IL-17RB Regulates Tax-Induced NF-xB Signaling

MA: week 0 vs week 12

T
Tes0s

T
12402

Average Expression

|

1es00

“38ueyp pjo4 7801’

T

week 0 vs week 1

T
1es05

Tesdd
Average Expression

BMA

T-MT-2 Clone 2

<

ﬁ

y0b g0k 501 01 401

<— 8®

100 10! 102 103 10%

D25 ———>

103 104

s —— >

2

TIR{—TTITE ] TTT

10

TTTITR] T I7

109 101

TR T
0L g0k 501, OF 401

&—— £®

Mx1

&)

T2
B T3
ET4

2500
2000

o 1500
100

50

0

@
)
©
o
2
S
£

lo4 aAnedy

ET2
B T3
E T4

BT

Oast

(== 2~ T~ T =T~ ]
m @0 W T N
os5B210U| PlO4 BAIIRIOY

FERE

o m

8 b
[T (5]
= Q
[~ B~ B -~ I = T - N ~ ]
m W © T N
95BD42U| PIo4 8ABRISY >
cRRE
2]
4
%@z
%
w o
0
) g
14 ~
o =
%
ovaw$

o 0o 0 o o
08642
1

BSEaIdU| P|O4 BARRIDY

DDIT4L

000 Qoo
08642
1

9SEaIoU| PO dAR|3Y

™ <t
MeE

DO OO
= QO oo
OO W N

8 °
() @sEesouI Pl dAgejRY w

NEE e
EED ep
T
ﬂf
v
%o, Hi
b K4
%] e
% 5
(8] P =
%,
%

]

oD o Q owo
gg g§=*
[

SE3IOU| PlO] DANE[OY
feE

IL-9

(=] OO OO WO
o OO OM v
(=] oM
=] <
asea.I0U| plo4 BARRIRY
o™
[AFiA
HEI
<z
w0
b
=
0

id =1 w i=]
- -

9sB2IoU| P|O- SANRIRY

IL-17RB

w0
—

=
-

oy

e

4

SLB1

F

Jurkat
C8166

T-MT-2 Clone 4

T-MT-2 Clone 3

IL-17RB ——————————————>

IL-25

aseaIoU| PIO4 dAlRIOY

I

IL-17RA

i 3
P
asealou| plod sAnedy

* ™M N - O
BSealIU] PIO BAHEIDY

October 2014 | Volume 10 | Issue 10 | e1004418

PLOS Pathogens | www.plospathogens.org



IL-17RB Regulates Tax-Induced NF-xB Signaling

Figure 1. IL-17RB is overexpressed in HTLV-1 immortalized T cell clones and transformed cell lines. (A) Flow cytometric analysis of CD3/
CD4/CD8/CD25 markers with T-MT-2 clone 2. (B) Differential gene expression of T cells at week 1 (top) and week 12 (bottom) compared to week 0
(parental T cells) analyzed using RNA-Seq and “DESeq” R package and plotted as an MA plot. DESeq plotMA displays differential expression (log-fold
changes) versus expression strength (log average read count). (C-E) qRT-PCR of indicated mRNAs in T cell clones. (F) Flow cytometric analysis of IL-
17RB was performed on the indicated immortalized HTLV-1 immortalized T-cell clones and HTLV-1+ cell lines (top). gRT-PCR of IL-17RB mRNA in
HTLV-1+ and ATL cell lines (bottom). (G, H) gRT-PCR of IL-17RA and IL-25 mRNAs in HTLV-1+ and ATL cell lines.

doi:10.1371/journal.ppat.1004418.g001

and these results were confirmed by real-time quantitative RT-
PCR (qRT-PCR) (Figure 1C and Table Sl1). Conversely, the
HTLV-1-immortalized T cells did not express ISGs, but rather
expressed aberrant levels of genes regulating cell growth/cytokines
(IL-17RB, IL-5, IL-9, IL-13, CADM1), DNA damage (DDIT4L),
cell cycle (CDC14B, CCNAL), metabolism (glycerol kinase 2) and
migration/chemokines (CGCL1, CXCR7) (Table S2). Also, these
immortalized T cells had a distinct genetic signature compared to
MT-2 cells (Sequence read archive accession numbers SRS698576
and SRS698477). Notably, many of the aberrantly expressed
genes, including 1L-17RB, have not previously been linked to
transformation by HTLV-1. IL-17RB was one of the most highly
induced genes in HTLV-1 immortalized ‘T’ cells (Figures 1B and
S1 and Table S2). IL-17RB mRNA expression was sharply
elevated in all 3 independent HTLV-1 immortalized T cell clones
as shown by gRT-PCR (Figure 1D). 11-25, the high affinity ligand
for IL-17RB, was expressed at variable levels in the three clones
(Figure 1E). Aberrant expression of CCLI (also known as I-309),
CXCR7, DDIT4L, 1L-9 and IL-13 in HTLV-l-immortalized
clones was also confirmed by qRT-PCR (Figure 1D and E). The
chemokine CCL1, shown previously to be overexpressed in ATL
cells, functions in an anti-apoptotic autocrine loop [40]. Similarly,
the chemokine receptor CXCR7 is induced by Tax and regulates
the growth and survival of ATL cells [41]. Furthermore, Tax
induction of both IL-9 and IL-13 may trigger the autocrine
stimulation of HTLV-1 infected cells [42,43]. Taken together, our
RNA-Seq studies have confirmed the dysregulation of known
targets of HTLV-1 wansformation and have also identified genes,
such as IL-17RB, not previously demonstrated to be induced by
HTLV-1. Next, the cell surface expression of IL-17RB was
examined in HTLV-1 transformed cell lines by flow cytometry.
IL-17RB was highly expressed in the HTLV-1 immortalized T-
cell clones and most HTLV-1-transformed cell lines, but not in
Jurkat T cells (Figure 1F). IL-17RB mRNA was also overexpressed
in varying degrees in HTLV-1 transformed and ATL cell lines
(Figure 1F). Since IL-17RB forms heterodimers with IL-17RA, the
expression of IL-17RA was examined in HTLV-1 transformed
and ATL cell lines. IL-17RA and IL-25 mRNAs were also
upregulated in a subset of HTLV-1 transformed and ATL cell
lines (Figure 1G and H).

IL-17RB expression is regulated by Tax and IKK

A previous study reported a role for TGF-f and IL-4 in the
upregulation of IL-17RB expression [31]. Since NF-xB is
important for the proliferation and survival of HTLV-1 trans-
formed cells, we hypothesized that NF-xB may regulate IL-17RB
induction. Thus, the HTLV-1 transformed T-cell lines C8166 and
MT-2 were treated with sc-514, a small molecule inhibitor of
IKKB, and gqRT-PCR was performed for IL-17RB and the known
NF-xB target gene CD25. Treatment with sc-514 significantly
diminished the expression of IL-17RB and CD25 mRNAs in these
cells (Figure 2A), thus supporting a role for IKKB and NF-«B in
the expression of IL-17RB in HTLV-1 transformed cells.
However, sc-514 treatment had no effect on IL-17RB expression
in Jurkat cells (Figure 2A). To provide further evidence for a role
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of IKK in the regulation of IL-17RB, recombinant lentiviruses
expressing either control scrambled short hairpin RNA (shRNA)
or two distinct shRNAs specific for IKKa or IKKPB were
transduced into 8166 cells. Both IKKa and IKKB shRNAs
strongly suppressed their respective mRNAs as shown by gRT-
PCR, and these shRNAs significantly inhibited IL-17RB expres-
sion (Figure 2B). Therefore, both IKKo and IKK regulate IL-
17RB expression in C8166 cells.

The HTLV-1 Tax oncoprotein dysregulates the expression of
specific cellular genes as part of its oncogenic mechanism [44].
To determine if Tax was involved in the induction of IL-17RB
expression we used a Jurkat cell line inducible for Tax expression
(Jurkat Tax Tet-On) by doxycycline (Dox) [45]. Jurkat Tax Tet-
On cells were treated with Dox for 1, 2 and 3 days and mRNA
was harvested for gRT-PCR for IL-17RB. Indeed, induction of
Tax strongly upregulated IL-17RB mRNA (Figure 2C). Con-
versely, shRNA-mediated knockdown of Tax in G8166 cells
diminished the expression of IL-17RB mRNA (Figure 2D).
Knockdown of Tax also reduced the expression of IL-17RB
protein in C8166 cells (Figure 2E). Thus, both gain-of-function
and loss-of-function studies support the hypothesis that Tax is the
HTLV-1-encoded protein that promotes the aberrant overex-
pression of IL-17RB.

Two commonly used Tax mutants M22 (Thr'*’Leu'®'->
Ala'%Ser'®!) and M47 (Leu®'?Leu®%->Arg? 9Ser™”) can be used
to distinguish NF-kB or CREB-specific functions of Tax [46]. Tax
M22 is defective for NF-kB and wild-type for CREB activation,
whereas Tax M47 is defective for CREB and wild-type for NF-xB
activation. Wild-type Tax, Tax M22 and Tax M47 were cloned
into a lentiviral vector and recombinant Tax-expressing lentivi-
ruses were used to transduce Jurkat T cells. Wild-type Tax and
Tax M47 strongly upregulated IL-17RB mRNA expression as
detected by qRT-PCR, however Tax M22 induction of IL-17RB
was significantly diminished (Figure 2F). These data further
support the notion that Tax requires NF-xB to induce IL-17RB
expression. Interestingly Tax induction of IL-17RB was not
observed in 293 cells suggesting that this event may be specific for
T cells (Figure 2G). Tax activation of NF-xB was also independent
of IL-17RB in 293 cells, since knockdown of IL-17RB in 293 cells
had no effect on Tax activation of an NF-kB reporter (Figure 2H).
Finally, the expression of IL-25 was not regulated by Tax in T
cells, therefore Tax induces the expression of IL-17RB but not its
high affinity ligand (Figure 2I).

Tax requires IL-17RB to activate NF-xB in T cells

Since IL-17RB signals to NF-kB, we next asked if Tax required
IL-17RB to trigger NF-xB signaling in T cells. jurkat Tax Tet-
On cells were transduced with lentiviruses expressing control or
IL-17RB shRNA, yielding ~60-70% knockdown efficiency
(Figure 3A). The cells were transiently transfected with NF-xB
and HTLV-1 LTR reporters for dual-luciferase assays and also
treated with Dox to activate Tax expression. Remarkably, Tax
activation of NF-kB, but not the HTLV-1 LTR (which is CREB-
mediated), was dependent on IL-17RB (Figure 3A). In agreement
with these results, Tax induction of the NF-kB target genes,
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Figure 2. Essential roles for IKK and Tax in the induction of IL-17RB. (A) gRT-PCR of IL-17RB and CD25 mRNAs in C8166, MT-2 and Jurkat cells
treated with the IKKp inhibitor sc-514 (10 uM) for 4 h. (B) gRT-PCR of IL-17RB, IKKo and IKKB mRNAs in C8166 cells transduced with lentiviruses
expressing control, IKKa or IKKB shRNAs. (C) gRT-PCR of IL-17RB and Tax mRNAs in Jurkat Tax Tet-On cells treated with Dox (1 pg/ml) for the
indicated times. (D) gRT-PCR of IL-17RB and Tax mRNAs in C8166 cells transduced with lentiviruses expressing control or Tax shRNAs. (E) Western blot
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of IL-17RB, Tax and f-actin using lysates from C8166 cells transduced with lentiviruses expressing control or the indicated Tax shRNAs. (F) gRT-PCR of
IL-17RB and Tax mRNAs in Jurkat cells transduced with lentiviruses expressing empty vector (CTR), Tax, Tax M22 or Tax M47. (G) qRT-PCR of IL-17RB or
Tax mRNAs in 293 cells transduced with lentiviruses expressing empty vector (CTR) or Tax. (H) NF-kB luciferase assay with lysates from 293 cells ,
transduced with lentiviruses expressing control (CTR) or IL-17RB shRNA, and then transfected with empty vector (EV) or pCMV4-Tax, together with an
NF-kB luciferase reporter and pRL-TK. IL-17RB mRNA and 18S rRNA were detected by RT-PCR (bottom panel). (I) gRT-PCR of IL-25 mRNA in Jurkat cells

transduced with lentiviruses expressing empty vector (CTR) or Tax at multiplicities of infection (MOls) of 5 and 10.

doi:10.1371/journal.ppat.1004418.g002

CD25 and clIAP2, was impaired when IL-17RB expression was
suppressed with shRNAs (Figure 3B). Therefore, Tax induces TL-
17RB expression to establish a positive feedback loop that is
critical for Tax-induced NI'-kB activation. Also, the requirement
of IL-17RB for Tax-mediated NF-xB activation appears to be T-
cell specific.

IL-17RB and IL-25 are essential for HTLV-1-induced T-cell

immortalization

To determine the role of the IL-17RB pathway in the early
events of HTLV-1 transformation of primary human T cells, we
conducted an in vitro T-cell immortalization assay with irradiated
MT-2 cells and PBMCs from normal donors as described earlier.
In this co-culture model, expression of both IL-17RB and IL-25
were significantly increased in primary T' cells at early times (1-2
weeks) after co-culture with MT-2 cells (Figure 4A). PBMCs were
transduced with lentiviruses expressing control shRNA or shRNAs
for IL-17RB or IL-25, co-cultured with irradiated MT-2 cells and
puromycin was added to select for cells expressing shRNAs. Both
IL-17RB and IL-25 were required for immortalization of primary
T cells by HTLV-1 since cells expressing these shRNAs ceased to
proliferate after 3 weeks of co-culture (Figure 4B). However, as
expected PBMCs expressing control shRNA vyielded immortalized
CD4+ T cells after 8 weeks (Figure 4C). Taken together, these
results suggest that both 1L-25 and IL-17RB are required for the
early events involved in the immortalization of primary T cells by
HTLV-1.

IL-17RB is essential for NF-kB signaling and the viability
of HTLV-1 transformed T cell lines

Because Tax required IL-17RB for efficient NF-xB activation
and NF-xB is critical for the survival of T cells transformed by
HTLV-1, we hypothesized that IL-17RB was essential for NF-xB
activation and the viability of established HTLV-1 transformed
cell lines. To address this notion, recombinant lentiviruses
expressing control or IL-17RB shRNAs were transduced into
three distinct Tax-expressing HTLV-1 transformed cell lines
(C8166, MT-2 and HUT-102). A total of three independent
shRNAs to IL-17RB or scrambled control shRNA were expressed
in these cell lines and selected with puromycin. Efficient
knockdown of IL-17RB was confirmed by qRT-PCR in MT-2
and G8166 cells (Figure 5B). The CellTiter-Glo Luminescent Cell
Viability kit was used to quantify cellular ATP levels to determine
cell viability and proliferation. Knockdown of IL-17RB signifi-
cantly reduced the viability and proliferation of HTLV-1
transformed cell lines (Figure 5A). Next, we examined expression
of the NF-xB target genes CD25, cIAP2, IRF4 and IL-9 by qRT-
PCR. The expression of each of these genes was significantly
attenuated upon IL-17RB knockdown in C8166 and MT-2 cells
(Figure 5B). Importantly, Tax expression was unaffected by IL-
17RB knockdown in these cell lines (Figure 5B).

An NF-xB DNA binding electrophoretic mobility shift assay
(EMSA) was next performed with nuclear extracts from 8166,
MT-2 and HUT-102 cells expressing control or IL-17RB shRNA.
NF-xB DNA binding was completely abrogated upon IL-17RB
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Figure 3. Tax requires IL-17RB for NF-kB activation in T cells. (A) NF-kB and HTLV-1 LTR luciferase assays and gRT-PCR of IL-17RB mRNA in
Jurkat Tax Tet-On cells transduced with lentiviruses expressing control or IL-17RB shRNA. Cells were also transiently transfected with NF-kB and HTLV-
1 LTR luciferase reporters and treated with Dox (1 pug/ml) for 24 h. (B) gRT-PCR of Tax, CD25 and clAP2 mRNAs in Jurkat Tax Tet-On cells from panel
(A).

doi:10.1371/journal.ppat.1004418.9003
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Figure 4. IL-17RB and IL-25 are essential for the HTLV-1-induced immortalization of T cells. (A) gRT-PCR of IL-17RB and IL-25 mRNAs in
primary T cells co-cultured with lethally irradiated MT-2 cells after 0 (W0), 1 (W1) and 2 (W2) weeks. (B) In vitro immortalization assay using PBMCs
transduced with lentiviruses expressing control (CTR), IL-17RB or IL-25 shRNAs and co-cultured with lethally irradiated MT-2 cells. (C) Flow cytometric
analysis of CD4 and CD8 markers using immortalized PBMCs expressing control shRNA.

doi:10.1371/journal.ppat.1004418.g004

suppression in C8166 and MT-2 cells, but not HUT-102 likely due
to inefficient lentiviral transduction (Figure 5C). IL-25 was also
suppressed by shRINAs in MT-2 cells and sShRNA#3 was effective
in reducing IL-25 expression (Figure 5D). Knockdown of IL-25
with this shRINA also significantly attenuated NF-xB DNA binding
and the expression of CD25 (Figure 5C and D). NF-xB signaling
can also be monitored with phospho-specific antibodies for IKK
and p65 since these proteins are phosphorylated upon activation.
Phosphorylation of IKK and p65 was constitutive in C8166, MT-2
and MT-4 cells but reduced upon knockdown of IL-17RB or IL-
25 (Figure 5C and E). IxBo protein was increased upon
suppression of IL-17RB (Figure 5C), likely reflecting enhanced
stability due to a loss of IKK-induced phosphorylation and
proteolysis. IL-17RB knockdown also triggered an apoptotic
response in HTLV-1 transformed cells as revealed by PARP and
caspase 3 cleavage (Figure 5C). The TNFR cell surface receptors
CD40 and OX40 activate NF-xB, are strongly induced by Tax
and are overexpressed in HTLV-1 transformed cell lines [47,48].
However, knockdown of either CD40 or OX40 had no effect on
the proliferation or viability of C8166 cells (Figure 5F). Thus, IL-
17RB is a receptor that appears to be uniquely required for NIF-xB
signaling and the survival of HTLV-1 transformed cells.

IL-9 is a downstream target gene of IL-17RB that controls
the proliferation of HTLV-1 transformed T cells

Our earlier results indicated that HTLV-1 immortalized T-cell
clones expressed aberrant levels of IL-9 (Figure 1E). A recent study
has demonstrated that the IL-17RB pathway controls IL-9
expression in the context of allergic airway inflammation [31].
Furthermore, Tax has been shown to induce IL-9 expression and
IL-9 can regulate the proliferation of primary ATL cells [42]. In
light of these findings, we hypothesized that IL-9 may represent a
key downstream gene of IL-17RB that governs the proliferation of
HTLV-1 transformed T cells. First, to determine if IL-17RB
regulated a soluble factor that was important for the proliferation

PLOS Pathogens | www.plospathogens.org

of HTLV-I-transformed T cells, C8166 and MT-2 cells were
transduced with lentiviruses expressing control or IL-17RB
shRNAs and the media was then replaced with conditioned
media from the corresponding cells. As expected, suppression of
IL-17RB significantly reduced the proliferation of both C8166 and
MT-2 cells (Figure 6A). However, the conditioned media rescued
the proliferative defects associated with loss of IL-17RB (Fig-
ure 6A), suggesting that a soluble factor(s) is sufficient to restore
the growth of these cells.

As described above, IL-9 represented an attractive candidate as
a pro-proliferative soluble factor in the conditioned media from
HTLV-1 transformed T cells. To determine if IL-9 was necessary
to restore the proliferation of IL-17RB knockdown cells, we
collected conditioned media from cells transduced with control or
IL-9 shRNAs for the culture of C8166 cells expressing control or
IL-17RB shRINA. Our results revealed that the conditioned media
from cells with suppressed IL-9 expression was unable to restore
the proliferation of C8166 cells expressing IL-17RB shRNA
(Figure 6B). As expected, conditioned media from cells with
control shRNA effectively restored C8166 cell growth (Figure 6B).
IL-17RB and IL-9 knockdown were confirmed by gRT-PCR
(Figure 6B). Next, to determine if IL-9 was sufficient to rescue the
growth defect associated with suppressed IL-17RB expression we
provided recombinant IL-9 to the media of HTLV-1 transformed
cell lines expressing IL-17RB shRNA. The results indicated that
provision of IL-9 was sufficient to restore cell proliferation of both
C8166 and MT-2 cells (Figure 6C). Therefore, IL-9 is a key
cytokine downstream of IL-17RB that governs the proliferation of
HTLV-1-transformed T cells.

TRAF6 is required for NF-xB activation in HTLV-1

transformed T cells

IL-17RB can form a heterodimeric receptor complex together
with IL-17RA [26], and upon binding to IL-25, the active receptor
recruits the Actl adaptor protein [28]. In addition, the ubiquitin

October 2014 | Volume 10 | Issue 10 | €1004418
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Figure 5. IL-17RB and [L-25 are essential for NF-kB activation and survival of HTLV-1 transformed cells. (A) Proliferation/viability assay
of MT-2 and C8166 cells transduced with lentiviruses expressing control or IL-17RB shRNA using CellTiter-Glo (left). Cell counts of MT-2, C8166 and
HUT-102 cells transduced with control or IL-17RB shRNA. (B) gRT-PCR of indicated mRNAs in HTLV-1 transformed cell lines transduced with
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lentiviruses expressing control or IL-17RB shRNA. (C) NF-xkB EMSA using nuclear extracts from MT-2, C8166 and HUT-102 cells transduced with control,
IL-17RB or IL-25 shRNAs (left). Western blots were performed with the indicated antibodies using whole-cell lysates from MT-2 and C8166 cells
transduced with control, IL-17RB or IL-25 shRNAs (center and right). (D) gRT-PCR of CD25 and IL-25 mRNAs in MT-2 cells transduced with lentiviruses
expressing control or IL-25 shRNA. (E) Western blots were performed with the indicated antibodies using whole cell lysates from MT-2 and MT-4 cells
transduced with lentiviruses expressing control or I1L-25 shRNAs. (F) gRT-PCR of CD40 and OX40 mRNAs in C8166 cells expressing CD40 or OX40
shRNAs (top). Proliferation/viability assay of C8166 cells expressing control, CD40 or OX40 shRNAs.

doi:10.1371/journal.ppat.1004418.g005

ligase TRAF6 can be directly recruited to IL-17RB via a TRAF6 expression of both IL-17RA and Actl (Figures S2A and S3A).
binding motif and plays a critical role in IL-17RB-mediated NF- These results suggest that IL-17RA and Actl regulate the

kB activation and gene expression [30]. Given the vital role of IL- proliferation of HTLV-1 transformed cells in an NF-xB indepen-
17RB in NF-xB signaling and survival of HTLV-1 transformed T dent manner. Since IL-17RA regulates chemokine mRNA stability
cells, we sought to determine the requirements of the upstream independently of NF-xB [49], this mode of regulation may explain
signaling molecules that constitute this pathway. To this end, how IL-17RA and Actl contribute to the proliferation of HTLV-1
knockdown experiments were conducted in HTLV-1 transformed transformed T cells.

cell lines using shRINAs specific for TRAF6, IL-17RA and Actl.

Interestingly, knockdown of TRAF6, but not IL-17RA or Actl, IL-17RB is essential for NF-xB signaling and survival in a
attenuated NF-xB activation as determined by western blotting for subset of ATL cell lines lacking Tax expression
phosphorylated forms of IKK, p65 and IxBo (Figures 7A, S2C Thus far our experiments support a model of a Tax-induced IL-
and S3C). Knockdown of TRAF6 also diminished the expression 17RB-NF-xB feed-forward autocrine loop that is essential for the
of NF-kB target genes CD25 and clAP2 as shown by gRT-PCR in in vitro immortalization of primary T cells by HTLV-1 and the
HTLV-1 transformed T-cell lines (Figure 7B). Knockdown of IL- proliferation and survival of established HTLV-1 transformed T
17RA, but not Actl, modestly reduced the expression of CD25 cell lines. However, the majority of ATL tumors (~60%) have
and cIAP2 (Figures S2B and S3B). However, the proliferation of downregulated or lost Tax expression [19], and these malignant
HTLV-1 transformed cell lines was strongly dependent on the  cells have acquired mechanisms to activate NF-kB persistently
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Figure 6. IL-9 is a key target gene downstream of IL-17RB that regulates the proliferation of HTLV-1 transformed cells. (A)
Proliferation/viability assay of C8166 and MT-2 cells transduced with lentiviruses expressing control or IL-17RB shRNA using CellTiter-Glo. Cells
knocked down for IL-17RB were grown in conditioned media (SUP) from the corresponding cell lines. (B) Proliferation/viability assay of C8166 cells
transduced with lentiviruses expressing control or [L-17RB shRNA. Cells with suppressed IL-17RB expression were grown in conditioned media (Sup)
from C8166 expressing control (CTR) or the indicated {L-9 shRNAs (top panel). gRT-PCR of {L-17RB and IL-9 mRNAs in C8166 cells transduced with
lentiviruses expressing IL-17RB or IL-9 shRNAs (bottom panel). (C) Proliferation/viability assay of C8166 and MT-2 cells transduced with lentiviruses
expressing control or IL-17RB shRNA, in the presence or absence of recombinant IL-9 (20 ng/ml) for the indicated times.
doi:10.1371/journal.ppat.1004418.g006
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despite loss of Tax expression [50]. We next asked if IL-17RB
played a role in NI-xB activation in ATL cells lacking Tax
expression. Tax-negative ATL cell lines ATL-43T, ED40515(-),
TL-OMI and MT-1 were transduced with control or IL-17RB
shRINA lentiviruses. Interestingly, proliferation and viability were
significantly diminished in ATL-43T and TL-OMI, but not in
ED40515(-), MT-1 and control Jurkat cells (Figure 8A). Knock-
down of IL-17RB was efficient in all cell lines except ED40515(-),
likely due to poor lentiviral transduction (Figure 8B). Thus, IL-
17RB appears to be important for some, but not all Tax-negative
ATL cell lines since MT-1 cells proliferated normally despite
knockdown of IL-17RB (Figure 8A and B). The NF-xB target
genes CD25 and cIAP2 were suppressed in TL-OMI1 and ATL-
43T cells, but not in the other ATL cell lines (Figure 8B).
Phosphorylation of IKK and p65 was also inhibited by IL-17RB
knockdown in ATL-43T and TL-OMI cells (Figure 8C). The loss
of NF-kB activation also triggered an apoptotic response as shown
by PARP and caspase 3 cleavage (Figure 8C).

We next examined the expression of IL-17RB, IL-17RA, I1-25,
IL-17B and Tax in eight primary acute ATL leukemic specimens.
IL-17RB expression was significantly overexpressed in 3 out of 8
ATL samples compared to normal control PBMGs (Figure 8D).
IL-17RA was modestly elevated in all the ATL samples compared
to controls (Figure 8D). However, IL-25 expression was not
detected in any of the ATL samples (Figure 8D). Tax mRNA was
found in a subset of the samples but did not correlate with IL-
17RB expression (Figure 8D), suggesting that ATL cells may
regulate JL-17RB expression independently of Tax. Surprisingly,
IL-17B was overexpressed in the majority of acute ATL samples
(Figure 8E), thus raising the possibility that IL-17B may serve as a
ligand for IL-17RB in acute ATL samples.

Discussion

The IL-25-IL-17RB pathway has been linked to allergic airway
inflammation and host defense against parasites. Our study has
established a novel connection of this pathway to HTLV-1-
induced leukemogenesis and also reveal that IL-17RB overex-
pression can be oncogenic in T cells. Tax promotes the aberrant
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expression of IL-17RB via NF-kB signaling to establish an IL-
17RB-NF-xB feed-forward autocrine loop that drives persistent
NF-kB activation in T cells, the natural host cell of HTLV-1.
Therefore, Tax has hijacked the IL-17RB-NF-kB signaling axis to
sustain high levels of NF-xB and coordinate the induction of a
gene program consisting of inflammatory cytokines, chemokines
and anti-apoptotic proteins that orchestrates pathogenic T-cell
proliferation and survival. Together, these results provide a new
framework for how Tax and HTLV-1 persistently activate NF-xB
to promote the malignant transformation of T cells.
HTLV-I-induced leukemogenesis is a multi-step process that
commences with the IL-2-dependent polyclonal expansion of
HTLV-1 infected T cells. The Tax oncoprotein is thought to play
critical roles in driving T-cell proliferation and survival in the early
events of transformation by HTLV-1. However, at later stages Tax
expression is largely dispensable, presumably due to genetic and
epigenetic changes that may compensate for the loss of Tax. The
HTLV-1-encoded HBZ protein may also exert oncogenic roles in
ATL tumors in the absence of Tax expression [51]. Nevertheless,
after loss of Tax expression, ATL tumors still exhibit constitutive
canonical and noncanonical NF-xB signaling that sustains tumor
cell proliferation and survival. However, the mechanisms of Tax-
independent NF-kB activation in ATL tumors remain poorly
understood. A recent study demonstrated that epigenetic downreg-
ulation of the microRNA miR-31 led to overexpression of NIK and
activation of noncanonical NF-kB [52]. Our results reveal that IL-
17RB drives canonical NF-xB signaling in a subset of ATL cell lines
suggesting that the IL-17RB-NF-xB autocrine loop can be
maintained in the absence of Tax, most likely by the acquisition
of genetic and/or epigenetic changes. Comparative genomic
hybridization (CGH) analysis has elucidated specific chromosomal
imbalances associated with each of the clinical subtypes of ATL
[53]. The highly aggressive acute ATL acquires more frequent
chromosomal abnormalities, including characteristic gains at
chromosomes 3p, 7q and 14q and losses at chromosomes 6q and
18q [54]. Interestingly, /L-17RB is encoded on chromosome
3p21.1, one of the most frequently amplified regions in acute ATL
[54]. We found that IL-17RB is significantly overexpressed in
leukemic cells from 3/8 ATL patients (38%), comparable to the
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Figure 8. IL-17RB is essential for NF-kB activation and survival in a subset of Tax-negative ATL cell lines. (A) Proliferation/viability assay
of the indicated cell lines transduced with lentiviruses expressing control or IL-17RB shRNA using CellTiter-Glo. (B) gRT-PCR of IL-17RB, CD25 and
clAP2 mRNAs in the indicated cell lines transduced with lentiviruses expressing control or IL-17RB shRNA. (C) Western blots were performed using
whole cell lysates from the indicated cell lines transduced with control, IL-17RB or IL-25 shRNAs. (D) qRT-PCR of IL-17RB, Tax, IL-25 and IL-17RA
mRNAs from control PBMCs (normal donors) or primary acute ATL leukemic cells. ATL mRNA expression was compared relative to the average of
control mRNA expression. (E) qRT-PCR of IL-17B from purified CD4+ T cells (CTR) or primary acute ATL leukemic cells.

doi:10.1371/journal.ppat.1004418.g008

37% of aggressive ATL cases with 3p21 gains [54]. Therefore, IL-
17RB overexpression in a subset of acute ATL tumors may
potentially regulate the constitutive canonical NF-xB activation in
the absence of Tax expression (Figure S4). Nevertheless, additional
studies with more ATL patient tumor specimens are warranted to
further explore the mechanisms underlying IL-17RB overexpres-
sion. It will also be interesting to determine if somatic mutations
occur in IL-17RB that render the receptor constitutively active in
the absence of ligand. Finally, since IL-17B but not IL-25, was
expressed by acute ATL leukemic cells (Figure 8), future studies will
need to examine if IL-17B plays a role in IL-17R B signaling, NF-xB
activation and proliferation of primary ATL cells. IL-25 expression
may potentially be suppressed by active mechanisms in ATL since it
exerts pro-apoptotic roles in other tumor types [55].

IL-25 serves as the high affinity ligand for IL-17RB. IL-25
favors Th2 immune responses and orchestrates host defense
against parasites by inducing the expression of IL-4, IL-5 and IL-
13 [56]. IL-25 signals through a heterodimeric receptor containing
IL-17RA/IL-17RB, which in turn recruits Act] and TRAF6 upon
IL-25 stimulation to induce NI-xB and MAPK activation that
regulate genes important for Th2 immunity, allergic responses and
expulsion of helminths. Our results indicate that HTLV-1
transformed cells are critically dependent on the IL-17RB pathway
for proliferation, however only IL-17RB and TRAF6 are essential
for NI-xB activation. IL-17RB contains a TRAF6 interaction
motif in its intracellular domain that propagates downstream NF-
kB activation [30]. Furthermore, a previous study has shown that
TAKI, a kinase downstream of TRAFG6 in the IL-17RB pathway,
is also involved in Tax-mediated NF-kB activation [15]. There-
fore, IL-17RB may signal through both TRAF6 and TAKI to
activate IKK in HTLV-1 transformed cells. We have recently
identified a consensus TRAF6 interaction motif in the C-terminal
region of Tax that mediates TRAF6 interaction and activation
(571, thus suggesting that Tax may activate TRAF6 to further
enhance the Tax-IL-17RB-NF-kB positive feedback loop in T
cells. A previous study claimed that TRAF6 was dispensable for
Tax-induced NF-kB activation [58], however they used a cell-free
assay system using lysates from murine embryonic fibroblasts.
Using intact T cells, we found that TRAF6 indeed plays a role in
Tax-mediated NF-xB signaling. Our results also indicate that IL-
17RB is dispensable for Tax to activate NF-xB in 293 cells, yet is
critical for Tax-mediated NF-xB activation in T cells. Therefore,
Tax activation of NF-kB appears to be distinct in T cells compared
to other cell types and provides a strong rationale for Tax/NF-xB
studies to be conducted in T cells.

Our data has provided new insight into the transcriptional
regulation of IL-17RB. Little is known regarding how IL-17RB
expression is regulated, although a previous study demonstrated
that TGF-B and/or IL-4 can induce IL-17RB expression in mouse
T cells [31]. We have provided multiple lines of evidence
supporting a role for NF-xB in Tax-induced expression of IL-
17RB. First, an IKKf inhibitor greatly reduced the expression of
IL-17RB in HTLV-1 transformed T cell lines (Figure 2A). Second,
knockdown of IKKo or IKKf with shRNAs diminished IL-17RB
expression in C8166 cells (Figure 2B). Finally, the Tax M22
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mutant, defective for NEMO binding and NF-xB activation, was
impaired in the induction of IL-17RB (Figure 2F). Taken together,
our data support a two-step model of Tax activation of NF-xB in
T cells (Figure S4). First, Tax activation of canonical NF-xB
commences through direct NEMO/IKK binding and IKK
activation. The precise mechanisms remain poorly understood
but may involve IKK oligomerization and inhibition of NEMO-
associated phosphatase 2A [59,60]. Next, Tax and IKK-induced
IL-17RB overexpression (and engagement by IL-25) triggers
downstream signaling to TRAF6 and further activates IKK to
establish a positive feedback loop resulting in strong and sustained
NF-kB signaling. It remains unclear whether NF-xB directly
regulates the expression of IL-17RB, although we have identified a
putative NI-xB site (GGGAATTTCC) ~3380 base pairs
upstream of the human IL-17RB transcriptional start site. Future
studies will be necessary to identify important regulatory elements
in the IL-17RB promoter.

IL-17RB forms heterodimers with IL-17RA, and although IL-
17RA does not directly engage IL-25 it appears to be essential for
IL-17RB signaling in untransformed cells [26]. Since IL-17RA
and Actl were largely dispensable for NF-xB activation in HTLV-
1 transformed cells (Figures S2 and S3), it is plausible that IL-
I7RA and Actl regulate the proliferation of these cells by
stabilizing chemokine mRNAs [49]. Because IL-17RB is overex-
pressed to a much greater degree than IL-17RA in HTLV-1
transformed T cells, it is likely that IL-17RB homodimers
constitute the most abundant [L-17R complex that signals to
NF-xB in these cells. Further studies are needed to examine the
stoichiometry of IL-17R complexes and downstream signaling
requirements in HTLV-1 transformed cells.

Although IL-25/IL-17RB signaling has been previously linked
to the induction of IL-9 and Th2 cytokines [24], our study has
identified additional genes regulated by this pathway that
contribute to oncogenesis. We found that knockdown of IL-
17RB in HTLV-1 transformed cell lines diminished the expression
of cytokines (IL-9), cytokine receptors (CDD25), anti-apoptotic genes
(cIAP2) and transcription factors (IRF4). Elevated expression of
IRF4 in ATL tumors was shown to correlate with resistance to
antiviral therapy with zidovudine (AZT) and interferon alpha [61].
Furthermore, cIAP2 was identified as a Tax regulated anti-
apoptotic gene that was required for the survival of HTLV-]
transformed T cells [62]. IL-9 was also demonstrated to function
as a key proliferative factor for ATL cells [42]. Consistently, we
found that IL-9 was both necessary and sufficient to restore the cell
proliferation of HTLV-1 transformed T cells with IL-17RB
knockdown (Figure 6B and C). These data support the notion that
IL-9 is an important downstream target gene of IL-17RB that
drives the proliferation of HTLV-1 transformed cells. Additional
studies will be necessary to identify the full spectrum of genes
regulated by IL-17RB in HTLV-1 transformed T cells that
support oncogenic proliferation.

Therapeutic blocking antibodies, such as those targeting HER2
and EGFR, have emerged as an important new treatment option
in the clinic for carcinomas of the breast, lung and colon [63,64].
IL-17RB is overexpressed in a subset of breast tumors and is
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associated with poor prognosis [34]. Treatment with blocking IL-
17RB therapeutic antibodies attenuated the tumorigenicity of
breast cancer cells [34]. Given that IL-17RB overexpression can
promote oncogenic NF-xB signaling in Tax-negative ATL tumors,
this receptor may represent an attractive therapeutic target for
ATL. IL-17RB may potentially serve as a biomarker to stratify
ATL patients that could benefit from IL-17RB inhibition.
Preclinical studies with IL-17RB (or potentially IL-17B) monoclo-
nal blocking antibodies in both 2 vitro and in vivo ATL models
will be required to establish the feasibility of this potential targeted
therapy.

Materials and Methods

Ethics statement

Blood from healthy donors was purchased from Biological
Specialty Corporation (Colmar, PA). PBMCs were collected from
acute ATL patients (n = 8). This study was conducted according to
the principles expressed in the Declaration of Helsinki. The study
was approved by the Institutional Review Board of Kyoto
University (G204). All patients provided written informed consent
for the collection of samples and subsequent analysis.

Plasmids, cell lines, recombinant proteins and inhibitors

Human embryonic kidney cells (HEK 293T) and Jurkat T cells
were purchased from ATCC. The HTLV-1-transformed cell lines
MT-2, HUT-102, C8166 and MT-4 were described previously
[65,66]. ED40515(-), MT-1, and TL-OM1 cells are clones of
leukemic cells derived from ATL patients, kindly provided by Dr.
Michiyuki Maeda (Kyoto University). ATL43T is a Tax-negative
ATL cell line that was previously described [67]. Jurkat Tax Tet-On
cells were kindly provided by Dr. Warner Greene [45]. 293T cells
were cultured in Dulbecco’s Modified Eagle’s medium (DMEM);
Jurkat, MT-2, C8166, MT-4, ATL-43T, HUT-102, ED40515(-),
MT-1 and TL-OM1 cells were cultured in RPMI medium. Media
was supplemented with fetal bovine serum (FBS; 10%) and
penicillin-streptomycin (1 x). MISSION shRINAs targeting human
IL-17RB, IL-17RA, IL-25, IL-9, Actl, CD40, OX40 and control
scrambled shRNA were purchased from Sigma. TRAF6, Tax,
IKKo and IKKB shRNAs were cloned into pYNC352/puro.
Target sequences for these shRNAs are listed in Table S3. Tax WT,
M22 and M47 were cloned in the pDUET lentiviral vector.
Expression vectors encoding kB Luciferase (Luc), pU3R-Luc, pRL-
TK (thymidine kinase) have all been described previously [68].
Recombinant human IL-9 was purchased from R&D Systems. The
IKKf inhibitor SC-514 was from EMD Millipore.

Antibodies

The following antibodies were used in this study: anti-hIL-17RB
(FAB1207P; R&D Systems), anti-hCD4 (555346; BD Pharmin-
gen), anti-hCD3 (552851; BD Pharmingen), anti-hCD8 (555366;
BD Pharmingen), ant-hCD25 (560989; BD Pharmingen), anti-B-
actin (AC15; Abcam), anti-IkBo (SC-371; Santa Cruz Biotech-
nology), anti-phospho-IxBo. (14D4; Cell Signaling), anti-p65
(8242S; Cell Signaling), anti-phospho-p65 (30318S; Cell Signaling),
anti-IKKf (2678; Cell Signaling), anti-phospho-IKKo/B (2697S;
Cell Signaling), anti-IL-17RB (SC-52925; Santa Cruz Biotechnol-
ogy), anti-TRAF6 (SC-7221; Santa Cruz Biotechnology), anti-
PARP (95428S; Cell Signaling) and anti-caspase-3 (SC-7148; Santa
Cruz Biotechnology).

Isolation of PBMCs

Human PBMCs from healthy donors were prepared from
lymphocyte enriched human blood with a Ficoll-Hypaque
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gradient (Pharmacia Biotech). Samples were tested and found to
be negative for hepatitis B virus (HBV), hepatitis C virus (HCV)
and human immunodeficiency virus 1 (HIV-1). The cells were
stimulated for 36 h with phytohemagglutinin (PHA, 2 pg/ml) and
then cultured in RPMI medium supplemented with 20% FBS,
2 mM L-glutamine, penicillin-streptomycin, and 25 units/ml of
human recombinant IL-2 (Biological Resources Branch, NCI).
Under these conditions, PBMCs continuously grew for up to 4
weeks in the presence of exogenous IL-2. CD4+ T cells were
isolated from PBMOCs by negative selection using MACS MS
Columns (Miltenyi Biotec). The purity of the cells was confirmed
by flow cytometry and was>95%.

In vitro transformation of T cells with HTLV-|

In vitro transformation of T cells with HTLV-I was performed
as previously described [39]. Briefly, PHA-stimulated PBMCs
were co-cultured with lethally y-irradiated (50 Grays (Gy)) HTLV-
1 donor cells MT-2) in IL-2-containing RPMI medium. As
expected, the virus-infected T cells became immortalized after
about 6 weeks of co-cultivation. These cells proliferated vigorously
when exogenous IL-2 was provided, a characteristic of T cells at
an early stage of HTLV-1 infection. Under identical culture
conditions, the uninfected control T cells or PBMCs typically
ceased growth within 4 weeks, and the y-irradiated MT-2 cells did
not proliferate. The HTLV-1-immortalized T cells were main-
tained in RPMI medium supplemented with IL-2 and used as a
bulk population. For shRNA knockdown studies, purified PHA-
stimulated PBMCs were first infected with lentiviral particles
expressing shRNAs to knockdown the indicated genes and
subsequently co-cultured with lethally vy-irradiated (50 Gy)
HTLV-1 donor cells MT-2) in 1L-2-containing RPMI medium.
Puromycin was added after 3 weeks of co-culture to select for
shRNA expressing cells.

RNA-sequencing

Total RNA was prepared from parental primary T cells,
HTLV-1-infected cells after 1 week of co-culture, HTLV-1
immortalized T cell clones after 12 weeks of co-culture or MT-2
cells. Dead cells were removed from co-cultured cells after
magnetic labeling and separation using the Dead Cell Removal
Kit (Miltenyi Biotec). RNA was isolated with RNeasy columns
(Qiagen). RNA-Seq and bioinformatics were conducted by the
Johns Hopkins Sidney Kimmel Cancer Center next-generation
sequencing core. Sequencing analysis was performed by aligning
the paired end reads to hgl9 using Bioscope. The differential
expression analysis was performed using the DEseq R package and
the GO enrichment was done with the topGO R package.

Transfections, lentiviral infections and luciferase assays

Jurkat cells were transfected with TransIT-Jurkat (Mirus)
according to the manufacturer’s instructions. For lentivirus
production, HEK293T cells were transfected with a lentiviral
vector and gag/pol-encoding plasmids using GenJet (SignaGen)
according to the manufacturer’s instructions. Virus was harvested
after 48 h by centrifugation at 49,000x g. Cells were transduced
with lentivirus by the spinoculation protocol, cultured for 48 h and
then selected with puromycin. For luciferase assays, cells were
lysed 24 h after transfection using passive lysis buffer (Promega).
Luciferase activity was measured with the dual-luciferase assay
system according to the manufacturer’s instructions (Promega).
Firefly luciferase values were normalized based on the Renilla
luciferase internal control values. Luciferase values are presented
as “fold induction” relative to the shControl (shCTR).
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Western blotting and immunoprecipitations

Western blotting was performed essentially as described
previously [69]. Whole cell lysates were resolved by SDS-PAGE,
transferred to nitrocellulose membranes, blocked in 5% milk or
bovine serum albumin (BSA) (for phospho-specific antibodics),
incubated with the indicated primary and secondary antibodies,
and detected using Western Lighming enhanced chemilumines-
cence reagent (Perkin Elmer).

Quantitative real time-PCR (gRT-PCR)

Quantitative real-time PCR (qRT-PCR) was performed as
described previously [68]. Total RNA was isolated from cells using
the RNeasy mini kit (Qiagen). RNA was converted to ¢<DNA using
the First Strand c¢DNA synthesis kit for RT-PCR (avian
myeloblastosis  virus  [AMV]; Roche). Real-ime PCR  was
performed using SYBR Green qPCR (Sigma). Gene expression
was normalized to the internal control 185 rRNA. PCR primers
are listed in Table S4.

Cell viability and proliferation assays

Cell viability and proliferation assay was determined using the
CellTiter-Glo Luminescent Cell Viability Assay (Promega). Cells
were cultured in 96-well plates and the ATP content was
quantified as an indicator of metabolically active cells.

EMSA

Small-scale nuclear extracts were prepared from cells as
described previously [47]. The following sequence was used to
generate double-stranded  oligonucleotides for electrophoretic
mobility shift assays (EMSA): IL-2Ro. NF-xB site: 5'-CAACGG-
CAGGGGAATCTCCCTCTCCTT. Nonradioactive EMSA was
performed using LightShift Chemiluminescent EMSA  Kit
(Thermo Scientific) according to the manufacturer’s instructions.

Statistical analysis

Two-tailed unpaired T test was performed with Prism software.
Error bars represent the standard deviation of triplicate samples.
The level of significance was defined as: ¥**P<0.001, **P<0.01,
*P<0.05.

Supporting Information

Figure S1 RNA-Seq analysis of IL-17RB in HTLV-1
infected and immortalized T cells. Read coverage and
mapping of /L-17RB on human genome Hgl9 chromosome 3
using the Integrative Genomics Viewer (Broad Institute). Upper
panel represents parental primary T cells (W0), middle panel
represents T cells co-cultured with irradiated MT-2 cells for 1
week (W1) and lower panel represents T cells immortalized by
HTLV-1 after co-culture for 12 weeks (W12).

(PDF)

Figure §2 IL-17RA regulates the proliferation of HTLV-
1 transformed cell lines. (A) Proliferation/viability assay of
C8166, Jurkat, TL-OMI1 and MT-2 cells transduced with
lentiviruses expressing control or IL-17RA shRNA using CellTi-
ter-Glo. (B) qRT-PCR of indicated mRNAs in C8166 cells
transduced with lentiviruses expressing control or IL-17RA
shRNA. (C). Western blots were performed with the indicated
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The role of HTLV-1 clonality, proviral structure, and genomic
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Adult T-cell leukemia/lymphoma (ATL) occurs in ~5% of human T-lymphotropic virus type
1 (HTLV-1)-infected individuals and is conventionally thought to be amonoclonal disease
in which a single HTLV-1" T-cell clone progressively outcompetes others and undergoes
malignant transformation. Here, using a sensitive high-throughput method, we quantified
clonality in 197 ATL cases, identified genomic characteristics of the proviral integration
sites in malignant and nonmalignant clones, and investigated the proviral features
(genomic structure and 5’ long terminal repeat methylation) that determine its capacity to
express the HTLV-1 oncoprotein Tax. Of the dominant, presumed malignant clones, 91%
contained a single provirus. The genomic characteristics of the integration sites in the
ATL clones resembled those of the frequent low-abundance clones (present in both ATL
cases and carriers) and not those of the intermediate-abundance clones observed in 24%
of ATL cases, suggesting that oligoclonal proliferation per se does not cause malignant
transformation. Gene ontology analysis revealed an association in 6% of cases between
ATL and integration near host genes in 3 functional categories, including genes pre-
viously implicated in hematologic malignancies. In all cases of HTLV-1 infection, regardless of ATL, there was evidence of preferential

survival of the provirus in vivo in acrocentric chromosomes (13, 14, 15, 21, and 22). (Blood. 2014;123(25):3925-3931)

Introduction

Human T-lymphotropic virus type 1 (HTLV-1) causes adult T-cell
leukemia/lymphoma (ATL) in approximately 5% of HTLV-1-
infected individuals. A further ~5% of carriers develop an aggressive
myelopathy known as HTLV-1-associated myelopathy (HAM) or
other inflammatory diseases such as polymyositis. It remains uncertain
why a minority develop aggressive clinical disease, typically decades
following asymptomatic infection, whereas most infected individuals
remain lifelong healthy carriers. The Shimoyama classification of
ATL! contains 4 subtypes: acute, lymphoma, chronic, and smoldering.
These subtypes differ in the response to treatment and overall survival,
but little is known about either viral or host molecular determinants
of disease. Several host cytogenetic or molecular defects have been
described, but no recurrent genetic lesions have been identified.

The major predictor of clinical disease is the proviral load (PVL),
the percentage of HTLV-1-infected peripheral blood mononuclear
cells (PBMCs). The PVL remains relatively constant over years
within an individual, rising slowly over decades.> However, the PVL
varies widely between patients, ranging from <0.001% PBMCs
to >100% (ie, >100 copies per 100 PBMCs); the risk of disease rises
in carriers with a PVL >4% in Japan® and in those with a PVL >10%

in the United Kingdom.* Nonetheless, there is overlap in the range
of PVL seen between patients with disease and those that remain
lifelong asymptomatic carriers, making individual patient prognosis
difficult.

HTLV-1 appears to persist in chronic infection chiefly by mitotic
proliferation of infected CD4™ T cells, although the ratio of this
mitotic spread to de novo infection® has not been rigorously estimated.
Each clone of HTLV-1-infected cells can be identified by its particular
integration site of the HTLV-1 provirus in the host genome®; the
daughter cells of each clone share the same genomic integration site,
and the frequency of these cells defines the abundance of a given clone.
A majority of naturally infected cells in nonmalignant infection con-
tain a single integrated provirus.7

ATL is characterized by monoclonal proliferation of CD4*CD25™
tumor cells. For many years, it has been believed that ATL arises
following a steady progression from polyclonal infection of CD4*
T cells to an oligoclonal expansion and, many years later, following
a series of undefined genetic or epigenetic events, malignant trans-
formation of a previously abundant clone to a monoclonal tumor.
However, there are indications that HTLV-1 clonality in ATL may be
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more complex. One or more abnormally abundant clones may underlie
the largest, putatively malignant clone,® and there are reports of “clonal
succession” in which a malignant clone spontaneously regresses and
an independent clone proliferates in its place.”

HTLV-1 expresses a transcriptional transactivator protein, Tax,
which activates transcription of the HTLV-1 provirus and of many
host genes’. Because Tax can immortalize rodent cells in vitro and
Tax transgenic mice develop tumors, it has been widely accepted that
Tax plays a role in leukemogenesis. This hypothesis is supported by
the observations that Tax promotes DNA replication and cell-cycle
progression, causes structural damage to host DNA, and inhibits
DNA repair and cell-cycle checkpoints.” Tax expression is lost
in ~40% of ATL cases, probably under selection from the strong
anti-Tax cytotoxic T-lymphocyte (CTL) response,'® but the relation
between Tax expression and ATL subtype and progression is
unclear. There is also increasing evidence that another HTLV-1
gene, HBZ, plays a critical part in leukemogenesis.”

To summarize, the molecular mechanisms of oncogenesis of ATL,
and in particular the mechanisms and role of selective oligoclonal
proliferation, are incompletely understood. Here, in a large cohort of
ATL patients and geographically matched asymptomatic HTLV-1
carriers, we used a quantitative high-throughput sequencing approach
to test the hypothesis that the genomic environment flanking the
proviral integration site is associated with malignant transformation of
HTLV-1-infected clones and correlated the findings with both the
clinical subtype of ATL and genetic and epigenetic modifications of
the HTLV-1 provirus.

Methods

Study subjects and control cell lines

Blood or lymph node samples were donated by 221 ATL patients and 75
asymptomatic HTL V-1 carriers (ACs) from the Kumamoto region of Japan,
and DNA was extracted at the Institute for Viral Research, Kyoto University,
Japan, with written consent in accordance with regulations defined by the
Japanese Government and Kyoto University. This study was conducted in
accordance with the Declaration of Helsinki. This study was approved by
the UK National Research Ethics Service (reference 09/H0606/106). The
chromosomal distribution of integration sites in the present cohort was
compared with the distribution in samples from 2 previously described
studies: individuals with natural (nonmalignant) HTLV-1 infection from
Kagoshima, southern Japan,'** and cells infected with HTLV-1 in vitro.*'3
The rodent cell line Tarl2, containing a single copy of HTLV-1, was used for
quantification of PVL. ATL control cell lines T-43 (methylated) and T-48
(unmethylated) were used as methylation controls.'*

PVL quantification

PVL was measured by quantitative polymerase chain reaction (PCR) of
tax and actin genes using ABI Fast SYBR green as per the manufacturer’s
protocol (Applied Biosystems), using PCR primers as previously described'?
and assuming a single copy of fax’ and 2 copies of actin per cell. Thermal
cycling conditions were 95°C for 20 seconds and 40 cycles each of 95°C for
1 second followed by 60°C for 20 seconds. Standard curves were generated
using serial dilutions of the cell line Tarl2, as previously described 51?

Long-range PCR to identify defective proviruses

An internal control region at the 3’ end of the HTL V-1 genome was amplified
for each ATL case, followed by a long-range PCR to identify defective
proviruses based upon the length of the long-range PCR product as published
by Tamiya etal.'® DNA was amplified using KOD Hot Start DNA polymerase
(Toyoba, Novagen). Primers for the control PCR and cycling conditions were

BLOOD, 19 JUNE 2014 » VOLUME 123, NUMBER 25

5'-CTCTCACAGTGGGCTCGAGA-3" and 5'-CAAAGACGTAGAGTT
GAGCAAGC-3’, 95°C for 2 minutes, 30 cycles: 95°C for 20 seconds,
59°C for 10 seconds, and 70°C for 48 seconds, followed by 70°C for
5 minutes. The primers and cycling conditions for the long-range PCR were

5'-CTTAGAGCCTCCCAGTGAAAAACATTTCC-3" and 5'-GATG
CATGGTCCTGCAAGGATAACA-3', 95°C for 2 minutes, 30 cycles:
95°C for 20 seconds, and 66°C for 175 seconds, followed by 72°C for
15 minutes. The PCR products were electrophoresed on a 1% agarose gel with
expected product size of 2.85 kb for the control PCR and 6.5 kb for a complete
long-range product. A long-range product shorter than 6.5 kb defines a type
1 defective provirus; failure to amplify any long-range product identifies
a type 2 defective provirus.l(’

Exon 2 and exon 3 tax gene sequencing

Tax protein is 353 amino acids in length: exon 2 provides the methionine start
codon, and the remaining amino acids are derived from exon 3. Exons 2 and
3 were sequenced in ATL samples with a complete provirus. Exon 2 was
amplified using PCR products from long-range PCR using Phusion high-
fidelity DNA polymerase (New England Biolabs [NEB]). Primers and cycling
conditions were 5'-CCTCAGCAATAAACAAACCC-3' and 5'-CAATTG
TGAGAGTACAGCAG-3’, 98°C for 30 seconds, 20 cycles: 98°C for 5 s
seconds, 51.5°C for 20 s seconds, and 72°C for 10 seconds, followed by 72°C
for 5 minutes. PCR products were inspected on 2% agarose gel for product
length (318 bp). Exon 3 was amplified from the control long-range PCR
product using Phusion high-fidelity DNA polymerase (NEB). Primers and
cycling conditions were 5'- ATACAAAGTTAACCATGCTT-3" and 5'-
AGACGTCAGAGCCTTAGTCT-3’,98°C for 30 seconds, 20 cycles: 98°C for
5 seconds, 51.5°C for 10 seconds, and 72°C for 22 seconds, followed by 72°C
for 5 minutes. PCR products were inspected on a 2% agarose gel for product
length (1120 bp) and sequenced by Sanger sequencing using 6 different
sequencing primers to capture the entire exon (5'-ATACAAAGTTAACCA
TGCTT-3', 5'-CGTTATCGGCTCAGCTCTACA-3', 5'-TTCCGTTCC
ACTCAACCCTC-3', 5’- AGACGTCAGAGCCTTAGTCT-3', 5'-GGGTT
CCATGTATCCATTTC-3’, and 5'- GTCCAAATAAGGCCTGGAGT-3").

Methylation-specific PCR (MS-PCR)

MS-PCR was undertaken on ATL samples with a complete provirus but with-
out a nonsense mutation of the fax gene. Takeda et al'’ showed that MS-PCR
correlates with bisulfite sequencing PCR and with the methylation status of
the promoter/enhancer Tax-response element-1 in the 5’ long terminal repeat
(LTR). DNA was treated overnight with sodium bisulfite (Sigma) and purified
using Zymo EZ Bisulfite DNA cleanup as per the manufacturer’s protocol
(Zymo Research). DNA was amplified by heminested PCR using JumpStart
RedTaq polymerase (Sigma). Primers for the first PCR reaction for meth-
ylated DNA were 5'-TTAAGTCGTTTTTAGGCGTTGAC-3', 5'-AAA
AAAATTTAACCCATTACC-3" and for unmethylated DNA 5'- TTAA
GTTGTTTTTAGGTGTTGAT-3', 5'-AAAAAAATTTAACCCATTACC-3".
The thermal conditions for first PCR were 94°C for 2 minutes, 35 cycles: 94°C
for 30 seconds, 53°C for 30 seconds, and 72°C for 2 minutes. Primers for the
hemi-nested methylated PCR were 5'-GAGGTCGTTATTTACGTCGGTT
GAGTC-3", 5'-AAAAAAATTTAACCCATTACC-3' and unmethylated PCR
primers 5’ -GAGGTTGTTATTTATGTTGGTTGAGTT-3", 5'-AAAAAAA
TTTAACCCATTACC-3". The cycling conditions for the second PCR were
94°C for 2 minutes, 30 cycles: 94°C for 30 seconds, 57°C for 30 seconds, and
72°C for 2 minutes, followed by 72°C for 5 minutes. The PCR product was
inspected on a 2% agarose gel for length (428 bp). MS-PCR primers did not
amplify unconverted HTLV-1 or host genomic DNA.

T-cell receptor (TCR) gene rearrangement studies

TCR-y gene rearrangement studies were undertaken in the Imperial
Molecular Pathology Laboratory, Hammersmith Hospital (London,
United Kingdom) using the established BIOMED-2 protocol followed
by heteroduplex analysis and/or GeneScanning. GeneScan analysis was
performed on an ABI 3130 genetic analyzer using GeneMapper 4.0 (Life
Technologies).
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Figure 1. OCI by clinical and proviral subtype. (A) Median OCI of the ACs was 0.33 (range, 0.14-0.87), and median OCI for the ATL (all subtypes combined) was 0.91
(range, 0.47-1.0). There was no difference in OC! between ATL clinical subtypes. (B) There was no difference in OCI between the different mechanisms of proviral silencing.

PV, provirus.

Integration site mapping and quantification

The high-throughput protocol for identification and quantification of proviral
integration sites was carried out as previously described.® Mapped integration
sites were compared with a set of randomly generated in silico genomic sites
(n = 175 505) as previously reported.13

Bioinformatic annotation of genomic environment

Transcription units and cytosine guanine dinucleotide island data
were retrieved from the National Center for Biotechnology Information
(ftp.ncbi.nih.gov/gene/) and University of California, Santa Cruz tables,
respectively. Epigenetic marks were annotated according to primary CD4™"
T-cell chromatin immunoprecipitation sequencing data published by Barski
et al.'® Transcription factor binding sites were obtained from published data
sets (supplemental Figure 1 available at the Blood Web site) from chromatin
immunoprecipitation sequencing experiments on primary human CD4 ™" T cells
or other primary human cells or cell lines, as previously described.'® Cancer-
associated gene data sets are defined by Sadelain et al.'® Annotated genomic
positions were compared with the integration site data using the hiAnnotator
R package kindly provided by N. Malani and F. Bushman (University of
Pennsylvania; http://malnirav.github.com/hiAnnotator).

Diversity estimator

The diversity estimator (DivE)*® was used to estimate the total number of
clones in addition to those observed. DivE involves fitting many mathematical
models to nested subsamples of individual-based rarefaction curves. Estimates
from the best-performing models are aggregated to produce the final
estimate.?’ DivE requires an estimate of the number of cells in the blood;
because the absolute PBMC count for each case was unknown, DivE
estimates were calculated for each patient over 2 orders of magnitude of
variation in the PBMC count (3 X 10%/L, 50 X 10°/L, and 500 X 10°/L).

Statistical analysis

Statistical analysis was carried out using R version 2.15.2 (http://fwww.
R-project.org/). The oligoclonality index (OCI; Gini coefficient)®?! was
calculated using the R reldist package® (http://CRAN.R-project.org/
package=reldist). Two-tailed nonparametric tests (Mann Whitney U,
Fisher’s exact, x*) were used for all comparisons. Bonferroni’s correction
for multiple testing was applied where appropriate. To test the hypothesis

that 2 observed HTLV-1 integration sites were present in 1 T-cell clone,
we used the Gaussian approximation to the binomial distribution (supplemental
Figure 3). To identify clusters of integration sites or genomic hotspots of
integration, we used R software developed by Presson et al*> (http:/www.
biomedcentral.com/1471-2105/12/367). Functional categories of genes were
analyzed through the use of Ingenuity Pathway Analysis (Ingenuity Systems;
http://www.ingenuity.com).

Results
The ATL samples are derived from a representative cohort

We analyzed 197 cases of ATL; patients’ characteristics are detailed
in supplemental Figure 4. Systematic analysis of the proviral structure
showed a complete provirus in 46% of cases, putatively capable of Tax
expression; 39% of cases contained a defective provirus, 7% contained
a nonsense mutation of the fax gene, and 8% contained a hyper-
methylated promoter in the 5’ LTR. There was no significant differ-
ence in OCI between ATL clinical subtypes (median OCI = 0.91) or
by proviral subtype (median OCI = 0.91); the median OCI in
asymptomatic carriers was 0.33, in the range previously reported®
(Figure 1).

The median absolute number of HTLV-1" T-cell clones (estimated
by the DivE technique) in the circulation in ACs was 9054. The
median number of clones in the ATL cases was 1741 (assuming
PBMC = 3 X 10°/L) or 2154 (assuming PBMC = 50 X 10°/L).
These results show that although the white cell count may vary
over an order of magnitude between individuals with ATL, the
estimated number of distinct clones underlying the malignant
clone remains relatively stable (~2000).

In 91% of ATL cases, a single copy of HTLV-1 is integrated into
the host genome

In our protocol, the quasi-random DNA shearing by sonication
allows unbiased, quantitative detection of proviruses®** and therefore



From www.bloodjournal.org by guest on May 7, 2015. For personal use only.

3928 COOK et af

A | B c

1 dominant clone

2 clones of approximately
equal abundance

BLOOD, 19 JUNE 2014 - VOLUME 123, NUMBER 25

Figure 2. Examples of 3 typical clonal structures of
ATL cases. Each sector in the pie charts depicts the
relative abundance of the respective integration site.
(A) Typical “monoclonal” ATL tumor sample; PVL = 63%
(relative abundance of dominant clone = 97% of PVL).
{B) Two equally abundant integration sites (relative abun-
dance respectively 44% and 39% of PVL); PVL = 9%.
(C) ATL with dominant clone and additional interme-
diate-abundance clone (relative abundance respec-
tively 67% and 23% of PVL); PVL = 241%,

1 dominant clone, with
1 or more intermediate-

abundance clones each of
>10% relative abundance

157 cases (80%) 18 cases (9%)

enabled us to quantify the presence of 2 abundant integration sites
in an ATL tumor (Figure 2). In 157 out of 197 samples (80%),
as expected, a single dominant proviral integration site was
observed, with a median relative abundance of 99.4% of the PVL
(range, 35% to 100%). However, in 40 out of 197 samples (20%),
the presence of only a single provirus was less certain, because >1
abundant integration site was observed. In each of these 40 cases,
there was 1 “large” ATL integration site with relative abundance
>35% and an additional site with a relative abundance >10%.
The question arises whether these represented 2 proviruses in 1
malignant clone or if there were 2 distinct abnormally expanded
clones. If a single malignant clone contains 2 proviruses, then each
will be present at the same frequency, assuming a steady kinetic
state and no recent reinfection with a second provirus, and the
clone will carry a single TCR gene rearrangement. Alternatively, if
there are 2 large independent clones, then the 2 integration sites will
differ in abundance and 2 distinct TCR gene rearrangements will
be detected. We found no significant difference in the abundance
of 2 integration sites in 18 cases (9.1% of cohort) (supplemental
Figure 3), suggesting the presence of 2 proviruses in a single
tumor clone. In 22 cases (11% of the cohort), we observed
a large ATL clone and a second clone of abnormal but significantly
lower abundance. TCR-y gene rearrangement analysis of these
40 samples confirmed a monoclonal population in 7 out of 40 cases
(3.1%); this technique may underestimate monoclonality, owing to
the possibility of a second rearranged TCR-y allele. To conclude,
asingle dominant provirus was detected in 91% of cases, whereas
in 9% of tumors there was evidence of 2 proviruses. These results
are consistent with the finding of multiple proviruses in 11%
of cases reported by Tamiya et al'® using low-throughput
techniques.

Binning of clones into small, intermediate, or large

In subsequent analysis, each clone was binned according to its
relative abundance, ie, the proportion of the subject’s PVL occupied
by that clone. Each ATL case contained at least 1 abundant clone
with arelative abundance >35% (n = 217 clones) that was defined as
large; “small” clones were defined as those of relative abundance
<1% (n = 5925), and such clones constitute the great bulk of PVL in
nonmalignant HTLV-1 infection.®'> Clones (n = 90) that constituted
between 1% and 35% of PVL were classified as intermediate
abundance. Clones (n = 16 909) identified in the AC cohort were
analyzed together, because only 4 of these clones fulfilled the
large-clone classification (supplemental Figure 2).

22 cases (11%)

Large ATL clones have the same genomic characteristics as
small (nonmalignant) clones, whereas intermediate-sized
clones have unique genomic characteristics

The intermediate-abundance clones observed in 24% of cases
(48/197) in addition to the large (presumed malignant) clone were
larger (ie, had a greater absolute abundance) than any clones previ-
ously observed in AC or HAM/tropical spastic paraparesis cohorts.5!?
Because progressive oligoclonal proliferation has been postulated to
precede malignant transformation, we tested the hypothesis that there
is a stepwise progression in the frequency of integration site char-
acteristics from low-abundance clones through intermediate-
abundance to large ATL clones. The results showed that the large,
presumed malignant ATL clones had integration site character-
istics indistinguishable from those of the low-abundance clones
present in ACs and in patients with ATL. In contrast, the integration
sites present in the intermediate-abundance clones in ATL patients,
which are not observed in nonmalignant infection, differed from
both the low- and high-abundance clones in each genomic attribute
examined (Figure 3). Specifically, the intermediate-abundance clones
lacked the associations observed in the ACs and in the low-abundance
and high-abundance clones seen in ATL, with either transcriptional
orientation or proximity to transcription start sites, cytosine guanine
dinucleotide islands, or activatory epigenetic marks. Instead, the
intermediate-abundance clones showed an association with proximity
to inhibitory epigenetic marks (Figure 3C) and specific transcription-
factor binding sites (TFBSs) within 100 bp upstream or downstream
of the integration site, notably binding sites for P300/CBP-associated
factor (odds ratio [OR] = 4.78), Rad 21 (part of the cohesin complex)
(OR = 4.08), and ZNF263 (OR = 5.57). These effects disappeared at
1 kb from the integration site (Figure 3A). Integration in proximity to
these specific TFBSs was identified in 8 out of 197 tumor samples
(4.1% of cohort).

There are no hotspots of integration associated with large
ATL clones

All data sets were further annotated to investigate the proximity of
the integrated provirus to the nearest cancer-associated gene. The
frequency of integration was significantly higher than random
expectation within 10 kb of oncogenes in clones from ACs and
low-abundance clones from ATL patients, and within 150 kb in
the large ATL clones; this association was not observed in the
intermediate-abundance clones. We conclude that integration in
proximity to these cancer-related genes confers a survival advantage
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Figure 3. Intermediate-abundance clones in ATL A
cases contained proviruses with distinct genomic
marks. (A) The OR of integration in proximity to specific
TFBSs compared with AC is illustrated for 2 TFBSs,
P300/CBP-associated factor binding sites (PCAFbsites)
and Rad21. (See supplemental Figure 1 for full list of
TFBSs tested). The y-axis shows the OR compared
with ACs. The x-axis shows the distance in base pairs
(logarithmic scale) from the integration site upstream
(left-hand side) or downstream (right-hand side).
“Upstream” and “downstream” are defined with respect
to the sense strand of the HTLV-1 provirus. The junction
of the x-axis and y-axis represents the integration site.
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clones (blue squares) or large clones (green triangles)
in ATL cases compared with ACs (OR = 1) or when
compared with each other or to random data sets (not
illustrated). Independent TFBSs associated with in-
termediate-abundance clones in ATL cases (red circles)
(PCAFbsites, Rad21) at 100 bp upstream or down- B
stream compared with ACs are illustrated. (B) OR of
integration in proximity to activatory epigenetic marks
compared with random sites. AC, small, and large clones
in ATL cases showed a significant bias toward integration
in proximity to activatory epigenetic marks. There was
no such bias in the intermediate-abundance clones.
(C) OR of integration in proximity to inhibitory epigenetic
marks compared with random. AC, small, and large
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clones in ATL cases showed no bias toward inte-
gration in proximity to inhibitory marks compared with
random sites, whereas intermediate-abundance clones

showed a bias toward inhibitory epigenetic marks (see
supplemental Figure 1 for details of epigenetic marks
tested). IS, integration site. ‘;\V
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in vivo but does not play a significant role in leukemogenesis per se.
The use of the powerful bioinformatic method of Presson et al*®
confirmed that there were no significant hotspots of integration
associated with ATL.

The ontology of the nearest downstream gene was associated
with the malignant clone in 6% of ATL cases

As a further test of the hypothesis that HTLV-1 proviral integration
near host genes in a certain functional category confers a proliferative
advantage on the infected T-cell clone, we used Ingenuity Pathway
Analysis software to analyze the ontology of the nearest host
genes upstream and downstream of each integration site. The
results showed a significant overrepresentation of genes in 3 cellular
pathways (“cell morphology,” “immune cell trafficking,” and
“hematological system development and function”) in the large ATL
(“malignant”) clones, but not in either the low- or intermediate-
abundance clones (Figure 4). The 11 genes responsible for this
significant association (CD46, ITGA4, DPYSL2, RAP2A, CASPS,
CDKNZ2A, GTF2I, TACRI, BCL2, IL6ST, and HGF) accounted for
11 ATL cases (5.8% of the cohort) of different clinical subtypes.
Furthermore, these effects were only seen in the nearest host gene
downstream, regardless of its transcriptional orientation relative to
the provirus. The median distance from the integration site to these
nearest genes was 13.7 kb (range, 0.6-294 kb) compared with
a median distance of 122.3 kb from all integration sites to the
nearest cancer-associated gene (P = .009, Mann Whitney U test).

The HTLV-1 provirus preferentially survives in acrocentric
chromosomes in vivo

Meekings et al*> reported that the frequency of HTLV-1 proviruses
in chromosome 13 was significantly higher in vivo than expected by

chance, but the biological significance of this observation was un-
certain. Here, using our quantitative, high-throughput technique, we
observed a significant excess of integrations in chromosomes 13, 14,
15, and 21 compared with random and in vitro data sets. This excess
was seen in all infected individuals and was not confined to those
with ATL. There was a trend toward excess integrations in chromo-
some 22, but this was not statistically significant (Figure 5). These
findings were validated with a second cohort of independent AC
samples from the Kagoshima region of Japan. The chromosomal
distribution of proviruses in the intermediate-abundance and large
ATL clones was not significantly different from random, perhaps
because of the small number of clones (n = 307).

Discussion

Oligoclonal proliferation of HTLV-1-infected T-cells is a cardinal
feature of HTLV-1 infection. It has long been believed that this
oligoclonal proliferation is primarily responsible for maintaining the
high PVL of HTLV-1, which is the strongest correlate of risk of both
the inflammatory (HAM) and malignant (ATL) diseases. However,
we recently showed that the PVL correlates with the total number of
infected clones, but not with the degree of oligoclonal proliferation
as measured by the OCL®'> Here, we show that ATL is frequently
accompanied by a population of abnormally abundant HTLV-
1-infected T-cell clones underlying the largest, putatively malignant
clone. This observation suggested that such intermediate-abundance
clones might represent an intermediate stage of malignant trans-
formation between the low-abundance clones and the fully trans-
formed, largest clone. However, we found that the host genomic
attributes of the integration site in the large ATL clones closely
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Figure 4. Functional classification of gene ontolo-
gies overrepresented among the large ATL clones.
Functional categories significantly overrepresented among
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the random, AC, ATL small, intermediate, and large ATL
clones as analyzed by Ingenuity software using the
Ingenuity Pathways Knowledge Base (IPKB) gene pop-
ulation as baseline. Horizontal bars are only visible where
there was a statistical overrepresentation of the pathway
compared with the IPKB. Because there were no over-
represented pathways involving the random integration
sites or intermediate-abundance clones in ATL cases,
the bars are not visible. The vertical yellow threshold
represents the line of statistical significance (P < .05)
after correction (Benjamini-Hochberg) for muitiple
testing. The numbers of searchable genes for com-
parison with the IPKB were random (n = 96 706), AC
(n = 5679), ATL small (n = 1628), ATL intermediate
(n = 87), or ATL large (acute n = 141, lymphoma n = 31,
chronic and smoldering n = 38).

resembled those of the low-abundance clones present both in ATL
patients and in those with nonmalignant infection, whereas the
integration site characteristics of the intermediate-abundance clones
differed from both the low- and high-abundance clones and from
the clones observed in nonmalignant cases of HTLV-1 infection.
We conclude that the malignant clone does not arise from the
intermediate-abundance clones but instead from the low-abundance
clones. This conclusion is consistent with the observations that the
low-abundance clones constitute the bulk of the PVL in HTLV-1
infection® and that the risk of ATL is correlated with the PVL.>* We
have also observed cases in which the malignant clone emerges from
the large population of low-abundance clones, not from the preexist-
ing oligoclonally expanded population.26 Finally, this conclusion
is also consistent with our recent observation®’ of highly oli-
goclonal proliferation and a small total number of clones in human
T-lymphotropic virus type 2 infection, which does not cause
malignant disease.

We therefore propose that the major determinant of the risk of
ATL is the absolute number of clones: the larger the number, the
greater the chance of malignant transformation. It is likely that the
number of HTLV-1-infected clones present in an individual during
chronic infection is determined chiefly by the efficiency of the host’s
CTL response to the virus, which in turn is determined by the HLA
and killer immunoglobulin-like receptor genotype.'®

The observation that the abnormally expanded intermediate-
abundance clones seen in patients with ATL do not share genomic
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Figure 5. Preferential survival of HTLV-1 in vivo in
chromosomes 13, 14, 15, and 21. The proportion of
unique integration sites (UIS) per chromosome is shown
for 2 independent AC data sets (Kumamoto and
Kagoshima) and the small clones in ATL cases. The
yellow line shows the frequency of sites in the
random data set. There were an increased number
of integrations in chromosomes 13, 14, 15, and 21 in
the clones of asymptomatic carriers and small clones
in ATL cases compared with random. The bias remained
in chromosomes 13 and 15 when compared with a pre-
viously reported data set® of integration sites from Jurkat
cells infected in vitro with HTLV-1.

Proportion of UIS in chromosome
002 004 006
1

0.00

characteristics with either the polyclonal background or the malignant
clones suggests that the intermediate-abundance clones arise as
a consequence of ATL development and are not causative. One
possibility is that these clones survive and proliferate as a consequence
of the severely impaired immune response in ATL. The malignant
clones in ATL use well-described mechanisims to silence Tax, either
before or after malignant transformation, which allows them to escape
the immunodominant CTL response and so confers a survival
advantage. Once the malignant clone has emerged, the resulting
immune impairment may allow the intermediate-abundance clones to
survive despite continued expression of viral genes.

As expected, we did not identify any hotspots of integration,
although analysis of the ontology of flanking genes demonstrated
a functional overrepresentation of certain genes that are known to be
dysregulated in many leukemias. This effect was significant only in the
large (presumed malignant) ATL clones and only when considering
the ontology of the nearest host gene downstream; there was no effect
of the upstream host gene. Further, these specific genes lay very close
(median 13.7 kb) to the provirus, suggesting a mechanistic interac-
tion between the provirus and the downstream gene. Although the
associations reported here between ATL and individual genes and
genomic features account for a small proportion of the observed cases
of ATL, these results indicate that transcriptional interactions between
the provirus and the flanking host genome influence the risk of
malignant transformation. Vogelstein recently estimated that each
tumor-driver mutation contributes a survival advantage of ~0.4% to
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