlapping
with SD. Both Rex proteins are phosphoproteins and their activ-
ities are regulated by their phosphorylation status. Furthermore,
Rex-1 and Rex-2 have isoforms derived from alternative splic-
ing. p21Rex is the N'-truncated form of p27Rex, which lacks
78 aa of the N-terminus region, including RBD/NLS and the
N’-multimerization domain (Kiyokawa etal., 1985). Alternative
splicing inclusion of exon 2 yields p27Rex, whereas exon 2 skip-
ping yields p21Rex (Orita etal.,, 1993). Since p21Rex does not
have a NLS, it localizes to the cytoplasm. However, the functional
importance of this isoform has not yet been elucidated. p21Rex
transcripts are constitutively expressed in HTLV-1-infected cell
lines and in primary peripheral blood mononuclear cells from
HTLV-1 carriers and ATL patients (Berneman etal., 1992; Orita
etal.,, 1992; Saiga etal.,, 1996). Thus, it is expected that p21Rex
plays a role in the HTLV-1 life cycle, probably as a dominant
negative form of p27Rex. Exon 2 skipping in HTLV-2 also yields
N’-terminus-truncated forms of Rex-2 (tRex). Translation from
the first AUG codon located within the x-III ORF results in two
major protein isoforms of 22 and 20 kDa, as well as a minor
protein isoform of 18-kDa depending on PTMs, whereas transla-
tion from the second AUG of the x-IIT ORF produces a 17-kDa
protein (Rende etal., 2012). Ciminale etal. (1997) reported that
tRex inhibited the function of the wild type Rex-2 by influenc-
ing the phosphorylation status and consequently, the subcellular
localization of Rex-2.

A major difference between HTLV-1 and HTLV-2 regarding
Rex function may be the position of RxRE in the viral tran-
scripts (Figure 3). The RxRE motif of HTLV-1 mRNA (RxRE-1)
is located in the U3/R region; consequently, all HTLV-1 mRNA
have an intact RxRE-1 in the 3'UTR. On the other hand, the
RxRE of HTLV-2 (RxRE-2) is located in the R/U5 region and
only unspliced mRNA maintains an intact RxRE-2 (Rende etal.,
2012). The principal function of Rex is selective nuclear export
of unspliced or partially spliced viral mRNA. Recently, Bai etal.
(2012) demonstrated that the nuclear export of the doubly spliced
tax/rex mRNA of HTLV-1 was also enhanced by Rex-1 in a
RxRE-1/CRM1-dependent manner. Considering the position of
RxRE in the two HTLVs, Rex-1 may be capable of transport-
ing all viral mRNA including tax/rex mRNA and enhancing
Tax expression for further transactivation of LTR, whereas Rex-
2 is not. Although Rex-1 and Rex-2 have similar capacities as
RNA binding proteins, Rex-1 may have a stronger impact on

viral replication through the enhancement of Tax expression
(Figure 3).

The stability and efficiency of nuclear export of viral mRNA
are determined by two cis-acting elements, RxRE and CRS, which
function in a competing fashion. CRS is a nuclear retention sig-
nal that induces destabilization and inefficient nuclear-export of
viral mRNA, although other proteins binding to CRS, either viral
or cellular, have not yet been identified. The CRS is localized
in the 5’LTR of HTLV-1 (Seiki etal., 1990) and HTILV-2 (Black
etal, 1991). In both HTLVs, the 5LTR CRS spans from the R
region to the U5 region; thus, only unspliced viral mRNA con-
tains intact CRS in either virus. HTLV-1 contains a second CRS at
the 3'LTR overlap with RxRE-1 (King etal., 1998) resulting in all
HTLV-1 mRNA containing intact RXRE-1 and CRS in the 3'LTR.
The CRS overlaps with RxRE in both HTLV-1 and HTLV-2; there-
fore, it is possible that binding of Rex to RxRE might modulate
the fate of viral mRNA (i.e., nuclear retention by CRS or nuclear
export by Rex). Overall, it seems that Rex-1 might influence
viral mRNA trafficking in a broader range compared with Rex-
2 which targets only the unspliced htlv-2 mRNA in terms of RxRE
and CRS.

SIMILARITIES AND DIFFERENCES BETWEEN
HTLV-1 Rex AND HIV-1 Rev
HTLV-1 and HIV-1 are evolutionally distinct, but both belong to a
family of complex retroviruses sharing tropism for human CD4*
T-cells. Although they have similar genetic structures and encode
homologous viral proteins, the overall life cycle, controlled by viral
accessory and regulatory proteins, are clearly different. This results
in different disease associations [i.e., ATL by HTLV-1 and acquired
immune deficiency syndrome (AIDS) by HIV-1]. Both viruses
encode transactivators, HTLV-1 Tax and HIV-1 Tat, and post-
transcriptional regulators, HTLV-1 Rex and HIV-1 Rev. Although
Tax and Tat transactivate their respective LTRs, they act though dif-
ferent mechanisms and cannot be replaced by each other. On the
other hand, even though the homology in the sequence of HTLV-1
Rex and HIV-1 Rev is low, they play similar functions through
common cellular pathways (Baydoun etal., 2008; Suhasini and
Reddy, 2009). A major similarity is that both Rex and Rev are RNA
binding proteins and specifically bind to respective viral mRNA
with high affinity through RxRE for Rex and the Rev responsive
element (RRE) for Rev (Figure 4). Both Rex and Rev have arginine-
rich sequences that are necessary for binding to their respective
responsive elements. They stabilize unspliced or partially spliced
viral mRNA and actively transport them to the cytoplasm for
selective translation of viral structural proteins. The functional
similarities and differences between HTLV-1 Rex and HIV-1 Rev
were extensively investigated from late 1980s to the early 1990s.
Rimsky etal. (1988) first reported that the function of HIV-1
Rev could be replaced by that of HTLV-1 Rex. Rev induces trans-
lation of shorter forms of the Tat protein from the unspliced
form of tat mRNA using a stop codon within the intron of
tat mRNA, meaning that Rev suppresses splicing and stabilizes
unspliced tat mRNA (Malim etal., 1988). Rimsky etal. (1988)
also demonstrated that HTLV-1 Rex overexpression resulted in the
stabilization of unspliced tat mRNA and enhanced translation of
the truncated Tat protein. They also demonstrated that depressed
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FIGURE 4 | Similarities and differences between HTLV-1 Rex and HIV-1
Rev. HTLV-1 and HIV-1 are evolutionally distinct, but both belong to a family
of complex retroviruses. Both viruses encode transactivators, HTLV-1 Tax
and HIV-1Tat, and post-transcriptional regulators, HTLV-1 Rex and HIV-1
Rev. Although Tax and Tat transactivate their respective LTRs, they act
though different mechanisms and cannot be replaced with each other. On
the other hand, even though the homology in the primary sequence of
HTLV-1 Rex and HIV-1 Rev is low, they carry out similar functions through
common domains, such as NES, NLS, and multimerization domains. They
are RNA binding proteins and specifically bind to respective viral mRNA
with high affinity through RxRE for Rex and RRE for Rev. They stabilize
unspliced or partially spliced viral mMRNA and actively transport them to the
cytoplasm via CRM1 binding for selective translation of viral structural
proteins and return to the nucleus by interactions with Importing. Rex can
function through RRE, while Rev cannot bind to RXxRE. HTLV-1 Tax is
translated only from fully spliced viral mRNA; thus, stabilization and active
nuclear transport of unspliced HTLV-1 mRNA by Rex reduces the relative
expression rate of Tax. On the contrary, HIV-1 Rev does not suppress Tat
activity, since it enhances truncated, vet active, Tat proteins. Thus, it is
expected that HTLV-1 Rex favors reduction of viral production, whereas
HIV-1T Rev may support active viral production. N, nucleus; C, cytoplasm;
Nu, nucleolus.

viral production from HIV-1- ARevwas rescued by co-transfection
with HTLV-1 Rex-expressing plasmids. The authors emphasized
the importance of the cellular post-transcriptional pathways for
viral expression, which is shared by structurally distinct HIV-1
Rev and HTLV-1 Rex. Later, it was found that Rex functions
through RRE (Hanly et al., 1989); however, Rex and Rev target dif-
ferent sequences within RRE (Solomin etal., 1990). Interestingly,
although Rex can function through RRE, Rev cannot bind to

RxRE (Hanly etal., 1989). Nevertheless, HTLV-1 Rex and HIV-1
Rev function through a similar mechanism for stabilization and
active nuclear export of unspliced mRNA and the distinct genomic
structures of these retroviruses furnish Rex and Rev with different
expression levels of the transactivators Tax and Tat, respectively.
Since Tax is translated only from fully spliced viral mRNA, stabi-
lization and active nuclear transport of unspliced HTLV-1 mRNA
by Rex eventually reduces the relative expression rate of Tax
(Hidaka et al., 1988); thus, Rex might play an important role in the
establishment of viral latency. On the other hand, HIV-1 Rev does
not suppress Tat activity but enhances a truncated, yet active, Tat
protein, as described above (Malim etal., 1988). Thus, the overall
biological function of these viral post-transcriptional regulators
in the viral life cycle may not be totally overlapped (Figure 4).

The arrangements of primary Rex and Rev structures are dis-
tinctive; however, both viral RNA binding proteins have NLSs and
NESs and also use the same cellular nucleocytoplasmic shuttling
machinery (Pollard and Malim, 1998; Kesic et al., 2009a; Figure 4).
After translation, the NLSs of both Rex and Rev bind to importinf
and the complexes are then translocated to the nucleus (Palmeri
and Malim, 1999; Truant and Cullen, 1999; Yoneda, 2000). Another
key player of Rex/Rev nuclear import is B-23, a nucleolar phos-
phoprotein, and probably because of binding to B-23, these viral
proteins localize strongly to the nucleoli. In the nucleolus, Rex and
Rev bind to RxRE- and RRE-containing viral mRNA, respectively,
and the viral RNA complex is exported to the cytoplasm for trans-
lation by CRM1 binding through NESs of Rex or Rev. Monomeric
Rev has the highest affinity to RRE, but additional binding of up
to 12 Rev molecules is required for effective nuclear export by
CRM1 (Zapp etal., 1991; Zemmel et al., 1996). On the other hand,
although monomeric Rex retains its ability to shuttle between
the cytoplasm and nucleus, multimerization is essential for the
function of Rex in stabilization and transport of viral unspliced
RNA and CRM1 is involved in the multimerization process of Rex
(Hakata etal., 1998, 2001; Baydoun etal., 2008). p30IL, a negative
post-transcriptional regulator of HTLV-1 (Nicot etal., 2004), has
multiple NoLSs, and retains tax/rex mRNA as well as Rex proteins
in the nucleoli. Therefore, p301I is considered to suppress HTLV-1
expression (Ghorbel etal.,, 2006; Sinha-Datta etal.,, 2007). There
is no counterpart of p30II in HIV-1. Thus, it can be speculated
that Rev alone has a NoLS strong enough to retain itself in nucle-
oli and multimerization is necessary for interacting with multiple
CRM1s to be exported from the nucleolus. On the other hand,
Rex may have less powerful NoLSs and without p30II, monomeric
Rex can be exported by CRM1, although multimerization is nec-
essary for this protein to interact with RxRE-containing viral RNA
(Figure 4).

Involvement of both Rex and Rev in the cellular splicing
machinery is expected, since both protect unspliced viral RNA.
HIV-1 Rev strongly interacts with the splicing co-factor p32
(Tange etal., 1996). The p32 protein is one of three polypeptides
composing active SF2/ASF in HeLa cells, which are involved in
many splicing events and are required for splice site selection in
a concentration-dependent manner (Krainer etal,, 1991). Later,
SF2/ASF was also shown to bind to RRE in a Rev-dependent
manner (Powell etal,, 1997). Therefore, p32 may function as a
bridge between Rev and SF2/ASF to recruit an optimal amount
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of SF2/ASF to RRE in order to inhibit splicing of HIV-1 mRNA,
although the molecular mechanism of Rev in inhibition of splicing
has not been fully clarified.

HTLV-1 Rex is also known to inhibit the early phase of splic-
ing (Younis and Green, 2005) through interactions with SF2/ASE,
although the pathways have not been extensively examined com-
pared with HIV-1 Rev. hnRNA binding proteins (hnRNPs)
associated with pre-mRNA in the nucleus influence pre-mRNA
processing/splicing and transport of mature mRNA. hnRNP Al
was demonstrated to bind to RxRE in a competing manner to
Rex (Duc Dodon etal,, 2002) and inhibit the function of Rex
(Kress etal., 2005). The authors found that the basal level of
hnRNP Al was lower in HTLV-1-producing cell lines (C91PL,
MT2, and HUT102) compared with non-HTLV-1-infected T-cell
lines (CBL and Jurkat), proposing that HTLV-1 may have evolved
a mechanism to down-regulate hnRNP Al because it is not ben-
eficial to viral replication. Several reports indicated that Rex was
involved in post-transcriptional regulation of the host genome.
For example, Rex stabilizes il-2ra mRNA, with its NLS playing an
important role (Kanamori etal., 1990; White etal, 1991). Fur-
ther, Rex enhances the alternative usage of exon 7 in fyn mRNA
to yield the brain-type Fyn-B, instead of T-cell-type Fyn-T (Weil
etal,, 1999). The underlying mechanism by which Rex influences
cellular post-transcriptional regulation has not yet been fully clari-
fied. Tt is possible that Rex interacts with cellular splicing factors to
enhance viral replication, which may cause incidental alterations
in host transcriptional homeostasis.

Although HTLV-1 Rex and HIV-1 Rev are structurally distinct,
they have evolved a similar function, i.e., inhibition of splicing and
stabilization and nuclear-export of unspliced viral mRNA through
interactions with common cellular factors. On the other hand, the
difference between these two post-transcriptional regulators might
be reflected in the different pathophysiological characteristics of
HTLV-1 and HIV-1.

NEW TOPICS IN HTLV-1 Rex MOLECULAR

BIOLOGY FROM RECENT STUDIES

Cellular physiological pathways are achieved by functional com-
binations of cellular proteins. It has been clarified that such
protein—protein interactions are achieved through short linear
motifs (SLiMs) consisting of 3-13 aa, rather than large struc-
tural domains of each protein (Davey etal., 2012). Interestingly,
SLiMs were first identified in viruses and it was discovered later
that the viruses actually mimic the functional motifs of cel-
lular proteins to hijack the cellular pathways (Kadaveru etal.,
2009; Davey etal, 2011). SLiMs participate in all aspects of
cellular biology, such as protein—protein binding (SH3 domain
interactions), targeting (NLS and NES), PTMs (phosphoryla-
tion, SUMOylation, and ubiquitination), and cleavage, which
also overlap with the viral life cycle from entry to budding in
the host cells. However, viral mimicry of host SLiMs has not been
fully investigated. Davey etal. (2011) reviewed 52 viral mimicry
instances among approximately 150 reported eukaryotic motifs in
human papillomavirus (HPV), Epstein—-Barr virus (EBV), human
T-cell lymphotropic virus (HTLV), adenovirus, human immun-
odeficiency virus (HIV), and influenza virus. Nevertheless, the
authors were expecting more extended mimicry by viruses. The
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FIGURE 5 | Interactions of Rex with host pathways, uncovered and
covered. Besides the known interactions between Rex and CRM-1,
importing, and B-23, a number of potential interactions between Rex and
cellular proteins, based on the high-throughput yeast two-hybrid system,
were reported by Simonis etal. (2012). Rex is suspected of interacting with
a series of proteins that play crucial roles in mRNA surveillance,
nucleocytoplasmic shuttling, tumor growth regulation, and SUMOylation.
Air1 (ZCCHC7) is a component of the TRAMP complex, which is involved in
nuclear MRNA surveillance. NUP62 is one of three nucleoporins (NUP54,
58, and 62) composing the nuclear pore complex and is essential for
nuclear transport. LZTS2 is a tumor suppressor and its expression is
transcriptionally regulated by NFkB. LZTS2 expression levels affect cell
proliferation and tumor growth through the Wnt/B-catenin pathway in
various cancer cell lines. An E2 SUMO ligase, UBC9, and an E3 SUMO
ligase, PIAS2, are also expected to interact with Rex. Rex is also expected
to interact with SP100, a major component of the nuclear body, which has a
transactivating function and is induced in stimulated and malignant cells.
Since Rex impacts the host cell through an unknown mechanism, such as
increasing i-2ra mRNA level and fyn-b mRNA expression level by
enhancing unusual exon 7 usage, unknown interactions between Rex and
cellular proteins may be related to Rex functions. Solid lines indicate
reported interactions. Dashed lines indicate potential interactions. N,
nucleus; C, cytoplasm; NB, nuclear body.

well-known viral mimicry of HTLV-1 Rex involves NLS and NES
in cellular nucleocytoplasmic shuttling. Since this viral post-
transcriptional regulator extensively functions by means of host
cellular pathways in various steps of the HTLV-1 life cycle, Rex
may have other mimicry motifs that have not yet been discovered.

Recently, comprehensive interactomes, based on the high-
throughput yeast two-hybrid system (Rual etal., 2005; Venkate-
san etal, 2009), between HTLV-1/HTLV-2 viral proteins and
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human proteins were reported by Simonis etal. (2012). The
authors discovered (including confirmation of previous reports)
87 and 79 interactions between HTLV-1- and HTLV-2-encoded
proteins, respectively, and 122 human proteins participated in
Ub-proteasome pathways, apoptosis, oncogenesis, and Notch
signaling. For HTLV-1 Rex, 18 novel interactions were identi-
fied, including an interaction with Dic2 (Rho-Gap protein) and
BHLHB2 (a transcription repressor) having an anti-apoptotic
function. Recently, it was demonstrated that BHLHB2 medi-
ated HIF-la-induced microphthalmia-associated transcription
factor (MITF) suppression, which causes increased metastasis in
melanoma cells (Cheli etal., 2011). In addition, Rex is suspected
of interacting with a series of proteins that play crucial roles in
mRNA surveillance, nucleocytoplasmic shuttling, tumor growth
regulation, and SUMOylation (Figure 5). The cellular proteins
listed below potentially interact with Rex. Airl (ZCCHC?) is
a component of the Trf4/Air2/Mtr4 polyadenylation (TRAMP)
complex, which is involved in nuclear mRNA surveillance (Fasken
etal., 2011). NUP62 is one of three nucleoporins (NUP54, 58,
and 62) composing of the nuclear pore complexes that are essen-
tial for nuclear transport (Solmaz etal.,, 2011). The interaction
between viral proteins and NUP62 has been reported in HIV-1,
herpes simplex virus, and EBV. In HIV-1, it is speculated that Rev
reorganizes the architecture of nuclear pore complexes, including
NUP62, for efficient viral RNA transport (Monette etal., 2011). In
addition, HIV-1 integrase interacts with NUP62 on chromatin for
integration of the viral genome (Ao etal., 2012). The HCV post-
transcriptional regulator ICP27 was demonstrated to directly bind
NUP62 to inhibit cellular trafficking and increase viral mRNA
transport (Malik etal., 2012). Finally, EBV BGLA4, a viral ser-
ine/threonine kinase, was shown to interact with NUP62 and
NUP153 and translocate itself to the nucleus even though this
protein does not have any clear NLSs (Chang etal., 2012). LZTS2,
a tumor suppressor, which is transcriptionally regulated by NF-kB,
and the modulation of LZTS2 expression affects cell proliferation
and tumor growth through the Wnt/B-catenin pathway in various
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