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Human retroviruses are derived from simian ones through cross-species transmission.
These retroviruses are associated with little pathogenicity in their natural hosts, but
in humans, HIV causes AIDS, and human T-cell leukemia virus type 1 (HTLV-1)
induces adult T-cell leukemia—lymphoma (ATL). We analyzed the proviral sequences
of HTLV-1, HTLV-2, and simian T-cell leukemia virus type 1 (STLV-1) from Japanese
macaques (Macaca fuscata) and found that APOBEC3G (A3G) frequently generates
G-to-A mutations in the HTLV-1 provirus, whereas such mutations are rare in the
HTLV-2 and STLV-1 proviruses. Therefore, we investigated the mechanism of how
HTLV-2 is resistant to human A3G (hA3G). HTLV-1, HTLV-2, and STLV-1 encode
the so-called antisense proteins, HTLV-1 bZIP factor (HBZ), Antisense protein of
HTLV-2 (APH-2), and STLV-1 bZIP factor (SBZ), respectively. APH-2 efficiently
inhibits the deaminase activity of both hA3G and simian A3G (sA3G). HBZ and SBZ
strongly suppress sA3G activity but only weakly inhibit hA3G, suggesting that HTLV-1
is incompletely adapted to humans. Unexpectedly, hA3G augments the activation of
the transforming growth factor (TGF)-p/Smad pathway by HBZ, and this activation
is associated with ATL cell proliferation by up-regulating BATF3/IRF4 and MYC. In
contrast, the combination of APH-2 and hA3G, or the combination of SBZ and sA3G,
does not enhance the TGF-f/Smad pathway. Thus, HTLV-1 is vulnerable to hA3G
but utilizes it to promote the proliferation of infected cells via the activation of the
TGF-p/Smad pathway. Antisense factors in each virus, differently adapted to control
host cellular functions through A3G, seem to dictate the pathogenesis.

deltaretrovirus | HTLV-1 | APOBEC3G | HBZ | TGF-p

Human T-cell leukemia virus type 1 (HTLV-1) was the first human retrovirus to be found
(1). Thereafter, HTLV-2, HIV type 1 (HIV-1), and HIV-2 were discovered (2-6).
HTLV-1 induces several diseases in humans, including adult T-cell leukemia—lymphoma
(ATL) and HTLV-1-associated myelopathy (HAM), whereas HIV-1 and HIV-2 cause
acquired immunodeficiency syndrome (AIDS). Although both HTLV-1 and HIV target
CDA4 T cells in vivo, HIV decreases the number of CD4 T cells, while HTLV-1 increases it.
Unlike these pathogenic human retroviruses, HTLV-2 shows limited to no pathogenicity
in humans (7). Thus, pathogenicity is diverse among human retroviruses.

These human retroviruses originated from simian retroviruses. HTLV-1 is derived from
simian T-cell leukemia virus type 1 (STLV-1), which entered into the human population
by cross-species transmission approximately 20,000 to 50,000 y ago (8-10). Although
HTLV-1 induces ATL in approximately 5% of infected individuals (11), development of
T cell lymphomas was rarely reported in STLV-1-infected Japanese macaques (Macaca
Sfuscata) (12), suggesting that the pathogenicity of STLV-1 is low in Japanese macaques.
Furthermore, an outbreak of T cell lymphomas was reported in baboons and was likely
caused by STLV-1 derived from the rhesus macaque (13). This strongly indicates that
cross-species transmission is linked to increased pathogenicity of STLV-1. Likewise, simian
immunodeficiency viruses are not very pathogenic in their natural hosts (14). STVsmm,
which naturally infects sooty mangabeys, is genetically close to HIV-2 (15, 16). SIVsmm
shows a high pathogenicity for humans and rhesus macaques after cross-species transmis-
sion. Thus, cross-species transmission is closely associated with the pathogenicity of ret-
roviruses. However, the mechanism(s) of precisely how cross-species transmission is linked
to pathogenicity remains to be elucidated.

Cellular restriction factors for retroviruses inhibit viral replication and include APOBEC,
Tetherin, and TRIM5a (17). APOBEC3G (A3G) functions as an innate defense mechanism
against retroviruses by targeting single-stranded DNA (ssDNA) for mutation (via deamina-
tion) during reverse transcription, resulting in G-to-A mutations (18, 19). HIV counteracts
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Significance

Cross-species transmission of
viruses is frequently linked to
increased pathogenicity. HIV-1
causes AIDS in humans, while
SIV-1 is not as pathogenic in its
natural hosts. Human T-cell
leukemia virus type 1 (HTLV-1)
causes adult T-cell leukemia-
lymphoma (ATL), whereas its
related retrovirus, human T cell
leukemia virus type 2, shows little
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mechanism by which HTLV-1 is
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remains unknown. This study
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human antiretroviral factor,
APOBEC3G, but utilizes it to
promote proliferation of HTLV-1-
infected and ATL cells, resulting
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one of the mechanisms by which
HTLV-1, a deltaretrovirus, causes
diseases in humans after
cross-species transmission.
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A3G through viral infectivity factor (Vif)-mediated degradation of
A3G (20, 21). Thus, some retroviruses acquire resistance to A3G.
The mechanism of resistance to A3G remains to be elucidated in
deltaretroviruses (the genus of the Retroviridae family that includes
HTLV-1 and its relatives). It has been reported that a peptide motif
in the HTLV-1 nucleocapsid hinders human A3G (hA3G) pack-
aging into the virions (22). However, G-to-A mutations by hA3G
are frequently observed in the HTLV-1 proviruses of ATL cells (23,
24), indicating that HTLV-1 is not very resistant to hA3G.

In this study, we show that HTLV-1 is vulnerable to hA3G,
whereas it is still resistant to simian A3G (sA3G). HTLV-1 bZIP
factor (HBZ), a viral protein encoded by an antisense gene, binds
to sA3G and inhibits its deaminase activity. The interaction of HBZ
and hA3G fails to strongly inhibit deaminase activity, but interest-
ingly and unexpectedly, these two proteins cooperate to enhance
activation of the transforming growth factor (TGF-f})/Smad path-
way, which promotes proliferation of HTLV-1-infected T cells and
lymphomagenesis. In contrast, SBZ (STLV-1 bZIP) does not syn-
ergize with sA3G to enhance the activation of the TGF-p/Smad
pathway. Thus, cross-species transmission has increased the patho-
genicity of HTLV-1 in humans through the interactions of HBZ
with the (normally antiretroviral) factor A3G.

Results

HTLV-1 Proviral Mutations in Infected individuals. We have
reported that nonsense mutations are frequently detected in the
proviruses of ATL patients (23). The sequence motifs of most
nonsense mutations correspond to the target preference of A3G
(23, 25). However, the frequencies of A3G-mediated mutations
in HTLV-1 asymptomatic carriers (ACs), as well as in other
deltaretroviral infections (HTLV-2 and STLV-1), have yet to be
studied in detail. To investigate mutagenesis in vivo, we performed
deep sequencing of full proviruses in 65 HTLV-1 ACs (Japanese
subtype, n = 53; transcontinental subtype, n = 12), 18 HTLV-2-
infected individuals (HTLV-2a,n=11; HTLV-2b,n=7), and 16
STLV-1-infected Japanese macaques (S Appendix, Fig. S1 A-D).
The data of proviral load were shown in SI Appendix, Table S1.
The mutations observed in the proviral DNA sequences of the 65
HTLV-1 ACs are shown in Fig. 14. Among 2,125 base substitutions
detected in these HTLV-1 ACs, 73.0% of the mutations were
G-to-A, and furthermore, 87.1 % of these G-to-A mutations
were GG-to-AG, which corresponds to the preferred rtarget
sequence of hA3G (i.e., cDNA strand CC-to-CU deamination
events) (Fig. 1B) (25). Most mutations detected in HTLV-1 ACs
were confirmed to be GG-to-AG using HYPERMUT software
(SI Appendix, Fig. S1E). The majority of these mutational events
created premature stop codons (Fig. 1C). Notably, nonsense
mutations in the #zx gene were found in 97% (63 out of 65)
of HTLV-1 carrier cases. The percentage of mutations in each
sequence is variable among individuals from 0 to 27% as shown
in Fig. 1D and SI Appendix Fig. S1 F~H. One of the nonsense
mutations in zzx, G7467A (W56*), was found in 58/65 HTLV-1
ACs (Fig. 1 Cand D and SI Appendix, Fig. S1F). In comparison,
nonsense mutations in the HBZ gene were detected rarely (Fig. 1D
and SI Appendix, Fig. S1H). Since the HBZ gene is encoded by
the minus strand of HTLV-1 provirus (26), G-to-A mutation in
the minus strand does not generate stop codons.

Next, we investigated HTLV-2 proviruses, which are not etio-
logically associated with leukemia (7). Although HTLV-2 belongs
to the same deltaretrovirus genus as HTLV-1 and encodes a similar
regulatory gene (zax2), the frequency of G-to-A mutations in these
proviruses (HTLV-2a and 2b) was much lower than analogous
events in HTLV-1 (Fig. 1E for HTLV-2a and SI Appendix, Fig. S2A
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for HTLV-2b). Moreover, mutations in the target sequence pre-
ferred by hA3G comprised only 2.9% of total HTLV-2 mutations
(Fig. 1F), indicating that HTLV-2 is resistant to hA3G compared
with HTLV-1. Nonsense mutations were rarely detected in
HTLV-2-infected individuals (16 out of 18 had no nonsense muta-
tions) (Fig. 1G and SI Appendix, Fig. S2B). However, interestingly,
in two independent cases, nonsense mutations in the Antisense pro-
tein of HTLV-2 (APH-2) gene (Q87*) were associated with increased
G-to-A mutations, suggesting that loss of APH-2 may increase viral
susceptibility to A3G (SI Appendix, Fig. S2C). The APH-2 gene is
encoded in the minus strand of the HTLV-2 provirus (27).

Since STLV-1 is related to HTLV-1, we investigated the pro-
viruses of STLV-1-infected Japanese macaques. We speculated
that G-to-A mutations in the STLV-1 provirus would occur as
frequently as in HTLV-1. Unexpectedly, we found that the rate
of G-to-A mutations detected in STLV-1 was much lower than
that of HTLV-1 (Fig. 1H). Furthermore, mutations of the target
sequence preferred by A3G were only 7.4% of total STLV-1 muta-
tions (Fig. 1/), indicating that STLV-1 is resistant to sA3G of
Japanese macaques. Consistent with these findings, nonsense
mutations were rarely observed in STLV-1 (Fig. 1/). These differ-
ences in the frequency of G-to-A mutations suggest that these
deltaretroviruses have different susceptibilities to A3G.

Human A3G Generates G-to-A Mutations in the Provirus during
De Novo Infection. Based on the results above, it is likely that hA3G
induces the G-to-A mutations found in the HTLV-1 proviruses,
and the less mutable HTLV-2 and STLV-1 proviruses are more
resistant to hA3G/sA3G. To analyze the effect of hRA3G on HTLV-1
proviral sequences in newly infected cells, we produced HTLV-1
viral particles (VPs) in hAPOBEC-overexpressing HEK293T
cells and used these particles to infect Jurkat cells. The expression
level of the different APOBECs in HEK293T cells was shown in
SI Appendix, Fig. S2D. Sequencing of the proviruses in the newly
infected Jurkat cells revealed many G-to-A mutations induced
by hA3G, but not by hA3C/D/F/H (Fig. 1K and SI Appendix,
Fig. S2E). Many of these G-to-A mutations corresponded to
the identified mutated positions in HTLV-1 AC proviruses
(SI Appendix, Fig. S2F). Frequencies of G-to-A mutations were
much higher for in vitro experiments (Fig. 1K) compared with
in vivo data (Fig. 1A4), due to the fact that A3G is over-expressed.
Further, mutant hA3G (hA3G-E259Q), which lacks deaminase
activity, did not induce G-to-A mutations (S/ Appendix, Fig. S2G),
indicating that hA3G directly generates the G-to-A mutations in
the HTLV-1 provirus. However, sA3G from Japanese macaques
did not generate G-to-A mutations in the HTLV-1 provirus
(Fig. 1K). Intriguingly, hA3G (also hA3C/D/F/H) did not induce
G-to-A mutations in provirus of HTLV-2-infected Jurkat cells
(Fig. 1L and SI Appendix, Fig. S2E). Further, hA3G, but not sA3G,
induced G-to-A mutations in the provirus of STLV-1-infected
cells (Fig. 1M). It is critical to show that the sA3G used in this
study is functional. As shown in SI Appendix, Fig. S3D, sA3G
suppressed infectivity of recombinant HIV, and this suppression
was counteracted by HBZ or SBZ. Furthermore, the deaminase
activity of sA3G was confirmed in experiments described in the
following section (Fig. 24). Taken together, these results show that
both HBZ and SBZ are unable to inhibit hA3G in contrast to
APH2. On the other hand, HBZ and SBZ can inhibit sA3G.
Thus, the susceptibility of HTLV-1 and STLV-1 to human and
sA3Gs appears to be similar, whereas HTLV-2 is resistant to hA3G.

Antisense Proteins Interact with A3G. As G-to-A mutations

were detected rarely in HTLV-2/STLV-1 proviruses in vivo,
we hypothesized that HTLV-2/STLV-1 have a mechanism(s)
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Fig. 1. A3G induces G-to-A mutations in HTLV-1, but not in HTLV-2 and STLV-1. (A) Frequency of mutations detected in the proviruses of 65 HTLV-1 ACs by deep
sequencing. (B) These HTLV-1 mutations occurred primarily at human APOBEC3G (hA3G) preferred target sequences. (C) Frequency of nonsense mutations
observed in 65 HTLV-1 ACs. (D) Heatmaps showing the frequency of nonsense mutations observed in the tax, rex, and HBZ genes in 65 HTLV-1 ACs. (E) Frequency
of mutations detected in the proviruses of 11 HTLV-2a-infected individuals by deep sequencing. (F) These HTLV-2a mutations did not typically occur at hA3G
preferred target sequences (GG—AG). (G) Frequency of nonsense mutations observed in 11 HTLV-2a-infected individuals. (H) Frequency of mutations detected in
the proviruses of 16 STLV-1-infected Japanese macaques by deep sequencing. (/) Most of these STLV-1 mutations do not typically occur at SA3G target sequences.
(/) Frequency of nonsense mutations observed in 16 STLV-1-infected Japanese macaques. Mutations detected in more than 10% of total cases are shown (A and C
in HTLV-1 ACs, E and G in HTLV-2a-infected individuals, and H and J in STLV-1-infected Japanese macaques). (K) Frequency of G-to-A mutations detected in HTLV-
1-infected cells expressing hA3G or sA3G in vitro. (L) Frequency of G-to-A mutations detected in HTLV-2-infected cells expressing hA3G in vitro. (M) Frequency
of G-to-A mutations detected in STLV-1-infected cells expressing hA3G or SA3G in vitro. Experiments were performed twice (K-M).
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to counteract hA3G/sA3G, perhaps functionally analogous
to HIV-1/SIV Vif protein, which facilitates degradation of
h/sA3G (20, 21). To investigate the mechanism by which
HTLV-2 counteracts hA3G, we used a single-cycle infectious
assay of HIV-1. Among the accessory and regulatory genes
of HTLV-2, we found that the antisense protein APH-2
inhibited the hA3G-mediated suppression of HIV infectivity
(81 Appendix, Fig. S3 A-C). In contrast, neither HBZ nor SBZ
(the antisense genes in HTLV-1 and STLV-1, respectively)
recovered HIV infectivity in the presence of hA3G, and they
each recovered HIV infectivity weakly in the presence of sA3G
(81 Appendix, Fig. S3D) (12, 26).

Next, we analyzed whether the antisense proteins, HBZ, APH-2,
and SBZ, possess anti-A3G activity using an in vitro ssDNA deam-
ination assay (Fig. 24 and SI Appendix, Fig. S3E) (28). APH-2
inhibited the deaminase activity of both human and sA3G (Fig. 24).
Neither HBZ nor SBZ influenced the deaminase activity of hA3G,
whereas they each strongly inhibited that of sSA3G (Fig. 2A4). These
results are consistent with the above findings that overexpressed
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periments; one-way ANOVA with Tukey
correction; ***P <0.001) (Right). (B) Coim-
munoprecipitation experiment showing
the interaction between human or sA3G
and the antisense proteins of HTLV-1,
HTLV-2, and STLV-1 in transfected
HEK293T cells. IP, immunoprecipitation;
IB, immunoblot. (C) Coimmunoprecipita-
tion experiment showing the interaction
of endogenous hA3G with endogenous

-
=]
=]

Rate of nuclear localization (%)

ATL#1 ATL#2
HBZ in HTLV-1-infected T cell lines (MT-2
and MT-4), and an ATL cell line (ATL-55T+).
STLV-1 IP, immunoprecipitation; IB,immunoblot.
VP Cell lysate (D) Complex of hA3G with HBZ in primary

ATL cells (n = 2; ATL#1 and ATL#2) and

His:SBZ = ¥ -t 3-dimensional image of a fresh ATL cell
FLAG-sA3G + + + 4+ (ATL#2) shown by confocal z-stacking,
P detected by the Duolink Proximity Liga-
IB: Anti His Ll

| !J tion Assay (Left) and rate of nuclear local-
IB: Anti FLAG [ & & ization of HBZ-hA3G complex (Right). (E)
Immunoblot showing the incorporation
IB: Anti VSVG - of both A3G and antisense proteins into
, HTLV-1, HTLV-2, and STLV-1 VP. All exper-

1B: Tubulin e iments were performed at least twice.

hA3G induces G-to-A mutations in HTLV-1 and STLV-1 but not
in HTLV-2, while sA3G does not induce them in either HTTV-1
or STLV-1 (Fig. 1 K=M).

To investigate the molecular mechanism by which these antisense
proteins, when matched with the appropriate (human or simian)
A3G, inhibit A3G activity, we first evaluated the degradation of A3G
in the presence of antisense proteins. Unlike Vif, these antisense pro-
teins did not degrade A3G (SI Appendix;, Fig. S4A). To further study
the mechanism of A3G inhibition, we next performed coimmuno-
precipitation experiments. All three antisense proteins bound to both
hA3G and sA3G (Fig. 2B). The binding of APH-2 to hA3G appears
to be more intense compared to that of HBZ and SBZ (Fig. 2B), and
the interaction of HBZ/SBZ with sA3G was stronger compared to
that with hA3G (Fig. 2B). Furthermore, an endogenous interaction
between hA3G with HBZ could be confirmed (Fig. 2C). For this
experiment, we chose T cell lines with higher A3G expression (MT-2,
MT-4 and ATL55T+) (SI Appendix, Fig. S4B). The expression level
of HBZ mRNA was shown in ST Appendix, Fig. S4B. The interaction
between hA3G and HBZ was also observed in primary ATL cells of
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two cases using Duolink proximity ligation assay (PLA) (Fig. 2D)
(29). Coimmunoprecipitation experiments using deletion mutants
showed that the N-terminal domain of hA3G/sA3G interacts with
HBZ, SBZ or APH-2 (SI Appendix, Fig.S4 C-E). The central
domains of HBZ and SBZ were responsible for binding to hA3G
and sA3G, whereas the nonconventional basic leucine zipper domain
of APH-2 bound to both A3Gs (87 Appendix, Fig. S4 F-1).

Vif inhibits incorporation of A3G into the HIV virion through
enhanced degradation of A3G protein (18). Therefore, we assessed
the incorporation of A3G and antisense proteins into VP As shown
in Fig. 2F, both A3G and antisense proteins were incorporated into
HTLV-1, HTLV-2, and STLV-1 virus particles. Further, the incor-
poration of both endogenous hA3G and HBZ into HTLV-1 VP was
confirmed in MT-2 cells (57 Appendix, Fig. S4]). Unlike for HIV-1,
these antisense viral proteins do not promote the degradation of A3G
but bind to it and somehow impede its deaminase activity.

HBZ and hA3G Activate the TGF-f/Smad Signaling Pathway. As
shown above, HBZ, like SBZ, can bind to and inhibit sA3G, while
it does not inhibit hA3G despite binding to it. Meanwhile, APH-2
strongly binds and hinders hA3G. We hypothesize that the inability of
HBZ to inhibit hA3G reflects the inadequate adaptation of HTLV-1
to humans. Intriguingly, expression of ~43G in ATL cells in aggressive
types of ATL (acute and lymphoma-type) is higher than that in
healthy donor cells (Fig. 34), suggesting that hA3G may somehow be
associated with leukemogenesis. However, despite the high expression
level of hA3G in ATL patients and the fact that HBZ does not inhibit
its deaminase activity, the APOBEC-related signature is not dominant
in single-nucleotide variants by whole genome sequencing in ATL
cells (30), indicating that hA3G does not cause somatic mutations
in ATL cells. This makes sense because A3G is a cellular restriction
factor that targets ssDNA of retroviruses. If hA3G is associated with
leukemogenesis in ATL cells, it is by some other mechanism(s).

To explore how hA3G might contribute to ATL leukemogenesis,
we performed RNA sequencing (RNA-seq) in hA3G knockdown
ATL cells. Gene set enrichment analysis (GSEA) showed that
TGF-p/Smad signaling pathway—associated gene sets are altered in
the hA3G knockdown ATL cells (Fig. 3B). Consistent with this
finding, a luciferase assay using a TGF-P responsive reporter
(3TP-Lux) showed that hA3G activates the TGF-f3/Smad pathway,
whereas its activation by sA3G was marginal (Fig. 3C). We have
reported that HBZ activates the TGF-f/Smad pathway through
interaction with Smads and p300 (31). Importantly, HBZ syner-
gistically enhances TGF-f/Smad signaling activated by hA3G,
whereas SBZ (with sA3G) and APH-2 (with hA3G) did not have
such an effect (Fig. 3D and SI Appendix, Fig. S5 A-C). Additionally,
the activation of TGF-p/Smad signaling by HBZ was suppressed
in hA3G knockdown HepG2 cells (SI Appendix, Fig. S5D). Thus,
HBZ and hA3G cooperate to activate the TGF-p/Smad signaling
pathway in a way that SBZ and sA3G do not.

To elucidate which region of hA3G is critical for this activation,
we generated deletion mutants and found that the N-terminal
region is critical for activation of the TGF-B/Smad pathway
(SI Appendix, Fig. SSE). In particular, the 12 to 17th amino acids
are indispensable (Fig. 3E). Alanine scanning mutagenesis of this
region identified the 17th residue (phenylalanine) as being most
important for the activation (Fig. 3F). Furthermore, the F17A
mutant of hA3G did not enhance activation of TGF-p/Smad sig-
naling by HBZ (S Appendix, Fig. S5F).

A3G and HBZ Interact with Smad2/3. To study how HBZ and
A3G activate the TGF-f/Smad pathway, we first performed

coimmunoprecipitation experiments to check for interaction

between hA3G and Smad. As shown in SI Appendix, Fig. S64,
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hA3G interacts with Smad2/3/4/7 in cotransfected HepG2 cells.
We then tested whether the endogenous proteins also interact.
We found that endogenous hA3G interacts with Smad2/3, but
not with Smad7, in human T cell lines (Fig. 44 and ST Appendix,
Fig. S6B), suggesting that hA3G enhances TGF-f/Smad signaling
via interaction with Smad2/3. The level of Smad3 mRNA transcripts
was higher in aggressive ATL patients than in healthy donors, while
Smad2 and Smad7 transcripts were not up-regulated (Fig. 4B). To
analyze the interaction between hA3G and Smad3, colocalization
of hA3G with Smad3 was evaluated by immunofluorescence
analysis and Duolink PLA. As shown in Fig. 4C, TGF-f treatment
resulted in the relocalization of hA3G from the cytoplasm to
the nuclear compartment via interaction with Smad3 in Hela
cells. Furthermore, in the presence of TGF-p, the hA3G-Smad3
complex was detected in the nucleus by Duolink PLA in primary
ATL cells (Fig. 4D).

In hA3G knockdown ATL cells, the gene set of protein tyrosine
kinase activity was down-regulated as determined by GSEA
(81 Appendix, Fig. S6C). Since the phosphorylation of Smad2/3 is
necessary to activate the TGF-f/Smad signaling pathway, Smad2/3
phosphorylation was evaluated in cells expressing various levels of
hA3G. As shown in Fig. 4F and SI Appendix, Fig. S6D, hA3G
enhanced the phosphorylation of Smad3, but not Smad2, in a
dose-dependent manner. We have reported that HBZ activates
TGF-B/Smad signaling through its interaction with Smad2/3 and
p300 (31). However, suppressed expression of hA3G did not influ-
ence the binding between HBZ and Smad3, and HBZ did not
phosphorylate either Smad2 or Smad3 (Fig. 4F and SI Appendix,
Fig. S6 E and F), indicating that hA3G enhances TGF-f/Smad
signaling by a mechanism(s) differing from that of HBZ. The
detailed mechanism(s) how A3G increase the phosphorylation of
Smad3 remains to be elucidated. Taken together, our results suggest
that HBZ and A3G function cooperatively on this pathway.

Inhibition of the TGF-f/Smad Signaling Pathway Suppresses
the Proliferation of ATL Cells. Having shown that both HBZ
and hA3G activate the TGF-f/Smad signaling pathway, we still
needed to see whether activation of this pathway is associated
with the leukemogenesis of ATL. The TGF-p/Smad signaling
pathway is generally known as a suppressor of T cell growth,
not a promoter of it. To investigate this matter, we performed
cell proliferation assays in HTLV-1-infected and noninfected
T cell lines using SB431542, an inhibitor of the TGF-f type 1
receptor, or SIS3-HCI, an inhibitor of Smad3 phosphorylation.
As shown in Fig. 5A and SI Appendix, Fig. S7A, blockage of the
TGEF-P receptor suppressed cell growth in HTLV-1-infected and
ATL cell lines in a dose-dependent manner, whereas it slightly
activated cell growth in several noninfected T cell lines (Fig. 58
and SI Appendix, Fig. S7B). Similarly, SIS3-HCI suppressed cell
growth, especially in HTLV-1-infected and ATL cells (Fig. 5 C
and D and SI Appendix, Fig. S7 C and D). The effects of these
inhibitors were variable among ATL cell lines. TL-Om1 and ATL-
43Tb(-) were relatively resistant to these inhibitors (S7 Appendix,
Fig. S7 A and C). Furthermore, the suppressive effects by these
inhibitors were partial, suggesting that the TGF-p/Smad pathway
is responsible for a part of the proliferative process. These results
indicate that activation of TGF-f/Smad signaling promotes the
proliferation of ATL cells, even though for uninfected T cells it is
generally known as suppressor of growth.

To further understand the mechanism by which the blocking of
TGF-p/Smad signaling inhibits ATL cell growth, we performed
RNA-seq in ATL cell lines treated with or without SB431542. GSEA
showed that cell cycle, G2M, and E2F gene sets were down-regulated
and that of p53 was up-regulated in the SB431542-treated group
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(81 Appendix, Fig. S8A). Of note, the MYC-associated gene sets were
the most down-regulated in the SB431542-treated group (Fig. 5 E
and F). Further, c-Mjyc expression was down-regulated in SIS3-HCI-
treated ATL cells, but up-regulated in treated Hut78 cells, which
are uninfected with HTLV-1 (8] Appendix, Fig. S8B). Stimulation
of TGF-p/Smad signaling promoted ¢-Mjyc expression in ATL cells
(81 Appendix, Fig. S8C). In most cells, MYC expression is generally
inhibited by the TGF-p/Smad signaling, not promoted by it; thus,
this discrepancy might be a clue as to why ATL cells differ in their
response to TGF-B/Smad signaling.

BATF3 and IRF4 have been reported to be associated with the
proliferation of ATL cells through upregulation of the MYC gene
(32). We found that the expression of BATF3 and /RF4 was sup-
pressed by inhibition of TGF-B/Smad signaling and promoted by
stimulation of TGF-B/Smad signaling in ATL cell lines (Fig. 5G
and ST Appendix, Fig. S9 A-D). Multiplex mass-cytometry
(CyToF) indicated that TGF-p expression was indeed correlated
with BATF3 and IRF4 in primary ATL cells (Fig. 5H). Further-
more, chromatin immunoprecipitation (ChIP) sequencing anal-
ysis shows that phosphorylated Smad3 is enriched at the
transcriptional start site of BATF3 and /RF4 (Fig. 5 [and /). These
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Fig. 3. hA3G cooperates with HBZ
to activate the TGF-p/SMAD pathway.
(A) Expression of hA3G in healthy
donors (n = 9) and patients with
aggressive ATL (acute, and lymphoma
type ATL) (n = 20) by RT-gPCR (trip-
licate experiments; one-way ANOVA
with Tukey correction; ***P < 0.001).
(B) Gene signatures that are signifi-
cantly enriched in hA3G-knockdown
ATL cells (ATL-55T+), based on GSEA
analysis with RNA-seq. (C) Luciferase
activity of 3TP-Lux under the control
of a TGF-p responsive elementin cells
expressing hA3G or sA3G (normalized
mean + SD of triplicate experiments;
two-tailed unpaired Student’s t test;
**p < 0.01; ***P < 0.001). (D) Lucif-
erase activity of 3TP-Lux under the
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control of a TGF-p responsive ele-
ment in cells coexpressing HBZ with
hA3G (Left), APH-2 with hA3G (Middle),
or SBZ with sA3G (Right) (normalized
mean + SD of triplicate experiments;
two-tailed unpaired Student's t test;
*P < 0.05; **P < 0.01; ***P < 0.001;
**%%P < 0,0001). (E) Luciferase activ-
ity of 3TP-Lux under the control of
a TGF-p responsive element in cells
expressing deletion mutants of the
N-terminal region of hA3G (normal-
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ized mean + SD of triplicate experi-
ments; two-tailed unpaired Student's
t test; ***P < 0.001). IB, immunoblot.
(F) Luciferase activity of 3TP-Lux un-
der the control of a TGF- responsive
element in cells expressing alanine
scanning mutants of the 12 to 18th
amino acids of hA3G (normalized
mean + SD of triplicate experiments;
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two-tailed unpaired Student’s t test;

**%%P < (0,0001). IB, immunoblot.

results suggest that TGF-p/Smad signaling, activated by hA3G
and HBZ, promotes ATL cell proliferation via the activation of
BATF3/IRF4 and MYC.

Finally, we evaluated tumor growth using a mouse xenograft
model (Fig. 64). As expected, tumor growth was significantly
suppressed in both the SB431542- and SIS3-HCl-treated groups
(Fig. 6 B-D), suggesting that TGF-f/Smad signaling is crucial for

in vivo ATL tumor growth.

Discussion

Human retroviruses originate from simian ones. Importantly, SIV,
with the exception of SIVcpz, is not pathogenic for its natural
host (14, 16). However, HIV-1 causes the serious disease AIDS
in humans. It remains to be answered why SIV does not cause
disease in its natural host. The transmission of pathogens from
their natural hosts to new hosts often potentiates virulence.
SIVmac, which originates from SIVsmm of sooty mangabeys,
causes simian AIDS in Asian macaques (33). Similarly, it has been
reported that cross-species transmission of STLV-1 from rhesus
macaques to baboons induced lymphomas (13). Bovine leukemia
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Smad proteins. (A) Coimmunoprecipi-
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virus (BLV) causes B cell lymphomas in 5 to 10% of infected
animals after long latency periods, which is similar to HTLV-1
(34). However, about 40% of BLV-infected sheep develop lym-
phomas, indicating that the pathogenicity of BLV is highly aug-
mented by cross-species transmission (35). HTLV-1 induces ATL
in approximately 5% of infected individuals (11). This study
shows that maladaptation of HTLV-1 to hA3G is a mechanism
of the pathogenicity of HTLV-1.

HTLV-1 originated via cross-species transmission of STLV-1
to humans that is estimated to have occurred approximately
20,000 to 50,000 y ago. The evolutionary rate of HTLV-1 is
estimated to be about three logs lower than that of HIV-1 (36).
Based on this estimate, the time since HTLV-1 entered into
humans is equivalent to 20 to 50 y for HIV-1. This difference in
evolutionary rate is caused by a difference in mode of transmission:
HTLV-1 transmits primarily through cell-to-cell contact (37),
whereas HIV-1 has the capacity to efficiently spread in both
cell-to-cell and cell-free fashions. After transmission, HTLV-1
increases its “progeny” by proliferation of infected cells and de
novo infection (38). During the carrier state, proliferation of
infected cells is dominant, which means that de novo infection
with reverse transcription is rare compared to other retroviruses,
like HIV-1. Thus, the evolutionary rate of HTLV-1 is much lower
than that of HIV-1. This study shows that HBZ can still inhibit
sA3G deaminase activity, while it has not adapted to become able
to inhibit hA3G. In contrast, APH-2 of HTLV-2 strongly inhibits
hA3G. Cross-species transmission of HTLV-2 is thought to have
occurred about 400,000 y ago (39); thus it has had roughly ten
times longer than HTLV-1 to adapt to humans. Therefore,
APH-2/HTLV-2 might have had enough time to evolve the ability
to efliciently inhibit hA3G, whereas HTLV-1 is vulnerable to
hA3G due to insufficient adaptation to humans. The difference
in pathogenicity between HTLV-1 and HTLV-2 might reflect
inadequate adaptation of HTLV-1 to humans. HBZ cannot sup-
press the deaminase activity of hA3G, but HBZ and hA3G poten-
tiate the TGF-P/Smad pathway, leading to proliferation of ATL
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cells. Experiments were performed at
least twice (A and C-F).

18: Tubulin

cells. Meanwhile, as the pathogenesis of STLV-1 has not been
extensively studied, it remains to be studied how HBZ/hA3G
plays a role in the leukemogenesis.

A3G functions as an antiretroviral host factor that targets
ssDNA for mutation during reverse transcription (18, 40).
Retroviruses have acquired a variety of mechanisms to counteract
A3G (20, 41, 42). This study reveals that the antisense proteins,
APH-2, SBZ, and HBZ, interact with A3G and (for the version
of A3G to which they are adapted) suppress its antiretroviral func-
tion. Exactly how antisense proteins hinder the deaminase activity
of A3G remains to be elucidated. Unexpectedly though, hA3G
and HBZ also work together to synergistically enhance TGF-
f/Smad signaling, resulting in the promotion of the proliferation
of infected cells and lymphomagenesis. This does not occur for
antisense protein/A3G combinations that are better adapted to
one another, such as APH-2/hA3G or SBZ/sA3G (Fig. 3D). Thus,
the lack of adaptation of HBZ to human hosts means that contrary
to its typical antiviral activity, hA3G actually augments the patho-
genetic effects of HBZ.

TGE-B plays important roles in different steps of oncogenesis:
epithelial-mesenchymal transition, metastasis, and suppression of
host immunity (43—45). However, until now it has not been reported
that TGF-p positively contributes to the proliferation of cancer cells.
Meanwhile, HBZ plays a central role in HTLV-1-infected cells and
ATL (46). HBZ determines the immunophenotypes of infected cells
and ATL cells, promotes the proliferation of infected cells, and also
inhibits apoptosis (46). HBZ activates the TGF-B/Smad pathway
through interaction with a coactivator, p300, and induces expression
of Foxp3 (31), which converts expressing cells to become regulatory
T-like cells. This study reveals that TGF-p/Smad signaling is activated
by hA3G as well as HBZ and plays an important role in ATL leuke-
mogenesis by up-regulating BATF3/IRF4 and MYC, which are
reported to be critical for the proliferation of ATL cells (32).
Proliferation was suppressed by blockage of the TGF-B/Smad pathway
in most ATL cell lines and HTLV-1-infected cell lines, although the
inhibitory effect was not observed in a few cell lines.
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Fig. 5. Blockage of TGF-p/Smad signaling suppresses ATL cell proliferation. (A and B) Cell growth of MT-1 (A) Hut78 (B) cells treated with SB431542 (Left), and
cell growth rates of assorted HTLV-1-infected T cell lines (n = 9) (A) and HTVL-1 noninfected T cell lines (n = 6) (B) treated with SB431542 at day 4 are shown
(Right) (normalized mean + SD of triplicate experiments). (C and D) Cell growth of MT-1 (C) Hut78 (D) cells treated with SIS3-HCl cell (Left), and cell growth rates of
assorted HTLV-1-infected T cell lines (n = 9) (C) and HTVL-1 noninfected T cell lines (n = 6) (D) treated with SIS3-HCl at day 4 are shown (Right) (normalized mean +
SD of triplicate experiments). (£) Hallmark gene sets down-regulated in MT-1 and ED cells upon treatment with SB431542, analyzed by RNA-seq. (F) Significantly
enriched gene signatures for Myc-related gene sets in SB431542 treated ED cells and MT-1 cells, determined by GSEA analysis with RNA-seq. (G) BATF3 and
IRF4 expression in ED and MT-1 cells treated with SB431542 or SIS3-HCl, analyzed by RT-qPCR (one-way ANOVA with Tukey correction; *P < 0.05; **P < 0.01;
***P <0.001; ****P <0.0001). (H) Correlation of TGF-f protein with BATF3 protein or IRF4 protein in fresh ATL cells (n = 26), detected by multiplex mass-cytometry
analysis (CyToF) (Pearson correlation analysis). (/) Venn diagram of differently expressed genes (DEG) by ChIP-seq in ED cells, MT-1 cells, and Hut78 cells.
(/) Enrichment of phosphorylated Smad3 in BATF3 and /RF4 genes demonstrated by ChIP-seq analysis in an ATL cell line (ED) and a non-ATL T cell line (Hut78).

80f 12 https://doi.org/10.1073/pnas.2309925121 pnas.org



A Subcutaneous injection of  Tumor volume (> 50 mm?) Measurement of
ED cells (2 x 10° cells) Start of treatment tumor weight
(day0) (day14)
} ° Measurement of C
tumor volume
Six-week-old I I l I ] I I I I l
. L J
female NSG mice —
2 weeks IP injection
B (5 times/week)
Control .. . . v
SB431542 8 ‘ ' K )
SIS3-HCI
3000+
C D & Control
= SB431542 i
25001 4 SIS3-HCI /e

2000+

1500

1000

Tumor weight (g)
Tumor volume (mm?3)

500

axv’é*:‘;*‘;%*‘;*" f«;«i«f«“"

Fig.6. Invivo effect of blockage of TGF-p/Smad signaling on ATL. (A) Schematic
representation of the xenograft model of ATL. (B) ATL tumor growth in mice
treated with control (n = 7), SB431542 (n = 8), or SIS3-HCl (n = 7). (Cand D) ATL
tumor weights (normalized mean + SD) (C) and volumes (D) in mice treated
with control (n = 7), SB431542 (n = 8), or SIS3-HCl (n = 7) are shown (one-way
ANOVA with Tukey correction; **P < 0.01; ***P < 0.001; ****P < 0.0001).

TGF-p also suppresses immune responses (43), which helps
cancer cells evade host immune surveillance. In this sense, TGF-f
has dual functions in ATL: growth promotion and immune eva-
sion. Similarly, HBZ enhances production of an immunosuppres-
sive cytokine, IL-10, that also promotes the proliferation of
HBZ-expressing cells through interaction with STAT (47). Thus,
HTLV-1 utilizes two immunosuppressive cytokines, TGF-p and
IL-10, to promote the proliferation of infected cells. This strategy
of HTLV-1 is likely associated with HTLV-1-related inflamma-
tory diseases including HAM. In these inflammatory diseases,
increases in the number of HTLV-1-infected cells are implicated
in pathogenesis (48). Therefore, the growth-promoting activity of
enhanced TGF-p/Smad signaling through HBZ/hA3G may play
a role in the development of inflammatory diseases.

HBZ activates the TGF-B/Smad pathway through interaction
with Smad3 and p300 without enhanced phosphorylation of Smad3
(81 Appendix, Fig. S10). Likewise, hA3G interacts with Smad3 and
activates this pathway via increased phosphorylation of Smad3.
HBZ and hA3G synergistically potentiate the TGF-p/Smad path-
way through different mechanisms, which results in enhanced pro-
liferation by up-regulated expression of BATF3 and JRF4. This study
shows that the incomplete adaptation of HTLV-1 to hA3G para-
doxically enhances the pathogenicity of HTLV-1. Thus, we reveal
the molecular mechanism by which inadequate adaptation of a virus
to its new host is linked with its pathogenicity.

PNAS 2024 Vol.121 No.13 2309925121

Materials and Methods

Clinical Samples. Blood samples were obtained from HTLV-1 carriers, patients with
ATL, and HTLV-2-infected individuals. Peripheral blood mononuclear cells (PBMCs)
were collected using Ficoll-Paque PLUS (GE Healthcare). All subjects were fully
informed of the purpose and procedures of this study, and written informed con-
sentwas obtained from each subjectin accordance with the Declaration of Helsinki.
Use of the clinical samples in this research was approved by the Ethics Committee
of Kyoto University (approval no. G204) and Kumamoto University (Genome 297).

Japanese Macaque Samples. Japanese macaques (Macaca fuscata) were reared
in the Primate Research Institute, Kyoto University. Blood samples were obtained
from the macaques for routine veterinary and microbiological examination under
ketamine anesthesia with medetomidine. The animal experiment was approved
by the Animal Welfare and Animal Care Committees of Kyoto University (approval
numbersR11-11,R12-01,R13-01,R14-01,R15-01,B12-3,and B19-1) and was
carried out in accordance with the Guidelines for Care and Use of Nonhuman
Primates (Version 3) by the Animal Welfare and Animal Care Committee of KUPRI.

Statistical Analysis. All experiments were biologically and/or technically repli-
cated at least twice. Statistical analyses were performed using Prism 8 (GraphPad
Software). Statistical significances of two group comparisons were determined
using the two-tailed unpaired Student's t test. Multiple comparisons were per-
formed by one-way or two-way ANOVA with Tukey correction. The minimum sig-
nificance level was set at P < 0.05. Asterisks indicate the statistical significance
as follows: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Cells. Human embryonic kidney cell lines HEK293T were purchased from the
AmericanType Culture Collection. HEK293T, QT6, Hela, TZM-bl, and HepG2 cells were
cultured in Dulbecco's modified Eagle's medium (NacalaiTesque) supplemented with
10% fetal bovine serum (FBS) and antibiotics. The Jurkat cell line was provided by S.
Sakaguchi, Osaka University. HTLV-1immortalized cell lines (MT-2, MT-4 and Hut102),
ATL cell lines (MT-1, HPB-ATL-2, HPB-ATL-T, ATL-43Th(-), ED, and TL-Om1), and T cell
lines not infected with HTLV-1 (Jurkat, Molt4, SupT1, Hut78, and H9) were cultured
in RPMI 1640 (Nacalai Tesque) with 10% FBS and antibiotics. ATL-55T(+) and Kit225
were grown in RPMI 1640 (Nacalai Tesque) with 10% FBS, recombinant human IL-2
and antibiotics. All cells were grown at 37 °Ciin a 5% CO, atmosphere.

Mice. NOD.Cg-Prkdcscidll2rgtmTW;jl/SzJ (NSG) mice were purchased from
Charles River Laboratories Japan, Inc. All animal experiments were performed
inaccordance with Kumamoto University Animal Care and Use Committee guide-
lines and were approved by the Committee.

Xenograft Experiments. Two million ED40515(-) cells, derived from a patient
with ATL, were injected subcutaneously into the nghtflankofb wk-old female NSG
mice. Aﬂerthetumorvolume became approximately 50 mm?, mice were randomly
assigned into three groups, the control group (n = 7), treatment of the SB431542
group (Selleck) (10 mg/kg, n = 8), and treatment of the SIS3-HCI (Selleck) group
(5mglkg, n =7),and the drugs were given by intraperitoneal injection 5 d a week
for 2 wk. The subcutaneous tumor burden was measured every day with a vernier
caliper. Tumor volumes (mm ) were calculated using the following formula: 0.5x
(longestlength) x (width)2. On day 14 afterthe beginning of treatment, mice were
killed, and the tumor weights were measured. In general, animals were killed when
their tumors reached 2 cm or when the mice became moribund.

Plasmids. The infectious clone of HTLV-1 (pXTMT-M) was provided by David Derse
(49). The infectious clone of HTLV-2 (pHbneo) was previously described (50). The
infectious clone of STLV-1 (pWK1699) was generated by cloning of the provirus from
Japanese macaques. The expression plasmids pcDNA3.1-FLAG-hA3G (wild-type [WT]),
-hA3G (E259Q), -hA3D (WT), and -hA3F (WT) were prepared as previously described
(51).The expression plasmids pcDNA3.1-FLAG-hA3C and -hA3H were generated by
cloning from a healthy donor. The expression plasmid pcDNA3.1-FLAG-sA3G was
generated by cloning from Japanese macaques. Expression plasmids for deletion or
chimeric mutants of A3G were created using PCR or overlapping PCR. The plasmids
pcDNA-mycHis-HBZ and -APH-2 were prepared as previously described (31, 52). The
plasmid pcDNA-mycHis-SBZ was generated by subcloning SBZ from pME18Sneo (12).
Deletion mutants of HBZ/APH-2/SBZ were generated by PCR. The 3TP-Lux construct
contains hoth the phorbol myristate acetate-response elements and the Smad3/4
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binding sites of the PAI-1 promoter. phRL-TK was purchased from Promega. Expression
plasmid for Smads was prepared as previously described (31).

In Vitro Cytosine Deaminase Activity Assay. T0 evaluate the cytosine deaminase
activity of A3G in vitro, a fluorescence resonance energy transfer-based assay was
performed as previously described (28). QT6, a quail cell line that does not have any
endogenous cytosine deaminase activity (53), was transfected with an A3G-expression
vector (empty, hA3G, or sA3G) or vectors expressing HBZ, APH-2, or SBZ. After 48 h, cells
were resuspended in lysis buffer (0.626% NP40, 10 mM tris-acetate pH 7.4, 50 mM
potassium acetate, 100 mM NaCl, 10 mM ethylenediaminetetraacetic acid (EDTA),
protease inhibitor cocktail, and DTT) and incubated on ice for 30 min.

Cell lysates were centrifuged at 13,000 rpm for 20 min to remove debris. The
cell supernatants were then transferred to a new prechilled tube and stored at
—80°C prior to use. Protein concentrations were determined by using BCA Protein
Assay (Thermo Fisher Scientific) and confirmed by immunoblot assay. The oligonu-
cleotides were synthesized with labeling by TAMRA and FAM fluorophores (Bex).

Before adding oligonucleotides, A3G protein was mixed with antisense protein,
adjusted to a total volume of 25 L with lysis buffer, and incubated on ice for 20
min.Then, 25 uL of buffer[20 pmoles of oligonucleotide, 10 ug RNase Aand 0.04
U uracil DNA glycosylase, 100 mMTris pH 7.4, and 20 mM EDTA buffer] was added
and then incubated at 37 °C for 5 h. Next, 30 uL of 2 M Tris-acetate (pH 7.9) was
added to each well, and the plate was incubated at 95 °Cfor 2 minand at 6 °Cfor 3
min with the StepOnePlus Real-Time PCR System (Applied Biosystems).To evaluate
arelative change of fluorescence due to A3G activity, the endpoint fluorescence for
QT6 cells transfected by FLAG empty vector was subtracted from all experimental
samples for each dose. All experiments were performed three independent times.

Deep Sequencing Analysis. Genomic DNA from HTLV-1 carriers, ATL patients,
HTLV-2-infected individuals, and STLV-1-infected Japanese macaques was
extracted with phenol-chloroform. To amplify the whole provirus sequences of
HTLV-1, HTLV-2, and STLV-1, long PCR was performed. The primers used in this
study are shown in S/ Appendix, Table S2.The libraries were prepared using the
Nextera XT DNA Library Preparation Kit (/llumina), according to the manufactur-
er's instructions. Then deep sequencing analysis was performed with MiSeq
(Illumina). Data were analyzed using the CLC Genomics Workbench version
11.0.1. Sequenced data were timmed and mapped to the reference sequences.
Variants were analyzed using the Low Frequency Variant Detection tool. Reference
GenBank numbers were AB513134 for HTLV-1 Japanese subgroup, L36905 for
HTLV-1 transcontinental subgroup, NC_001488 for HTLV-2a, 120734 for HTLV-2b,
and MH542226 for STLV-1.

Definition of Mutations. Genomic DNA from HEK293T cells transfected with
pXTMT-M was extracted, and long-PCR was performed. Deep sequencing anal-
ysis was performed and mapped to the pX1MT-M sequence. No error variants of
less than 1% were observed for each nucleotide with coverage greater than 2,000.
Mutations were defined as >1% variation for each nucleotide with coverage >2,000.

Validation Analysis of Mutations. Mutations detected by deep sequencing
analysis were validated using HYPERMUT software (https://www.hiv.lanl.gov/
content/sequence/HYPERMUT/hypermut.html).

Phylogenetic Analysis. Complete env sequences from 65 HTLV-1 ACs and the ref-
erence strains (Japanese subgroup for ATK_J02029,YS_U119949, and AB513134;
transcontinental subgroup forTSP1_M86840 and BOI_L36905) were analyzed using
the k-mer-based tree construction method in the CLC Genomics Workbench version
11.0.1.The circular cladogram was generated with the neighbor-joining method.

In Vitro De Novo Infection Assay. HEK293T cells were seeded on a 6-well plate.
After 24 h, the cells were cotransfected with HTLV-1, HTLV-2, or STLV-1 infectious clones
in the presence or absence of a vector expressing an hA3 family gene or sA3G. After
48 h, the transfected cells were seeded on a 96-well plate and cocultured with CFSE-
labeled Jurkat cells. After 48 h, Jurkat cells were collected by cell sorting (Arialll). Then,
genomic DNA was extracted and the provirus sequences were analyzed.

Viral Infectivity Assays. HEK293T cells were seeded on a 6-well plate. After
24 h, the cells were cotransfected with pNL4.3/AVif/ AEnv, vectors expressing
VSV-G, the indicated viral genes, and/or A3G. At 48 h after transfection, super-
natants were collected and filtered with a 0.45 pm membrane. Quantification of
virus particles was performed using an HIV-1 p24 ELISAKit (ZeptoMetrix). TZM-bl
cells were plated at 5 x 10° into a 96-well plate and infected with 1 ng p24 of
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virus particles. After 48-h incubation, cell lysates were collected using 100 pl of
Glo Lysis Buffer (Promega), and luciferase activity was measured in 20 pL of lysate
using the Luciferase Assay System (Promega) on a Lumat LB9501 (Berthold). The
data represent the mean = SD of three independent experiments.

Luciferase Assay. The 3TP-Lux luciferase assay was performed as Ereviously
described with minor modifications (31). Briefly, HepG2 cells (1 x 10” per well)
were seeded into a 24-well plate. After 24 h, cells were transfected with the indi-
cated plasmid. Total plasmid DNA levels were kept constant with empty vector.
At 24 h after transfection, cells were treated with or without recombinant human
TGF-B1(Wako, 10 ng/mL). After 24 h, luciferase activity was measured using the
Dual-Glo Luciferase Assay System (Promega) according to the manufacturer’s
instructions. All experiments were performed in triplicate.

Coimmunoprecipitation Experiments. HEK293T cells were seeded into a
6-well plate, incubated for 24 h, and then transfected with the indicated plas-
mids. After 48 h, cells were lysed in radio-immunoprecipitation assay (RIPA) buffer
with protease inhibitor for 30 min on ice. The lysates were immunoprecipitated
with antibody-conjugated SureBeads Protein G Magnetic Beads (BioRad). For
immunoprecipitation, the following antibodies were used: mouse anti-FLAG (M2)
antibody (Sigma-Aldrich) and rabbit anti-His antibody (MBL).

For endogenous immunoprecipitation experiments, Hut78, H9, MT2, or ATL55T
(+) cells were lysed in RIPA buffer with protease inhibitor for 30 min on ice. Normal
rabbit 1gG (Wako) was used as a control. Rabbit anti-Smad2/Smad3 antibody
(GeneTex, GTX111123) and rabbit anti-Smad7 antibody (Novus Biologicals, NBP2-
24710)were used for Smad?2/3 and Smad7 immunoprecipitation, respectively. Rabbit
anti-HBZ polyclonal antibody was generated by immunizing with HBZ-peptides
(CRGPPGEKAPPRGETH and QERRERKWRQGAEKC) (Medical Biological Laboratories).

Immunoblotting. Forimmunoblotting, the following antibodies were used: mouse
anti-c-Myc (9E10) antibody (Sigma-Aldrich); rabbit anti-FLAG, mouse anti-FLAG
(M2), and mouse anti-a-Tubulin (DM1A) antibodies (Sigma-Aldrich); rabbit anti-
¢-Myc antibody, rabbit anti-His antibody, rabbit anti-V5 antibody, rabbit anti-HA
antibody, and rabbit anti-VSVG antibody (MBL); mouse anti-HTLV-I p19 antibody
(clone 45/6.11.1.3)(ZeptoMetrix Corporation); rabbit anti-phospho Smad3 (C25A9)
and rabbit anti-phospho-Smad2 (138D4) antibodies (Cell Signaling Technology);
rabbitanti-Smad2/Smad3 antibody (GeneTex); rabbitanti-Smad7 antibody (Novus
Biologicals); anti-mouse IgG-HRP (Thermo Fisher Scientific); and anti-rabbit IgG-
HRP (GE Healthcare Life Sciences). Polyclonal rabbit anti-Human APOBEC3G,
C-terminal (10201) was obtained from the NIH HIV Reagent Program, Division of
AIDS, NIAID, NIH. Immunoblot data were obtained using ImageQuant LAS 4000
mini (GE Healthcare) or the ChemiDoc imaging system (Bio-Rad).

MG132 Treatment. To evaluate the degradation of A3G protein, we treated HBZ/
APH-2/SBZ expressing HEK293T cells with the proteasome inhibitor MG132 (Cell
Signaling Technology, 10 uM). After 24 h, cells were lysed in RIPA buffer, and
their proteins were fractionated by sodium dodecyl sulfate/polyacrylamide gel
electrophoresis (SDS/PAGE) and transferred to immunoblot membranes.

Immunofluorescence Analysis. Hela cells and HepG2 cells were seeded on
chamber slides (Matsunami Glass). After 24 h, these cells were transfected with
pcDNA-myc-Smad3 and pcDNA-FLAG-hA3G using TransIT-LT1T (Mirus). At 48 h after
transfection, cells were treated with or without recombinant human TGF-B1 (Wako,
10 ng/mL)for 1 h and then washed with phosphate-buffered saline (PBS), fixed with
4% paraformaldehyde for 15 min, permeabilized with 0.2% Triton X-100 for 15 min,
and blocked with incubation in 5% donkey serum (Jackson ImmunoResearch). For
immunostaining, cells were incubated with mouse anti-Myc (Sigma-Aldrich) and
rabbit anti-FLAG (Sigma-Aldrich) antibodies, followed by incubation with Alexa Fluor
488-conjugated donkey anti-mouse IgG (Invitrogen) and Alexa Fluor 594-conju-
gated donkey anti-rabbit IgG antibodies (Invitrogen), respectively. The stained cells
were mounted with ProLong Gold Antifade Reagent with DAPI (Molecular Probes),
imaged using a C2 confocal microscope (Nikon), and analyzed with Image..

Duolink PLA. PBMCs from ATL patients were washed and centrifuged onto APS-
coated glass slides (Matsunami Glass) by Cytospin (Shandon). Cells were then fixed
with 4% paraformaldehyde, permeabilized, and blocked with Duolink Blocking
Solution. After that, cells were stained with mouse anti-HBZ antibody (1A10, gen-
erated by immunizing C57BL/6 mice with keyhole limpet hemocyanin [KLH]- con-
jugated HBZ peptide 97-133[CKQIAEYLKRKEEEKARRRRRAEKKAADVARRKQEEQE])
or mouse anti-Smad3 (7F3, Sigma-Aldrich) and rabbit anti-human APOBEC3G
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antibody (D9C6Z, Cell Signaling Technology), which were diluted in Duolink
Antibody Diluent, followed by incubation with Duolink In Situ PLA Probe Anti-Mouse
PLUS and Duolink In Situ PLA Probe Anti-Rabbit MINUS. Next, cells were incubated
with Duolink 5x Ligation Buffer and Duolink Polymerase (10 u/uL), followed by
incubation with Duolink Amplification Red and Duolink Ligase (1 U uL). The stained
cells were mounted with Duolink®In Situ Mounting Medium with DAPI. The cells
were imaged using a C2 confocal microscope (Nikon) and analyzed with Image..

Viral Incorporation Assay. HEK293T cells were seeded on a 6-well plate. After 24 h,
the cells were cotransfected with infectious clones (pX1MT-M/AEnv, or pH6neo/ AEny,
and pWK1699/AEnv) and vectors expressing VSV-G, and/or A3G (hA3G or SA3G).
At 48 h after transfection, supernatants were collected and filtered with a 0.45 pm
membrane. For the endogenous viral incorporation experiment, the supernatants of
MT2 cells were collected and filtered with a 0.45 pm membrane. Virus particles were
concentrated by ultracentrifugation using Beckman Optima XPN—1004at 25,000 rpm
for2 h at4 °C.Virus particles and cells were lysed separately in RIPA buffer, and their
proteins were fractionated by SDS/PAGE and transferred to immunoblot membranes.

shRNA Knockdown and Cell Sorting. Knockdown of hA3G was performed by using
the GIPZ Lentiviral Human APOBEC3G shRNA and its control (RHS4531-EG60489
glycerol set, Dharmacon) according to the manufacturer's instructions. VP were
produced in HEK293T cells and purified by ultracentrifugation (25,000g for 120
min at 4 °C). Target cells were infected with lentivirus for 48 h. Stable transfectants
were selected in puromycin (10 pg/mL). For RNA-seq analysis, GFP-positive cells
were collected by cell sorting (Arialll) after puromycin selection.

RNA Extraction and RNA-seq. RNA was extracted using the ReliaPrep RNA
Miniprep System (Promega). Library preparation and high-throughput sequenc-
ing were performed at Macrogen using the TruSeq RNA Sample Prep Kit v2 and
HiSeq 2000 (lllumina). RNA-seq data were mapped to the h38 using STAR (54).
Differently expressed genes were analyzed using RSEM (55) and edgeR (56).

Quantitative RT-PCR. CD4" T cells were isolated from PBMCs of ATL patients
and healthy donors using selection beads (BD IMag™). Total RNA was extracted
using Trizol Reagent (Invitrogen) or ReliaPrep RNA Miniprep System (Promega).
cDNAs were synthesized by reverse transcription using Superscript IV Reverse
Transcriptase (Thermo Fisher Scientific). Quantitative real-time PCR was per-
formed using real-time PCR using FastStart Universal SYBR Green Master (Roche)
and the StepOnePlus Real-Time PCR System (Applied Biosystems). Primers used
in this study are shown in S/ Appendix, Table S2.

chiP sequencing. ChIP DNAs were obtained from ED cells, MT-1 cells, and Hut78
cells with rabbit anti-phospho Smad3 antibody (C25A9, Cell Signaling Technology)
according to the SimpleChIP Enzymatic Chromatin IP Kit protocol (Cell Signaling
Technology). We used the TruSeq ChlIP Library Preparation Kit(lllumina); subsequently,
libraries were sequenced on the lllumina NovaSeq6000 platform with a standard 150-
bp paired-end read protocol. Sequenced fastq files were qualified and trimmed with
TrimGalore. We aligned them to the human genome (hg19) using Bowtie2 with the
"--very-sensitive” option (57). Mapped reads with "XS" or "MT" tags were excluded.
Wealso deleted PCR duplicates by Picard (MarkDuplicates) and the ENCODE Blacklist
genome regions (58).To detect significant peaks in comparison to input DNA, we used
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