‘68132

FRENFRNREERT YA bAaA Y, &
EAAVEFEERBLCA, %, Zhb
DThY 7y MEAS o A% B THEELTY
B, FTONTVACHEENFELSEBELR
ERENFVERISRALELZONTSY,
£, IONG Y AFEECTMIBO S LRE 0%
EHAER ENTWAY, ZHICEELT, bh
DHIUTHAMIC 343 A HTLV-UEEEi9 A F - Treg
PThoUI BT A7 4 4 » SFHECCRIG
HoCDar THIfECH Y, HEBREWVZ & IZHAM
DFAYMCCRE*CDAY T Il L, 4ty 4 b
A4 VIFNyE EET AThlHfH O BF AR
T LHIML T B 2 & 2RO, 7, HILV-
1THROBHER{ET Ch A tax PHBZ O3S Treg
DHRFEGHBRECET 2 HET 5 2 g
NTWaR, 20k CHAMBZ LB S
CCR4*CD4* T #IfLIE, HTLV-1IEEH I & o C
Bk e R e o THIILTE Y, This >
AL BEY S A, HAMBRERE I EE 5
FRALTWBIEIREENTNHES,

HAMIC 3 0 % 28 D@ LS

HAM#F AN OFRERR R ¢, AmEEEO
B OB PIFNy Y EOQ S 4 b h A
COFEBRERYD, R LEEIFRI T
SEMRENCEAD, 2642, HTLV-USZ
Bz o Tin situ PCREZ W TEIT SN TH
O, HTLV-1ORR3ed 8 U7 T HiC 0 AREEE
s, BROMEARC ) TR TR S
HTwizne, BlEds, HAMOBFERE TR
HTLV-13e T 4002 ¥ 2 1t e h e e+
HEEZLNTWAHD, ZOREOHES LU
BB O WTIETETH - 72,

BiE, bhbhidHAMBERRIC B 548
DBV ERBITCOBBY L r Eh 4 Vgl
BEIETARBEDORT T A T T 4~ Fsy 2 o—
FTCRETAH LV EHENLT, HAMDKEED
EMERZTENAL YOARERALY, FOH
R, HAMBERER THEER U £EETr T
W4 v OFT, ThIHMLICRET 2CXCRIDY &
¥ FTHAHCXCLIOO LA, s & i & &
TEWEBEQELRL, FECXCLIORE ZBi%
MBEZREHEMLTYW, $/-, HAMBZORR

-172 -

MEAFE Besdk 1%

PHEHEICIE, CXCR3EEMT 285 (2
CD4* T 4liks & CD8* T HIfi) & 8% FHTH
b, CXCL10Z & 1) CXCRIEHIB A H
FISHEELTWA I ENRENL, E61,
CXCL10IZ X D ii#sEd A CECR3*CD4+ T #ffaid,
FO—EICHTLV- U % B, HTLV-1EH5
DFFFI~OFEHE S CXCLIO EE R &8 % 87
LTwh I EMREEhi, $/4, BETHE
T BT ACXCLIOD E L EAMRIE T A b
A PTHLIEIHBEL, TAPIYA ML
BAEBRCDAT T M5 & DIFNyELIZ & Y
CXCLIO#BREET A I EARENL. DEE
1, HAMOFEIHZE G U 7-HTLV- Ui
B bEEENAIENYZL o TT X P4 A b
» 6 OCXCLIOEE RS L, +OCXCLI0Z
CXCR3M D EMCD4* T Al CD8* T kg
T EOREMRBOFMA~0EELRL, o
DFAATIFNyZ EELTT A OY A 26D
B0 ACKCLIOEALZHMT A L), RED
RIFAT 74— F5y ¥ p—F (IFN-y-CXCL10-
CXCR3IV— 7) DG PAE DAL O T 8
Td Y, HAMOFRIBROTE - #FHCHEL
FEERLLTVAEEZLNRE (H2)9,

HAMIC 3¢ 3 2 HICCRAM EFEE DR

ERBUA L) % I hF COHAMORBER
fERRM 7% 77— ¥ b, HAMBEIZS W THTLV-
TBHSIR DRI 2R T & FOMFTERTL
Lk, FEL O PCRBTHROWHE LD S
ZEAFABENR, HAMIZ BV CEREEIR %
& LEHRROLEEI B . F02HIh
3L HRPOFIEEIFHAMIZHT A2H Y 1L
AFEOHBLYRATE L. PESEEREE
70T T —¥RERE LR Eidin vitro TORRYERE
EEAIREN, ERICHAMBEZHRELT
FERRRERAERE SN, T4 VATROBRIT)
RidFo < Bohd, BEIRCZI Lo
joenn - HTLV-11E, A X7 4 W AR A
WA EEGRR VER L ANUDEV 2D ILF
I A W ARFEST, FomEERiEA Y
Tru—F U EHREEETAFEEFELTY
BOTD vy A AROFEIIT RS o 78R8,
Fob ZATEREHIR X IS RAICHE - BEERS



0, 2014

Ja

atology

L3t

5
gs

i

=
o]

T

H

76

mab (KW-0

1zZu

mogamul

-173 -



68134

+HFRET A Z RO 6D, BT,
HLCCRAHUARF A TLV- LS B8 7 g0
EMHCELM—DENTHLOT, £LIF
FEOT AR B B EE 4 LB, HED
ORELRBEERBOEET ER, FHRIEF
VARERML T I ENBEL#EL .
AR TIHAMOWEHHE 5L D 5 Al s
FOBBFEATETED, 41, FECO%
WHERENELIHLENE T EHMFEENE.
F iz, AN ABERE LSO S OB
%, MEOHAM GROMER T~ X TH 55
BEERZHEOTWABEEROICHLLE L
#Hx oA, HAMBEGHRFICHEET 275,
FHEOPTEEHN L ORAEDORTHY,
HAM OIS B 5 b E R EIEK
AN

XM

1) Osame M, Usuku K, Izumo S, et al. HTLV-1 associ-
ated myelopathy, a new clinical entity: Lancet 1986 ;
1:1031.

2) Yamano Y, Sato T, Ando H, et al. [The current and
future approaches to the treatment of HTLV-1-as-
sociated myelopathy/tropical spastic paraparesis
(HAM/TSP) 1. Nihon Rinsho 2012 ; 70 : 705. Japa-
nese.

3) Nakagawa M, Izumo S, Jjichi S, et al. HTLV-l-asso-
ciated myelopathy : analysis of 213 patients based
on clinical features and laboratory findings. J
Neurovirol 1995 ; 1 : 50,

4) Martin F, Fedina A, Youshya S, et al. A 15-year pro-
spective longitudinal study of disease progression
in patients with HTLV-1 associated myelopathy in
the UK. J Neurol Neurosurg Psychiatry 2010; 81:
1336.

5) Buyse M, Sargent DJ, Grothey A, et al. Biomarkers
and surrogate end points-the challenge of statisti-
cal validation. Nat Rev Clin Oncol 2010 ; 7 : 309.

6) Olindo S, Lezin A, Cabre P, et al. HTLV-1 proviral
joad in peripheral blood mononuclear cells quanti-
fied in 100 HAM /TSP patients : a marker of dis-
ease progression. J Neurol Sci 2005 ; 237 : 53.

7) Takenouchi N, Yamano Y, Usuku K, et al. Useful-

-174 -

MEAE H68% B 18

ness of proviral load measurement for monitoring
of disease activity in individual patients with human
T-lymphotropic virus type I-associated myelopathy/
tropical spastic paraparesis. ] Neurovirol 2003 ; 9:
29.

8) Sato T, Coler-Reilly A, Utsunomiya A, et al, CSF
CXCL10, CXCL9, and Neopterin as Candidate Prog-
nostic Biomarkers for HTLV-1-Associated Myelopa-
thy/Tropical Spastic Paraparesis. PLOS Neglected
Tropical Diseases 2013 ; 7 : 2479,

9) Zhou X, Bailey-Bucktrout SL, Jeker LT, et al. Insta-
bility of the transcription factor Foxp3 leads to the
generation of path‘ogenic memory T cells in vivo.
Nat Immunol 2009 ; 10 : 1000

10) Yamano Y, Araya N, Sato T, et al. Abnormally high
levels of virus-infected IFN-gamma* CCR4* CD4*
CD25* T cells in a retrovirus-associated neuro-
inflammatory disorder, PLoS One 2009 ; 4 : ¢6517.

11) Yamano Y, Takenouchi N, Li HC, et al. Virus-in-
duced dysfunction of CD4+*CD25* T cells in patients
with HTLV-I-associated neuroimmunological dis-
ease. ] Clin Invest 2005 ; 115 : 1361.

12) Yamamoto-Taguchi N, Satou Y, Miyazato P, et al.
HTLV-1bZIP Factor Induces Inflammation through
Labile Foxp3 Expression. PLoS Pathog 2013 ; 9 :
e1003630.

13) Izumo S, Umehara F, Osame M. HTLV-l-associated
myelopathy. Neuropathology 2000 ; 20 : S65.

14) Matsuoka E, Takenouchi N, Hashimoto K, et al.
Perivascular T cells aré infected with HTLV-[ in the
spinal cord lesiops with HTLV-I-associated myelopa-
thy/tropical spastic paraparesis : double staining
of immunohistochemistry and polymerase chain
reaction in situ hybridization. Acta Neuropathol
1998 ; 96 : 340.

15) Ando H, Sato T, Tomaru U, et al. Positive feedback
loop via astrocytes causes chronic inflammation in
virus-associated myelopathy. Brain 2013 ; 136 : 2876.

16) Taylor GP, Goon P, Furukawa Y, et al. Zidovudine
plus lamivudine in Human T-Lymphotropic Virus
type-l-associated myelopathy : a randomised trial.
Retrovirology 2006 ; 3 : 63.

17) Macchi B, Balestrieri E, Ascolani 4, et al. Suscepti-



Hematology Jan. 2014

bility of primary HTLV-1 isolates from patients with
HTLV-1-associated myelopathy to reverse tran-
scriptase inhibitors. Viruses 2011 ; 3 : 469.

18) Wattel E, Vartanian JP, Pannetier C, et al. Clonal
expansion of human T-cell leukemia virus type I-
infected cells in asymptomatic and symptomatic
carriers without malignancy. ] Virol 1995 ; 69 : 2863.

19) Cavrois M, Leclercq I, Gout O, et al. Persistent
oligoclonal expansion of human T-cell leukemia vi-
rus type l-infected circulating cells in patients with
Tropical spastic paraparesis/HTLV-1 associated
myelopathy. Oncogene 1998 ; 17 : 77.

20) EEWEFS | PCT/JP2013/068296, RHIE 1 1

68 [ 35

FFEA. ATHERAPEUTIC METHOD AND ME-
DICAMENT FOR HTLV-1 ASSOCIATED MYEL-
OPATHY (HAM). EIfRHi8HH ;201347 B3 8.

21) Yamamoto K, Utsunomiya A, Tobinai K, et al. Phase
I study of KW-0761, a defucosylated humanized anti-
CCR4 antibody, in relapsed patients with adult T-
cell leukemia-lymphoma and peripheral T-cell lym-
phoma. J Clin Oncol 2010; 28 : 1591.

22) Ishida T, Joh T, Uike N, et al. Defucosylated anti-
CCR4 monoclonal antibody (KW-0761) for relapsed
adult T-cell leukemia-lymphoma : a multicenter
phase II study. J Clin Oncol 2012 ; 30 : 837.

-175 -



Japanese Cancer
Association

JCA

Epigenetic deregulation of Ellis Van Creveld confers
robust Hedgehog signaling in adult T-cell leukemia

Ryutaro Takahashi,"* Makoto Yamagishi,"® Kazumi Nakano,' Toshiko Yamochi,? Tadanori Yamochi,' Dai Fujikawa,’
Makoto Nakashima,' Yuetsu Tanaka,? Kaoru Uchimaru,* Atae Utsunomiya® and Toshiki Watanabe'

'Graduate School of Frontier Sciences, The University of Tokyo, Tokyo; *Department of Pathology, Showa University School of Medicine, Tokyo;
3Department of Immunology, Graduate School of Medicine, University of the Ryukyus, Okinawa; “Institute of Medical Science, The University of Tokyo,
Tokyo; *Department of Hematology, Imamura Bun-in Hospital, Kagoshima, Japan

Key words
ATL, epigenetics, EVC, Hedgehog, HTLV-1

Correspondence

Toshiki Watanabe, Laboratory of Tumor Cell Biology,
Department of Medical Genome Sciences, Graduate
School of Frontier Sciences, The University of Tokyo, 4-6-1
Shirokanedai, Minato-ku, Tokyo 108-8639, Japan.

Tel: +81-3-5449-5298; Fax: +81-3-5449-5418;

E-mail: tnabe@ims.u-tokyo.ac.jp

®These authors contributed equally to this study.

Funding information

JSPS KAKENHI (24790436). (23390250). MEXT KAKENHI
(22150001). Ministry of Health, Labour and Welfare H24-
Third Term Cancer-004 Uehara Memorial Foundation.

Received April 14, 2014; Revised June 20, 2014; Accepted
July 1, 2014

Cancer Sci 105 (2014) 1160-1169

doi: 10.1111/cas.12480

One of the hallmarks of cancer, global gene expression alteration, is closely asso-
ciated with the development and malignant characteristics associated with adult
T-cell leukemia (ATL) as well as other cancers. Here, we show that aberrant over-
expression of the Ellis Van Creveld (EVC) family is responsible for cellular Hedge-
hog (HH) activation, which provides the pro-survival ability of ATL cells. Using
microarray, quantitative RT-PCR and immunohistochemistry we have demon-
strated that EVC is significantly upregulated in ATL and human T-cell leukemia
virus type | (HTLV-1)-infected cells. Epigenetic marks, including histone H3 acety-
lation and Lys4 trimethylation, are specifically accumulated at the EVC locus in
ATL samples. The HTLV-1 Tax participates in the coordination of EVC expression
in an epigenetic fashion. The treatment of shRNA targeting EVC, as well as the
transcription factors for HH signaling, diminishes the HH activation and leads to
apoptotic death in ATL cell lines. We also showed that a HH signaling inhibitor,
GANT61, induces strong apoptosis in the established ATL cell lines and patient-
derived primary ATL cells. Therefore, our data indicate that HH activation is
involved in the regulation of leukemic cell survival. The epigenetically deregulat-
ed EVC appears to play an important role for HH activation. The possible use of
EVC as a specific cell marker and a novel drug target for HTLV-1-infected T-cells is
implicated by these findings. The HH inhibitors are suggested as drug candidates
for ATL therapy. Our findings also suggest chromatin rearrangement associated
with active histone markers in ATL.

A dult T-cell leukemia (ATL) is a malignant T-cell disor-
der caused by infection with a human retrovirus, human
T-cell leukemia virus type I (HTLV-1).""® The prognosis of
aggressive types of ATL is poor.”” At present, ATL is an
intractable disease in human beings. To prevent the develop-
ment of ATL and the poor prognosis that is associated with it,
the development of effective therapies based on the molecular
characteristics is needed.

To explore effective drugs, precise understanding of the
molecular mechanism of ATL pathogenesis is essential. We
have previously reported that genetic and epigenetic imbal-
ances and following aberrant gene expressions are the main
framework for ATL tumor cells.®® In addition, the involve-
ment of systemic downregulation of cellular microRNA has
been implicated in the leukemogenesis of ATL. So far, several
host cellular signaling abnormalities induced by HTLV-1 Tax
in the early phase of infection®® and the aberrant activation
of nuclear factor-kappa B (NF-xB) contribute to ATL leuke-
mogenesis.*'? Although other several molecular deregulations
have been suggested in ATL, we have not completely covered
the landscape of signaling networks in ATL.

Recently, Hedgehog (HH) signaling has been reported as an
oncogenic pathway in many types of cancers.’"'? Constitu-
tive HH activation leads to the overproliferation or survival of

Cancer Sci | September 2014 | vol. 105 | no.9 | 1160-1169

several cancer cells, such as basal cell carcinoma or B-cell
lymphomas.?* !> There are some HH inhibitors under clinical
trial as drug candidates against those cancers.'®

In the present study, using ATL patient samples and some
ATL models, we found two specific gene overproductions in
ATL, Ellis Van Creveld syndrome 1 (EVCI) and EVC2, which
belong to the EVC family of genes that are implicated in HH
regulation."”'®> We demonstrated that epigenetically upregu-
lated EVC was associated with cellular HH activity. EVC and
other regulatory factors for HH signaling were responsible for
the survival of ATL cell lines and also primary ATL samples.
Direct evidence from the ATL samples revealed that universal
epigenetic marks associated with actively transcribed genes
were rearranged in the leukemic cells. These findings may
shed light on the abnormal gene expression signature and leu-
kemic cell traits observed in ATL.

Materials and Methods

Patient samples. The primary peripheral blood mononuclear
cells (PBMC) from ATL patients and healthy volunteers were a
part of those collected with informed consent as a collaborative
project of the Joint Study on Prognostic Factors of ATL Devel-
opment (JSPFAD). The project was approved by the University

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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Fig. 1.

EVC overexpression in ATL. (a, b) Microarray heatmap (a) and box plot (b) of EVC. **P < 0.01. ***P < 0.001. (c) Schematic illustration of

locus encoding EVC1/2. (d) Individual expression values (n = 52) between EVCT and EVC2. (e) EVCT mRNA level in ATL patient PBMC (total,
n = 11; acute, n = 7; chronic, n = 4) and in CD4+ T cells from healthy donors (n = 6) evaluated using quantitative RT-PCR (qRT-PCR). **P < 0.01.
(f) EVCT and EVC2 levels in CADM1 versus CD7 plot subpopulations. Normal P, CD4+/CADM1—/CD7+ T cells from healthy donors; Indolent P,
CD4+/CADM1—/CD7+ from indolent ATL patients; Indolent N, CD4+/CADM1+/CD7— from indolent ATL patients; Acute N, CD4+/CADM1+/CD7—
from acute ATL patients. The gene expression microarray dataset is available in Kobayashi et al.®® (g) EVCT levels in various cell lines examined

using qRT-PCR (n = 3, mean =+ SD).

of Tokyo and Showa University research ethics committees.
The PBMC were isolated using Ficoll separation and maintained
in RPMI1640 (Invitrogen, Carlsbad, CA, USA) supplemented
with 1% of self-serum and antibiotics (Invitrogen). Clinical
information is shown in the Supporting Information Methods.

Microarray analysis. Gene expression profiling of ATL
patient samples and normal CD4+ T cells has been performed
previously.( ) The coordinate has been deposited in the Gene
Expression Omnibus database (GSE33615).

Cell culture. The HTLV-l-infected cell lines MT-2 and
HUT102, ATL-derived cells MT-1 and TL-Oml, and other
leukemic cell lines were cultured in RPMI1640 with 10%
FCS. ATL-derived KOB and KK1 were cultured in RPMI1640
with 10% FCS and 10 ng/mL recombinant human IL-2 (R&D
Systems, Minneapolis, MN, USA). The 293T cell was cultured
in DMEM with 10% FCS. All cell lines were cultured at
37°C, with 5% CO,.

Cancer Sci | September 2014 | vol. 105 | no.9 | 1161

Plasmids and HH activity analysis. Tax-encoding plasmids
have been described previously.?® EVCI cDNA was amplified
as two fragments from the human cDNA library. Cellular HH
activity was evaluated using a dual-luciferase assay (Promega,
Madison, WI, USA).?" Briefly, 7 x GLI binding site (GA-
ACACCCA)-luciferase plasmid and control RSV-Renilla plas-
mid were co-transfected into target cells using
Lipofectamine2000 (Invitrogen). At 24 h post-transfection, the
cells were collected and analyzed using a dual-luciferase assay.

Quantitative RT-PCR. Procedures for RNA isolation and RT-
PCR have been described previously.” Primer sets for quanti-
tative RT-PCR (qRT-PCR) are provided in the Supporting
Information Methods.

Epigenetic analyses. Bisulfite treatment was conducted using
a MethylEasy Xceed Rapid DNA Bisulphite Modification kit
(Human Genetic Signatures, NSW, Australia). For evaluating
histone covalent modifications, a chromatin immunoprecipita-

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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Fig. 2. Epigenetic reprogramming in the EVC locus. (a) Schematic of CpG islands and chromatin immunoprecipitation (ChIP) loci. (b) Results of
bisulfite sequencing (+46 to +466 from EVCT transcription start site [TSS]; +905 to +1206 from EVC2 TSS). The black and empty boxes represent
methylated and unmethylated CpG, respectively. (c) EVC RNA levels in Jurkat cells in the presence or absence of epigenetic drugs (n =3,
mean + SD). *P < 0.05. (d) Histone covalent modifications at EVC and GAPDH loci in three cell lines were analyzed using PCR-based ChIP assay
with specific antibodies. Positions of primer sets for the real-time PCR are indicated in (a). Enrichment values relative to input samples are plot-
ted. (e) TL-Om1 and MT-1 cells were treated with 1 or 5 uM of anacardic acid for 48 h and the EVC mRNA level was then analyzed (n =3,
mean + SD). *P < 0.05. (f) Epigenetic changes in primary ATL samples. Three independent clinical samples were compared with normal PBMC
(n = 3, mean =+ SD).
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tion (ChIP) assay was conducted as described previously.®??
Anti-H3K4me3 (#9751S; Cell Signaling, Danvers, MA,
USA), anti-AcH3 (#06-599; Millipore, Billerica, MA, USA),
anti-H3K27me3 (#39155; Active Motif, Carlsbad, CA, USA)
and control IgG (I5381; SIGMA, St. Louis, MO, USA) were
used for ChIP. Primers for the qPCR are provided in the
Supporting Information Methods.

Immunohistochemistry. For preparation of the paraffin
block of 293T cells, the cells were fixed in 20% of forma-
lin/PBS for 24 h. After removing the formalin, alcohol
dehydration and paraffin permeation were done using Tis-
sue-Tek VIP5Jr (Sakura, Alphen aan den Rijn, The Nether-
lands). Paraffin blocks were sectioned at 3-um thickness.
The sections were then transferred to coating slide glasses
(Muto pure chemicals, Bunkyo-ku, Tokyo, Japan). After par-
affin removal, the paraffin sections of the 293T and ATL

Original Article
Takahashi et al.

cells were treated with 3% H,0,. Antigen-retrieval treatment
was done using Histofine antigen retrieval solution pH9
(Nichirei, Chuo-Ku, Tokyo, Japan) for 20 min under
microwave radiation. After reaction with the first antibody,
anti-EVC antibody (HPA008703, 1:400; SIGMA), and the
second antibody (K5027, ENVISION Kit/HRP [DAB];
Dako, Bunkyo-ku, Tokyo, Japan), the sections were colored
using ENVISION Kit/HRP [DAB] DAB+ (K3468; DAKO).
Finally, the sections were stained with hematoxylin.
Lentivirus construction and production. Detailed procedures
for lentivirus production have been described previously.®
Briefly, replication-defective, self-inactivating lentivirus vectors
were used.?**¥ ShRNA were cloned into a CS-H1-EVBsd.
High-titer viral solutions prepared using a centrifugation-
based concentration were transduced into ATL cell lines
using the spinoculation method. The transduced cells were
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0.001 VR == : ol T and GAPDH loci in Tax-expressing Jurkat cells were
1 2 3 4 GAPDH 1 2 3 4 GAPDH analyzed using a ChIP assay. *P < 0.05 (Tax WT vs
EVC EVC Empty). Primer positions are shown in Figure 2(a).
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further selected by blastcidin and used within 14 days.
shRNA sequences are described in the Supporting Information
Methods.

Cell viability and apoptosis analyses. For the cell proliferation
assay, 5000 cells were plated in a 96-well flat bottom plate
with RPMI1640 medium supplemented with 1% FCS. After
1-3 days culture, cell numbers were evaluated using Cell
Counting kit-8 (Dojindo, Kumamoto, Japan). The apoptosis
cell was determined using PE Annexin V/7-AAD stainings
(BD Pharmingen, San Jose, CA, USA). Detection of apoptotic
cells was performed using FACSCalibur (Becton, Dickinson,
Franklin Lakes, NJ, USA). Primary ATL cells were defined
using sequential gating based on a Forward scatter/Side Scat-
ter (FSC/SSC) pattern and a CD4-positive population (anti-
CD4-FITC; BD Pharmingen). Collected data were analyzed
using FlowJo software (Tree Star, Ashland, OR, USA).

Results

Epigenetic abnormalities in EVC regulation in ATL. We have
determined the gene expressmn s1gnature of ATL tumor cells
by conducting massive microarrays.”’ The gene expression pro-
files from 52 ATL patients and 21 healthy donors identified a

(a) Empty/shCtrl

www.wileyonlinelibrary.com/journal/cas

large number of specific gene upregulations in ATL cells.
Among these, the genes encoding EVC1 and EVC2 were
strikingly overexpressed in ATL patient samples, which had a
relationship to disease progression (Fig. l1a,b). These genes are
located in an identical chromosome 4p16, under a bi-directional
promoter (Fig. Ic), and their expressions have shown a strong
positive correlation (Fig. 1d). The qRT-PCR revealed that the
median of the EVCI mRNA level in ATL was 90.9-fold higher
than that of normal CD4+ T-cells (Fig. le). Speciﬁcity of
tumor-associated EVC expression was confirmed using the data-
set from CADMI versus CD7 plot subpopulation samples.>
CADMI1 expression and CD7 loss have recently been identified
as highly sensitive molecular markers of HTLV-1-infected cells.
EVC] and EVC2 were significantly expressed in the
CADMI1+/CD7— tumorous population (Fig. 1f). The HTLV-1-
infected and ATL-derived cells showed higher levels of EVCI
mRNA compared with those in other leukemia and lymphoma
cell lines and those of healthy PBMC (Fig. 1g). The MT-2 and
HUT102 cells, which highly express HTLV-1 genes, showed
high EVCI mRNA levels similar to those in ATL-derived cells.
Looking at the tumor-associated eplgenenc reprogramming
that was frequently observed in ATL,"® we analyzed the
epigenetic status of the EVC locus to clarify the possible

EVC1/shEVC1 EVC1/shCtrl

Fig. 4. EVC1 expression in ATL cells. (a—e)
Immunohistochemistry-based EVC1 protein detection
in paraffin-embedded samples: 293T transfected with
the indicated plasmids (a), primary ATL lymph node
(b, ¢, representative data are shown) and spleen from
mice engrafted with primary ATL cells (d, tumor
invasive, n = 3; e, non-invasive). These samples were
stained with anti-EVC1 antibody and hematoxylin.

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
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involvement of epigenetic variation in EVC deregulation.
There were two typical CpG islands in the EVC locus whose
transcription may be tightly regulated by the gain of CpG
methylation (Fig. 2a). However, bisulfite sequencing revealed
that DNA methylation was not acquired in normal lympho-
cytes, as well as in the primary ATL sample (Fig. 2b). CpG
hypermethylation within the EVC locus was found only in Jur-
kat cells where the EVC expression was nearly undetectable
(Fig. 1g). Instead, treatment with epigenetic drugs, particularly
a histone deacetylase (HDAC) inhibitor tricostatin A (TSA),
reactivated the EVC transcription in Jurkat cells, suggesting
that histone modifications such as acetylation were involved in
EVC regulation (Fig. 2c). To further address the epigenetic
implication, we performed ChIP assays to assess the possible
contribution of histone modification in EVC upregulation. The
ATL cell lines showed significant accumulation (log-scale) of
histone H3 acetylation (H3Ac) and H3K4 trimethylation
(H3K4me3), which have been recognized generally as positive
transcription marks around the transcription start site region of
both EVCI and EVC2 (Fig. 2d). Treatment with a pan-histone
acetylase inhibitor, anacardic acid, reduced EVC transcription
in ATL cell lines (Fig. 2e). Interestingly, H3K27me3, which
has been implicated as a poor prognostic marker in ATL,5:29
was decreased at the EVC locus in ATL cells. We confirmed
directly the epigenetic reprogramming at the EVC locus in
primary ATL samples (Fig. 2f). In summary, it appeared that
the acquisition of active histone modifications and the recipro-
cal disappearance of H3K27me3 contributed to aberrant EVC
transcription.

Role of HTLV-1 Tax in EVC transcription. Next we addressed
whether Tax could participate in the deregulated EVCI tran-
scription. Although Tax expression did not influence the EVCI
mRNA levels in 293T cells at complete growth conditions, Tax
activated EVCI transcription in a dose-dependent manner in
serum-starved conditions (Fig. 3a). A NF-xB activation-
defected Tax mutant, M22,?” showed similar EVCI induction,
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suggesting that EVCI transcriptional activation was independent
from NF-xB activation. Indeed, the pharmacological inhibition
of NF-kB activity failed to prevent EVC transcription in ATL
cell lines (data not shown). Meanwhile, Tax induced transcrip-
tion of Sonic hedgehog (Shh), which encodes the HH activa-
tion ligand, in a NF-xB-dependent manner (Fig. 3b). The
experimental condition was validated by the evaluation of
PTHrP, which has been known to be a Tax and NF-xB-tar-
geted gene. HTLV-1 HBZ did not affect EVC transcription
(Supporting Information Fig. S1).

We examined the possible relationship between Tax and his-
tone modifications. For this purpose, we established lentiviral
vectors inducing stable Tax expression in Jurkat cells. More
than 80% of transduction efficiencies were achieved in all
tested cells. Tax induced transcription of EVCI and EVC2, as
well as the HH target gene PTCHI (Fig. 3c). Interestingly, the
Tax C29A mutant, which was unable to localize in the
nucleus,®® failed to induce EVC, suggesting that EVC induc-
tion was directly caused by the nuclear-localized Tax. A ChIP
assay revealed that the Tax wild type, but not the C29A
mutant, directly accumulated H3K4me3 and H3Ac in the EVC
locus (Fig. 3d). Thus, Tax appeared to, at least partially,
induce EVC expression through epigenetic reprogramming.

EVC1 expression in primary ATL cell. We performed immuno-
histochemistry (IHC) with a commercially available antibody
that recognized EVCI. First, we stained paraffin-embedded
293T cells transduced with the EVCl-expressing plasmid to
test the antibody specificity. Strong positivity was detected in
the plasmid-transduced sample but not in samples with
untreated or concomitantly treated with shRNA targeting
EVCI (Fig. 4a). Using this antibody we investigated EVCI1
expression in several aggressive ATL cases. Most ATL cases
showed stable EVC1 positivity (7/8, 87.5%; two representa-
tives in Fig. 4b,c). We noted that all EVCl-positive cells were
dysplastic. Furthermore, EVC1 expression was clearly detected
in a mouse ATL model that was established using xenotrans-

Firefly

pcONA  GLI2AN

Fig. 5. EVC supports Hedgehog (HH) activity. (a)
Relative RNA levels in shRNA-expressing TL-Om1
cells (n =3, mean = SD). *P <0.05. (b) Luciferase
reporter plasmid containing 7 x sequential GLI-
binding sites. (c) GLI2AN activa-ted HH activity
(n =3, mean + SD). **P<0.01. (d-f) Hedgehog
activity in various shRNA-expressing TL-Om1 (d),
MT-2 (e) and Tax and shEVC1-expressing Jurkat (f)
(n = 3~4, mean + SD). *P < 0.05. **P < 0.01.
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Fig. 6. Hedgehog (HH)-dependent ATL cell survival. (a) Time course of the abundance of Venus+ TL-Om1 (left) and MT-2 (right) infected
with lentiviral vector expressing control shRNA (shCtrl), either of two shRNA targeting EVC1 and EVC2, or shRNA targeting GLI1 and GLI2,
then cultured for 27 days together with uninfected cells. Data are representative of three independent experiments. Results are presented
relative to those of cells at 4 days post-infection. (b) shRNA-mediated apoptosis induction. shRNA-expressing cells were cultured in 1% FBS
for 72 h. The apoptotic pattern was defined by gating with Venus+ and Annexin V/7-AAD (n = 3, representative data). (c) GANT61 inhibited
HH activity in ATL cells (n = 3, mean =+ SD). *P < 0.05. (d-e) GANT61 reduced ATL cell viability (n = 3, mean + SD). The cells were treated
with the indicated concentrations of GANT61 for 96 h (d) or with 5 uM of GANT61 for the indicated time periods (e). Cells were maintained
in 1% FCS. (f) GANT61-dependent apoptosis analyzed using Annexin V/7-AAD staining (n = 3, mean + SD). **P < 0.01.
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plantation of primary tumor cells derived from an ATL patient.
The lymphoma cells specifically expressed EVC1 (Fig. 4d,e).
Taken together, EVC1 protein was definitely expressed in
ATL cells.

EVC in HH activation. The EVC family has been implicated
in HH signaling."®!® We performed the knockdown of
EVC in TL-Oml and MT-2 cells, which all highly expressed
EVC (Fig. 1g). Specific knockdown was accomplished using
lentivirus harboring specific and previously validated shRNA
against EVC1, EVC2 or GLI transcription factors in the HH
cascade. The qRT-PCR revealed the knockdown efficiency and
also the HH activity as the RNA levels of PTCHI and GLII
were well-established HH activity markers.?® The EVC deple-
tion resulted in reduction of PTCHI and GLII mRNA levels
(Fig. 5a). Next we established a luciferase reporter containing
7 x sequential GLI-binding sites (Fig. 5b), which strongly
responded against GLI2AN, a constitutive active form of
GLIRY? (Fig. 5¢). As expected, the knockdown of EVCI and
EVC2 represented diminished HH activity in TL-Oml and
MT-2 cells (Fig. 5d,e). In addition, Tax activated the HH sig-
nal in Jurkat cells (Fig. 5f). Knockdown of EVCI1 cancelled
Tax-directed HH activation, suggesting that Tax affects HH
signaling through, at least partially, EVC induction epigeneti-
cally.

EVC-dependent cell survival in ATL. Aberrant activation of
HH provides cell survival ability in myeloma and lym-
phoma.?*!® We found that different shRNA targeting EVC
and GLI caused a progressive depletion of Venus+ cells
(Fig. 6a). Knockdown of EVC1 or EVC2 attenuated ATL cell
proliferation (Fig. S2). The growth defect was associated with
a substantial decrease in the expression of targeted genes
(Fig. 5). We then measured the apoptotic status by staining
Annexin V/7-AAD. Specific analyses within the knocked
down cells were achieved by gating with Venus fluorescence.
At complete growth condition, slight but steady apoptosis was
induced by EVC1 knockdown in MT-2 and TL-Oml cells
(data not shown). Furthermore, strong apoptosis was observed
in EVCl-depleted cells at low FCS condition (Fig. 6b). This
cell death appeared to be due to HH inactivation because
GLI1-knocked down cells showed similar results.

Specific killing of ATL cell by GANT61. GANT61 is a cell-per-
meable hexahydropyrimidine compound, which has been
shown to be a well-established inhibitor of GLI-mediated gene
transactivation.®® GANT61 treatment successfully reduced
GLI binding to the target sequence (Fig. 6¢). In that condition,
MT-2 and TL-Oml cells showed remarkable reduction of cell

Cancer Sci | September 2014 | vol. 105 | no.9 | 1167

viability by GANT61 treatment in dose- and time-dependent
manners (Fig. 6d,e), which may be caused by apoptosis
(Fig. 6f).

Finally, we evaluated the pharmacological activity of
GANT61 on primary ATL samples. Although GANT61 did
not show a clear effect on PBMC derived from healthy donors
and HTLV-1 carriers, its treatment specifically reduced the
viability of ATL samples significantly (Fig. 7a). Flow cytome-
try demonstrated that GANT61 specifically killed CD4+ leuke-
mic cells from ATL patients via apoptosis induction (Fig. 7b).

Discussion

A large number of efforts have collectively concluded that aber-
rant gene expression patterns contribute to the malignant char-
acteristics in ATL and other neoplastic cells. In the present
study, based on the careful analyses of patient samples, we have
demonstrated that EVC is drastically overexpressed in mRNA
and its protein can be specifically detected in ATL cells in con-
trast to normal CD4+ T-cells. To the best of our knowledge, this
is the first report regarding EVC expression and function in
lymphocytes. The results of the microarray indicate that EVC
expression appears to be induced in accordance with disease
progression. EVCI1 protein expression is observed in dysplastic
ATL cells derived from patients and a xenotransplantation
model. Because the EVC family may be membrane-associated
proteins (Fig. 4),%% the present study provides us with the pos-
sibility that EVC expressions might be useful cell markers of
HTLV-1-infected T-cells for future clinical purposes.

The EVC family has been identified initially as the responsi-
ble genes for one morphogenic disorder, Ellis van Creveld syn-
drome; it is also believed to play a role in the determination of
body-axis or morphogenesis bgy usually bearing one step of the
HH signaling pathway."'*'7'®) Knockout studies have demon-
strated that EVC1 and EVC2 cooperatively act as positive
modulators of the HH pathway in mouse fibroblasts and chon-
drocytes. However, abnormal EVC upregulation has not been
reported in any cancers; whether the HH pathway is sensitive
to cellular dynamism of EVC has not been elucidated as yet.
Herein, we demonstrated that overexpression of EVC can be
linked to HH activity in T cells for the first time. In addition,
several experimental results, including the knockdown assay
and GANT61 treatment, suggest totally that the HH pathway
was activated in ATL, which in turn contributed to ATL cell
survival. Further study will be required for mechanistic
insights on how EVC activates HH in T cells.

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
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Further investigation uncovered that transcription from the
EVC locus was coordinated by epigenetic alteration. In particu-
lar, the lymphoma-associated H3Ac and H3K4me3 accumula-
tions appeared to dominate EVC upregulation. Direct evidence
from patient samples supported the epigenetic reprogramming,
including previously unappreciated H3K4me3 rearrangements,
conferring robust EVC expression. Interestingly, repressive his-
tone mark H3K27me3 was mutually reduced at the EVC locus
in the ATL samples, suggesting that cooperative regulation in
this bivalent domain may define the EVC expression and pos-
sibly HH activity.

HTLV-1 Tax was involved in the regulation of EVC via epi-
genetic regulation. Nuclear localization-deficient Tax mutant
was unable to induce EVC expression, implying that Tax may
participate directly in determination of chromatin architecture.
Indeed, lentiviral expression of Tax partially increased active
histone modifications, which in turn activated HH signaling.
Previously, we and others have reported that Tax physicall?/
binds with histone modifying factors, including HDAC,®V
SUV39H1%? and SMYD3.%? Interplay between Tax and epi-
genetic rearrangement may be closely involved in the progres-
sion of HTLV-1-infected cells to leukemic cells. Meanwhile,
other ATL-specific epigenetic events including significant
modifications on histone acetylation, H3K4me3 and H3K27me3
clearly dominate stable EVC expression. The alteration of the
epigenetic landscape by Tax and other molecular mechanisms
such as expression changes of epigenetic modifiers will be
elucidated by comprehensive analysis such as a genome-wide
ChIP analysis.

In the context of molecular targeting, a new possibility for
the HH inhibitor was suggested. Recently, aberrant HH activa-
tion and its contribution to cell survival and the cell cycle have
been reported in various cancer cells.""!'? In agreement with
other tumors where HH is active, we found that ATL was sensi-
tive against GANT61. This compound can inhibit HH signaling
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by preventing DNA binding of the GLI family and has few
impacts on the viability of healthy CD4- T cells. We note that
we could not confirm the EVC-directed upregulation of com-
mon HH target genes such as Cyclin DI and Bcl-2 in ATL
models (data not shown). Given that the HH pathway regulates
transcription of many genes important for cell fate and many
inhibitors against HH cascade have been developed,"® our
findings suggest that pharmacological drugs that can inhibit
the HH pathway may be feasible for ATL treatment. Identifica-
tion of ATL-specific HH target genes will help understanding
of the HH roles in survival capability.

In summary, we have identified EVC overexpression as a
specific character of ATL and HTLV-l-infected T cells. We
have demonstrated the molecular mechanism that overexpres-
sed EVC1 contributes to ATL cell survival. Considering aber-
rant gene expression associated with cancers, the emerging
relationship between epigenetic regulation and the HH pathway
provides us with conceptual advance in understanding the
broad-acting oncogenic signaling.
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Abstract

Transformation and clonal proliferation of T-cells infected with human T-cell leukemia virus type-l (HTLV-1) cause
adult T-cell leukemia. We took advantage of next-generation sequencing technology to develop and internally
validate a new methodology for isolating integration sites and estimating the number of cells in each HTLV-1-infected
clone (clone size). Initial analysis was performed with DNA samples from infected individuals. We then used appropriate
controls with known integration sites and clonality status to confirm the accuracy of our system, which indeed had the

the new method.

Background

It has been more than 30 years since human T-cell
leukemia virus type-I (HTLV-1) was shown to be the
causative agent of adult T-cell leukemia (ATL) [1,2].
However, understanding the true nature of the multiple
leukemogenic events [3] that are essential for this ag-
gressive transformation remains elusive [4-9]. Although
approximately 5% of HTLV-1-infected individuals de-
velop ATL after a long latency period, the majority re-
main asymptomatic carriers (ACs) throughout their
lifetimes. However, there are not enough clear determi-
nants to distinguish between individuals who eventually
develop ATL and those who remain as ACs [10,11]. To
discover the factors associated with disease development,
long-term prospective studies have assessed the correl-
ation between disease outcome and proviral load (PVL),
that is, the percentage of infected cells among the total
peripheral blood mononuclear cells (PBMCs) [10-12]. The
Joint Study on Predisposing Factors of ATL Development’
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least errors among the currently available techniques. Results suggest potential clinical and biological applications of

(JSPFAD) [13] showed that a PVL higher than 4% is
one of the indications of risk for progression to ATL
[10]. Although an elevated PVL is currently the best
characterized factor associated with a high risk of ATL
development, a high PVL alone is not sufficient for
disease prediction, suggesting the need to discover
additional predictive factors [10,11].

Because ATL is a malignancy caused by HTLV-1 infec-
tion, both the integration of provirus into the host genome
and the clonal expansion of infected cells are highly critical
leukemogenic events [6,7,14,15]. Although many studies
have addressed these aspects, the mechanism of HTLV-1
clonal expansion has not been elucidated [15-35]. Accurate
monitoring for changes in clonality occurring before, dur-
ing, and after ATL development is of great interest and of
major clinical significance not only to clarify the underlying
mechanisms but also to discover reliable predictive bio-
markers for disease progression.

A broad range of evidence strongly supports that most
neoplasms are composed of clonally expanded cell popula-
tions [36-38]. Owing to its biological significance, the
concept of clonal expansion in cancer biology has been in-
vestigated using a variety of approaches in many tumor
types [36-39], including ATL [6,15,16,18-20,22,24,29-32].

© 2014 Firouzi et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http:/creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
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Clonal proliferation of HTLV-1-infected cells was first de-
tected as monoclonal-derived bands by southern blotting
[33]. Early studies found that monoclonal integration of
HTLV-1 is a hallmark of ATL cells [16]. Furthermore, it
was suggested that detecting a monoclonal band is useful
for diagnosis and is associated with a high risk of ATL
development [29,30]. Subsequent PCR-based methods
included inverse PCR, linker-mediated PCR, and inverse
long PCR, which enabled analysis of samples with
clonality below the detection threshold of southern
blotting [17,25,31,34]. Based on the observed banding
patterns, the clonality of the samples was described as
having undergone monoclonal, oligoclonal, or poly-
clonal expansion. Such PCR-based analyses revealed
that, in addition to a monoclonal proliferation of in-
fected cells, a monoclonal or polyclonal proliferation
occurs even in non-malignant HTLV-1 carriers [31,35].
Moreover, considering the stability of the HTLV-1 pro-
viral sequence, it was hypothesized that maintaining a
high PVL is achieved by persistent clonal proliferation
of infected cells in vivo [25]. This hypothesis was fur-
ther supported by the detection of a particular HTLV-1
clone in the same carrier over the course of several
years [18]. Two Miyazaki cohort studies focused on the
maintenance and establishment of clonal expansion:
Okayama et al. analyzed the maintenance of a pre-
leukemic clone in an AC state several years prior to
ATL onset [19], and Tanaka et al assessed the establish-
ment of clonal expansion by comparing the clonality status
of long-term carriers with that of seroconverters. They
showed that some of the clones from long-term carriers
were stable and large enough to be consistently detectable
by inverse long PCR; however, those from seroconverters
were unstable and rarely detectable over time [20].

Knowledge provided by conventional studies has
shed light on the next challenges worthy of further in-
vestigation. Owing to technical hurdles, however, previous
studies isolated small numbers of integration sites from
highly abundant clones and detected low abundant clones
in a non-reproducible manner [22,34]. Furthermore, con-
ventional techniques could not provide adequate informa-
tion regarding the number of infected cells in each clone
(clone size) [22]. To effectively track and monitor HTLV-1
clonal composition and dynamics, we considered devising
a new method that would not only enable the high-
throughput isolation of integration sites but also provide an
accurate measurement of clone size.

PCR is a necessary step for the integration site isolation
and clonality analysis. However, bias in the amplification of
DNA fragments (owing to issues such as extreme fragment
length and high GC content) is intrinsic to any PCR-based
method [40-45]. Different fragment amplification efficien-
cies make it difficult to calculate the amount of starting
DNA (the original distribution of template DNA) from
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PCR products. Hence, estimating HTLV-1 clonal abun-
dance, which requires calculating the number of start-
ing DNA fragments, is only achievable by avoiding the
PCR bias.

Recently, Bangham’s research group analyzed HTLV-1
clonality and integration site preference by a high-
throughput method [22]. In the method developed by
Gillet et al., clone sizes were estimated using length of
DNA fragments (shear sites generated by sonication) as
a strategy for removing PCR bias [22]. Owing to the
limited variation in DNA fragment size observed with
shearing, the probability of generating starting fragments
of the same lengths is high, leading to a nonlinear rela-
tionship between fragment length and clone size [22,46].
Therefore, Gillet et al. used a calibration curve to statis-
tically correct the shear site data [22]. Later, Berry et al.
introduced a statistical approach, and further addressed
the difficulties of estimating clone size from shear site
data [46]. Their approach estimates the size of small
clones with little error, but estimates for larger clones
have greater error [46]. A parameter adopted from the
Gini coefficient [47,48] and termed the oligoclonality
index was used to describe the size and distribution of
HTLV-1 clones [22]. It has been demonstrated that the
oligoclonality index differs between malignant and non-
malignant HTLV-1 infections, and also a high PVL of
HTLV-1-associated myelopathy is due to cells harboring
large numbers of unique integration sites [22]. Further-
more, genome-wide integration site profiling of clinical
samples revealed that the abundance of a given clone
in vivo correlates with the features of the flanking host
genome [22,24]; although there was not a specific hot-
spot, HTLV-1 more frequently integrated in transcrip-
tionally active regions of the host genome [22,24]. These
findings further clarified the characteristics of HTLV-1
integration sites, and strongly suggested the importance
of HTLV-1 clonal expansion in vivo.

Here we introduce a method that overcomes many of the
limitations of currently available methods. Taking advantage
of next-generation sequencing (NGS) technology, nested-
splinkerette PCR, and a tag system, we designed a new
high-throughput method that enables specific isolation of
HTLV-1 integration sites and, most importantly, allows for
the quantification of clonality not only from the major
clones and high-PVL samples but also from low-abundance
clones (minor clones) and samples with low PVLs. More-
over, we conducted comprehensive internal validation ex-
periments to assess the effectiveness and accuracy of our
new methodology. A preliminary validation was conducted
by analyzing DNA samples from HTLV-1-infected individ-
uals with different PVLs and disease status. Subsequently,
an internal validation was performed that included an ap-
propriate control with known integration sites and clonality
patterns. We present our methodology, which illustrates
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that employing the tag system is effective for improving
quantification of clonal abundance.

Methods
Our clonality analysis method included two main as-
pects: (1) wet experiments, and (2) in silico analysis
(Additional file 1: Figure S1). A general explanation of
materials and methods is provided here, and detailed
protocols of the wet experiments are included in Additional
file 1: Notes. The in silico analysis is further described in
Results and discussion.

NGS data have been deposited in the Sequence Read
Archive of NCBI with access number of (SRP038906).

Wet experiments

Biological samples: specimens and cell lines

Specimens: In total five clinical samples were provided
by a biomaterial bank of HTLV-1 carriers, JSPFAD
[13,49]. The clinical samples were a part of those col-
lected with an informed consent as a collaborative pro-
ject of JSPFAD. The project was approved by the
Institute of Medical Sciences, the University of Tokyo
(IMSUT) Human Genome Research Ethics Committee.
Information about the disease status of samples was ob-
tained from JSPFAD database in which HTLV-1-infected
individuals were diagnosed based on the Shimoyama cri-
teria [50]. In brief, genomic DNA from PBMCs was iso-
lated using a QIAGEN Blood kit. PVLs were measured
by real-time PCR using the ABI PRISM 7000 Sequence
Detection System as described in [10].

Cell lines: An IL2-dependent TL-Oml cell line [51]
was maintained in RPMI 1640 medium supplemented
with 10% heat-inactivated fetal calf serum (GIBCO), 1%
penicillin-streptomycin  (GIBCO), and 10 ng/mL IL2
(R&D systems). The same conditions as those of patient
samples were used to extract DNA and measure PVL.

Hlumina-specific library construction
We employed a library preparation protocol specifically
designed to isolate HTLV-1 integration sites. The final
products in the library that we generated contained all
the specific sequences necessary for the Illumina HiSeq
2000 platform (Additional file 1: Figure S2). These prod-
ucts included a 5'-flow cell binding sequence, a region
compatible with read-1 sequencing primer, 5-bp random
nucleotides, 5-bp known barcodes for multiplexing
samples, HTLV-1 long terminal repeat (LTR), human or
HTLV-1 genomic DNA, a region compatible with read-2
and read-3 sequencing primers, 8-bp random tags, and a
3'-flow cell binding sequence from 5’ to 3', respectively
(Additional file 1: Figure S2B).

Incorporating the 5-bp random nucleotides downstream
of the region compatible with the read-1 sequencing primer
was critical and resulted in high-quality sequence data. We
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used a library designed without the first 5-bp of random
nucleotides as input for the HiSeq 2000 sequencer in our
first samples (S-1, S-2, S-3, and S-4). Because all fragments
began with the same LTR sequence, clusters generated in
the flow cells could not be differentiated appropriately.
These samples resulted in low-quality sequence data (see
Additional file 1: Notes). Designing the first 5-bp randomly
resulted in high-quality sequence data for the remaining
samples because clusters were differentiated with no prob-
lem during the first five cycles of sequencing (data not
shown).

Our library construction pipeline comprised the fol-
lowing four steps (Additional file 1: Figure $2) (Additional
file 1: Notes):

(1) DNA isolation: DNA was extracted as described
above, and the concentration of extracted
DNA was measured with a NanoDrop 2000
spectrophotometer (Thermo Scientific). We
recommend using 10 pg of DNA as the starting
material. However, in practice there are some
rare clinical samples with limited DNA available.
In order to be able to handle those samples, the
method was also optimized for 5 pg and 2 g of
starting DNA.

(2) Fragmentation: According to the protocol provided
in Supplementary Notes, the starting template DNA
was sheared by sonication. The resulting fragments
represented a size range of 300 to 700 bp as checked
by an Agilent 2100 Bioanalyzer and DNA 7500 kit
(Figure 1B).

(3) Pre-PCR manipulations: Four steps of end repair,
A-tailing, adaptor ligation, and size selection were
performed as described in Additional file 1: Notes.

(4) PCR: To amplify the junction between the genome
and the viral insert, we used nested-splinkerette
PCR (a variant of ligation-mediated PCR [52,53])
(Additional file 1: Figure S2). We confirmed that the
technique specifically amplifies HTLV-1 integration
sites; since there was no non-specific amplification
neither from human endogenous retroviruses nor
from an exogenous retrovirus such as HIV (see
Additional file 1: Table S1 and Additional file 2:
Figure S1).

Information on oligonucleotides, including adaptors
and primers, and the LTR and HTLV-1 reference se-
quences [54] are provided in Additional file 1: Table S1.
The final PCR products were sequenced using the HiSeq
2000 platform.

In silico analysis
Raw sequencing data were processed according to the
workflow described in the Results and discussion section.
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Figure 1 Estimating clone size by ‘shear sites’. Also see Additional file 2: Figure S2 for a simple image from an integration site and its shear
sites. (A) Depicted is the complex population of uninfected cells (grey circles) together with infected clones (circles of different colors). A clone

is shown as a group of sister cells (circles of the same color) having the same integration site (IS). Different clones are distinguishable based

on differing integration sites, and thus the number of integration sites represents the number of infected clones. For example, the six different unique
integration sites refer to six unique clones. (B) Genomic DNA fragmented by sonication generates random shear sites (fragments of different length).
Fragment size, measured by an Agilent Bioanalyzer, ranged from 300 to 700 bp. This size range can theoretically provide approximately 400 variations. (C)
The size distribution of fragments decreased following amplification by integration-site-specific PCR. From the deep sequencing data, the original number
of starting fragments could be estimated by removing PCR duplicates and counting fragments with different lengths. For example, five different lengths of
PCR amplicons represent five infected sister cells. (D) We analyzed four samples, including (5-1: asymptomatic carrier (AC), (8% PVL)), (S-2: smoldering (SM),
(9% PVL)), (5-3: smoldering, (31% PVL)), and (S-4: acute, (33% PVL)). Using our method, the clone sizes were quantified by considering only shear sites. The
first major clone (the largest clone) of each sample was mapped to (chr 11-41829319 (+)), (chr 15: 59364370 (), (chr 4-563543 (-)), and (chr X - 83705328
(), respectively. The shear site variations of each major clone were 209, 119, 242, and 222, respectively. Different colors on the pie graphs indicate different
integration sites, and the size of each piece represents the clone size.

The initial forward read (100-bp) was termed Read-1 and
the reverse read (100-bp) was termed Read-3 and an index
read (8-bp) was termed Read-2. In brief, analysis programs
were written in Perl] language and run on a supercomputer

system provided by The University of Tokyo’s Human
Genome Center at The Institute of Medical Science [55].
The sequencing output was check for quality using the
FastQC tool [56]. The regions corresponding to the LTR
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and HTLV-1 genome were subjected to a blast search
against the reference sequences described in Additional
file 1: Table S1. Following isolation of the integration sites,
the flanking human sequences were mapped to the human
genome (hgl9) (the UCSC genome browser [57]) by Bowtie
1.0.0 {58]. The final processed data included information
about shear sites (R1R3), tags (R1R2), and a combination of
tags and shear sites (RIR2R3). Fitting the data to the zero
truncated Poisson distribution for retrieving correlation
coefficients were done by the R-package ‘gamlss.tr’ [59].
The Gini coefficient was calculated by StatsDirect medical
statistics software [60].

Results and discussion

General concepts

We originally designed our method to overcome the limita-
tions of conventional techniques [31,34] and to make im-
provements in the only existing high-throughput method
[22]. In general, our method includes two main sets of wet
experiments and an in-silico analysis. We used genomic
DNA as the starting material to prepare an appropriate
library for Ilumina sequencing. Subsequently, deep-
sequencing data were analyzed by a supercomputer.
The resulting information represents the clonality status of
each sample (Additional file 1: Figure S1).

There are complex populations of infected clones and
uninfected cells in a given HTLV-1 infected individual.
High-throughput clonality analysis requires monitoring
two main characteristics of clones: HTLV-1 integration
sites and the number of infected cells in each clone
(clone size). Each HTLV-1-infected cell naturally harbors
only a single integration site [23]. Therefore, the number
of detected unique integration sites corresponds to the
number of infected clones. Based on our analysis, which
is consistent with the data of Gillet et al. [22], employing
high-sensitivity deep sequencing allowed for the isola-
tion of a large number of unique integration sites (UISs),
including samples with low PVLs (Figure 1). We ana-
lyzed four samples from HTLV-1-infected individuals
with different PVLs, disease status, and expected clonal-
ity patterns. The samples include S-1: AC (8% PVL);
S-2: smoldering ATL (SM) (9% PVL); S-3: SM (31%
PVL); and S-4: acute ATL (33% PVL). Based on the final
optimized conditions, 1030, 39, 265, and 384 UlSs were
isolated from each sample, respectively (Figure 1).

The most challenging aspect of our clonality analysis
was estimating the number of infected cells in each
clone. Although a necessary step in the analysis, PCR
introduces a bias in the frequency of starting DNA ma-
terial [40-45]. Because amplification causes significant
changes in the initial frequency of starting materials,
PCR products cannot be used directly to estimate the
amount of the starting DNA material. To overcome this
problem, we needed to manipulate DNA fragments to
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make them unique prior to PCR amplification. Thus, if
each DNA fragment could be marked with a unique fea-
ture, it would then be possible to calculate its frequency
based on the frequency of that unique feature. When a sin-
gle unique stretch of DNA is amplified by PCR, the result-
ing product is a cluster of identical fragments termed PCR
duplicates. Therefore, to estimate the frequency of starting
DNA fragments, one should count the number of clusters
with unique features. The remaining technical question
then becomes how to mark the starting DNA prior to PCR
amplification. In the following section, we compare and
discuss two main strategies, namely (1) shear sites and (2) a
tag system, which enable DNA fragments to be uniquely
marked.

Estimating the size of clones by shear sites

The first strategy, described by Gillet et al, relies on
shearing DNA by sonication, resulting in fragments of
random length [22]. Sonication-derived shear sites were
thus used as a distinguishing feature to make fragments
unique prior to PCR. Clone sizes were then estimated by
statistical approaches [22,46].

To directly assess the effectiveness of the shear site
strategy, we analyzed the clonality of the aforementioned
clinical samples (S-1, S-2, S-3, and S-4). Genomic DNA
was cleaved by sonication with fragments in the 300- to
700-bp range, theoretically providing approximately 400
possible variations in fragment size (Figure 1A and B).
Following library construction, however, the final prod-
uct represented smaller size ranges, implying a relatively
limited number of variations (Figure 1C). Finally, the
number of PCR amplicons with unique shear sites was
retrieved from deep-sequencing data. See Additional
file 2: Figure S2 for a simple image from an integration
site and its shear sites. The data obtained from the shear
site experiments were not fitted to calibration curves or
statistical treatments, which were used by Gillet et al.
and Berry et al, respectively (See Additional file 1:
Notes) [22,46]. For clarity, only the information relating
to the major clone of each sample is provided in
Figure 1D. The shear-site variations of the major clone
were 209, 119, 242, and 222 for samples S-1 through S-
4, respectively. Even in the case of control samples with
100% PVLs, the shear sites did not provide more than
225 variations (see Validation of the methodology). How-
ever, it was expected that samples with differing PVLs
and disease status would harbor varying numbers of sis-
ter cells, at least in their major clones. Similar variations
of shear sites were observed in major clones of AC, SM,
and acute samples. These data suggest that, because the
number of sister cells in each clone exceeded the shear
site variations, the size of the clones was underestimated
(Figure 1). This is most problematic in the case of large
clones and leads to an underestimation of the clone size.
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Measuring the size of clones by the tag system

We developed an alternate strategy to remove PCR bias
and to estimate starting DNA. We designed a tag system
in which 8-bp random nucleotides are incorporated at
the end of DNA fragments during adaptor ligation step.
Each tag acts as a molecular barcode, which gives each
DNA fragment a unique signature prior to PCR. Informa-
tion on the frequency of observed tags from the deep-
sequencing data can be used to remove the PCR duplicates
and thereby estimate the original clonal abundance in the

Page 6 of 15

starting sample. Owing to their random design, the tags
could theoretically provide approximately 65,536 variations.
This degree of potential variation is expected to provide a
unique tag for a large number of sister cells in each clone
(Figure 2)."

We analyzed samples S-1, S-2, S-3, and S-4 to assess the
effectiveness of our tag system for estimating clone size.
The major clone of each sample showed tag variations of
393, 142, 1751, and 2675, respectively (Figure 2D). Similar
variations of tags and shear sites were observed in the

DNA fragments

sheared at the
same site

ligation

DNA fragments contain
random tags after adaptor

w]

S-1:
AC, 8% PVL

S-2:
SM, 9% PVL

Samples

S-4:
Acute, 33% PVL

S-3:
SM, 31% PVL

Tags only

393 142

Major
clone

1751 2675

Combinations

269 119

Major
clone

1192 2038

and 2675) and (269, 119, 1192, and 2038), respectively.

Figure 2 Measuring clone size using the tag system. (A) The depiction above shows that shear site variations are not able to cover all sister
cells in large clones. As the number of the sister cells in a given clone increases, the probability of DNA shearing at the same site increases. (B)
Prior to PCR, we incorporated 8-bp random tags into each DNA fragment to uniquely mark them. Random tags could theoretically provide approximately
65,536 variations. The number of potential variations is expected to amply cover large numbers of the sister cells. (C) The tag information was used to
remove PCR duplicates and to estimate the original number of starting fragments. If the fragments had the same shear sites but different tags, they were
counted separately. For example, here five different combinations of tags and shear sites represent five infected cells. (D) Samples: S-1, S-2,
S-3, and S-4 were analyzed by the final optimal condition (Bowtie parameters: -v 3 - - best, and filtering condition: (merging approach)
JT-10). Clone size was measured by tags only or by the combination of shear sites and tags. The covered variations were (393,142, 1751,
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