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Loss of CCR4 antigen expression after mogamulizumab
therapy in a case of adult T-cell leukaemia-lymphoma

Adult T-cell leukaemia-lymphoma (ATL) is an aggressive
peripheral T-cell neoplasm caused by human T-cell leukae-
mia virus type I infection. Most cases of aggressive ATL
(acute, lymphoma, or unfavourable chronic type) are resis-
tant to conventional chemotherapeutic agents, and, thus, it
has a poor prognosis (Shimoyama, 1991; Tsukasaki et al,
2007). Therefore, development of alternative treatment strat-
egies is an urgent issue. CC chemokine receptor 4 (CCR4) is
expressed on most ATL cells and has been shown to be a
new molecular target of immunotherapy in vivo (Ito et al,
2009). Mogamulizumab, a novel molecular targeting agent,
is a humanized anti-CCR4 immunoglobulin G1 monoclonal
antibody with a defucosylated Fc region, and 50% efficacy
has been shown as a single agent in a phase II study for
relapsed and refractory ATL (Ishida et al, 2012). We have lit-
tle experience with this agent, as large-scale clinical studies
have not been conducted. Here, we report an acute ATL case
whose tumour cells lost CCR4 expression after administra-
tion of mogamulizumab.

A 63-year-old female was admitted to our hospital for
fatigue, fever, skin eruption and hypercalcaemia, and was
diagnosed with acute-type ATL. We started a dose-intensified
chemotherapy of VCAP-AMP-VECP (vincristine, cyclophos-
phamide, doxorubicin, and prednisone; doxorubicin, rani-
etoposide,
carboplatin, and prednisone) immediately. Six cycles were
carried out, and partial remission was obtained, but the ATL
cells remained in peripheral blood and skin lesions. ATL
recurred with skin lesions immediately while myelosuppres-
sion was prolonged. Therefore, we started administration of
mogamulizumab as a single agent, once per week for 8 weeks
at a dose of 1-0 mg/kg. By the end of the treatment, com-
plete remission was obtained with disappearance of ATL cells
in peripheral blood, skin lesions, and normalization of lactate
dehydrogenase levels. Unfortunately, a similar eruption
developed approximately 3 months later, and the ATL
relapsed. The patient again underwent mogamulizumab ther-

mustine, and prednisone; and vindesine,

apy, as she did not want further chemotherapy. However, the

© 2013 John Wiley & Sons Ltd
British Journal of Haematology, 2013, 163, 674-687

second administration had no effect, and the patient died
due to disease progression.

We analysed CCR4 expression on patient ATL cells using
multi-colour flow cytometry analysis, as described previously
(Tian et al, 2011) to reveal the resistance mechanism. After
dead cells (propidium iodide positive) and monocytes
(CD4dim CD14") were gated out, a CD3 vs. CD7 plot of CD4™"
T cells was constructed, and CCR4 expression on the CD34imy
CD7"Y subpopulation, in which ATL cells were highly
enriched, was analysed. This analysis clearly revealed loss of
CCR4 expression on ATL tumour cells after mogamulizumab
therapy (Fig 1). Furthermore, we conducted clonal analysis by

PBMNC CD4* lymphocytes
(A) w

Cco7
%

Relative cell number

ot Wl osof 1w ¥ ot

(B)

Cco7
&

Relative cell number

CCR4

Fig 1. Multicolour flow cytometric analysis of CCR4 expression on
adult T-cell leukaemia-lymphoma (ATL) cells. (A) Before mog-
amulizumab therapy. (B) After second mogamulizumab therapy. The
ATL cells accumulated a CD7"" subpopulation before and after
treatment, without any change. Loss of the CC chemokine receptor 4
(CCR4) antigen was clearly observed after treatment.PBMNC,
peripheral blood mononuclear cells.
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Fig 2. Clonal analysis by inverse long polymerase chain reaction
(duplicated). (A) Before mogamulizumab therapy. (B) After second
mogamulizumab therapy. The same monoclonal bands were
observed before and after mogamulizumab therapy (arrow).

inverse long polymerase chain reaction (PCR) using the same
sample. Genomic DNA extracted from peripheral blood
mononuclear cells was digested with Pstl. The purified DNA
was self-ligated with T4 DNA ligase (Takara Bio, Otsu, Japan)
and inverse long PCR was performed using Tks Gflex DNA
Polymerase (Takara Bio) (Kobayashi et al, 2013). The PCRs
were performed in duplicate. The band of the major clone was
of identical size before and after mogamulizumab therapy (Fig
2), suggesting that the relapsed CCR4™ ATL cells belonged to
the same clone as the original CCR4" ATL cells.

To the best of our knowledge, this is the first report
of loss of the CCR4 antigen by clonal analysis after
mogamulizumab therapy. The resistance mechanism to
mogamulizumab has not been elucidated to date. Mog-
amulizumab exerts its activity on CCR4-expressing T cells
through an indirect effector mechanism, antibody-dependent
cell-mediated cytotoxicity (ADCC) (Ishii et al, 2010). Thus,
the CCR4 molecule itself could be involved in the resistance
to mogamulizumab by loss of expression. It is believed that
target molecular loss is not a rare phenomenon during
monoclonal antibody therapy. For example, several reports
are available regarding the loss of CD20 expression after the
administration of rituximab, which is an anti-CD20 mono-
clonal antibody (Duman et al, 2012). Several mechanisms
ranging from the gene to the protein level have been pro-
posed to explain loss of CD20; a similar mechanism might
cause loss of CCR4 expression. We demonstrated loss of
CCR4 expression on the same ATL clone, which excluded
the possibility of a clonal change by CCR4~ ATL cells after
mogamulizumab treatment. We have experienced another
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patient who became resistant to a second mogamulizumab
administration but whose ATL cells maintained CCR4
expression. Loss of CCR4 expression is one of the resistance
mechanisms to mogamulizumab; others include mutation or
deletion within epitope-coding regions for mogamulizumab,
increase in soluble CCR4, and reduced ADCC.

The anti-CCR4 antibody used in this study, clone 1G1, rec-
ognizes a distinct epitope from mogamulizumab (Ishii et al,
2010), which excluded the possibility of epitope masking by
mogamulizumab. Our results indicate that CCR4 expression
by ATL cells should be re-evaluated when relapsed patients
with ATL are treated after mogamulizumab therapy even if
their tumour cells express CCR4 at the initial evaluation.
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Correlating prothrombin time with plasma rivaroxaban level

Recently published guidelines from the British Committee for
Standards in Haematology suggest that the prothrombin time
(PT) can be used for urgent determination of anticoagulation
intensity with rivaroxaban if a reagent with a known sensitivity
is used (Baglin ef al, 2012). However, it has been established in
experiments using normal plasma spiked with varying concen-
trations of rivaroxaban that different PT reagents may have
very different sensitivities to rivaroxaban (Samama et al, 2010;
Douxfils et al, 2012). The clinical implications of this variation
in PT sensitivity to rivaroxaban is evident from the recent
report by Van Veen et al (2013), who described normal PTs in
the presence of therapeutic rivaroxaban levels in a patient with
renal impairment. Comparing the PT using Innovin®
(Siemens, Marburg, Germany) and Thromborel S® (Siemens)
in a patient commenced on rivaroxaban 15 mg twice daily for
deep vein thrombosis against the rivaroxaban plasma concen-
tration measured by the Biophen DiXal anti-Xa assay, they
demonstrated normal PT results despite therapeutic plasma
rivaroxaban levels. They concluded that PT results should be
interpreted with caution when assessing coagulation intensity
for patients on rivaroxaban (Van Veen et al, 2013). If available,
a specific anti-Xa assay should be used for patients presenting
with major bleeding or when requiring emergency surgery.
Mueck et al (2011) have also demonstrated variation using
Neoplastine® (Diagnostica Stago, Asnieres-sur-Seine, France) to
measure the PT against rivaroxaban concentration.

However, many coagulation laboratories will not have 24-h
access to a rivaroxaban-calibrated anti-Xa assay and will

© 2013 John Wiley & Sons Ltd
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inevitably rely on their routine coagulation screen PT and acti-
vated partial thromboplastin time (APTT) results. Therefore it
is essential that laboratories have knowledge of their reagents
sensitivity to rivaroxaban. We studied the correlation between
the rivaroxaban concentration (measured by Liquid Anti-Xa
chromogenic assay, (Instrumentation Laboratory Company,
Bedford, MA, USA) run on an IL TOP 700) and PT and APTT.
The anti-Xa assay was calibrated using lyophilized standard
rivaroxaban plasmas (Hyphen Biomed, Neuville-sur-Oise,
France) to create a rivaroxaban assay linear between 0 and
400 ng/ml. Peak rivaroxaban plasma concentrations are
considered to be in the range of 100-400 ng/ml, and trough
concentrations in the range of 20-150 ng/ml (Baglin et al,
2012). PT (Recombiplastin 2G®, Instrumentation Laboratory
Company, laboratory reference range 9-13s) and APTT
(Synthasil®, Instrumentation Laboratory Company, laboratory
reference range 27-38 s) were determined on the IL TOP 700.
Blood samples (1 = 33) were collected at random time
points from 31 patients receiving rivaroxaban treatment for a
minimum of 2 weeks. Fourteen results were obtained during
15 mg twice daily dosing and 19 during 20 mg once daily dos-
ing. 19 blood samples were taken around the peak plasma con-
centration (1-0-5-5 h), 13 during trough periods (12-30 h)
and for one patient, the sampling time was uncertain. The
anti-Xa rivaroxaban concentrations during peak hours
were marginally higher than was expected, with a median of
280 ng/ml (range 168-458). The trough levels were as
expected, with a median of 57 ng/ml (range 11-215). There
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Molecular abnormalities involved in the multistep leukemogene-
sis of adult T-cell leukemia (ATL) remain to be clarified. Based on
our integrated database, we focused on the expression patterns
and levels of lkaros family genes, lkaros, Helios, and Aiolos, in
ATL patients and HTLV-1 carriers. The results revealed profound
deregulation of Helios expression, a pivotal regulator in the con-
trol of T-cell differentiation and activation. The majority of ATL
samples (32/37 cases) showed abnormal splicing of Helios expres-
sion, and four cases did not express Helios. In addition, novel
genomic loss in Helios locus was observed in 17/168 cases. We
identified four ATL-specific short Helios isoforms and revealed
their dominant-negative function. Ectopic expression of ATL-type
Helios isoform as well as knockdown of normal Helios or lkaros
promoted T-cell growth. Global mRNA profiling and pathway
analysis showed activation of several signaling pathways impor-
tant for lymphocyte proliferation and survival. These data
provide new insights into the molecular involvement of Helios
function in the leukemogenesis and phenotype of ATL cells,
indicating that Helios deregulation is one of the novel molecular
hallmarks of ATL. (Cancer Sci 2013; 104: 1097-1106)

dult T-cell leukemia (ATL) is a highly aggressive
malignancy of mature CD4+ T cells and is caused by
HTLV-1. After HTLV-1 infection, ATL is thought to develop
following a multitude of events, including both genetic and
epigenetic changes in the cells. Although many aspects of
HTLV-1 biology have been elucidated, the detailed molecular
mechanism of ATL leukemogenesis remains largely
unknown."? Therefore, to precisely define the comprehensive
abnormalities associated with ATL leukemogenesis, we previ-
ously carried out global mRNA and miRNA profiling of ATL
cells derived from a large number of patients.** In this study,
we focused on Ikaros family genes, especially Helios, on the
basis of our integrated profiling of expression and gene copy
number in ATL cells, which revealed the deregulated expres-
sion of this family of genes and genomic loss of Helios locus.
Ikaros family genes are specifically expressed in the hemato-
poietic system and play a vital role in regulation of lymphoid
development and differentiation.® " In addition, they are
known to function as tumor suppressors during leukemog-
enesis according to several genetic studies carried out
in mouse models."*'> Recently, many studies reported the
deregulated splicing of Ikaros and the deletion of karos locus
in several human leukemias."®?® These abnormalities are
associated with poor prognoses.**2” Helios is mainly
expressed in the T-cell lineage.(lo’“) Genomic changes and
abnormal expression of Helios are also observed in some

doi: 10.1111/cas.12181
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patients with T-cell malignancies."®**7" However, in contrast
to Ikaros, the substantial impact of aberrant Helios expression
remains to be elucidated because of the absence of functional
information, including the target genes of Helios.

In this study, we carried out a detailed expression analysis
of Ikaros family genes in a large panel of clinical samples
from ATL patients and HTLV-1 carriers and consequently
identified a novel molecular characteristic, that is, abnormal
splicing of Helios and loss of expression, which seems to be a
significant key factor in leukemogenesis affecting the regula-
tion of T-cell proliferation.

Materials and Methods

Cell lines and clinical samples. HeLa and 293T cells were
cultivated in DMEM supplemented with 10% FCS. Human leu-
kemic T cells, Jurkat, Molt-4, and CEM, ATL-derived, MT-1
and TL-Oml, and HTLV-1-infected MT-2 and Hut-102 cell
lines were all maintained in RPMI-1640 with 10% FCS. The
PBMCs from ATL patients of four clinical subtypes“® and
healthy volunteers were a part of those collected with informed
consent as a collaborative project of the Joint Study on Prognos-
tic Factors of ATL Development. The project was approved by
the Institute of Medical Sciences, University of Tokyo Human
Genome Research Ethics Committee (Tokyo, Japan). Clinical
information of ATL individuals is provided in Table S1.

RNA isolation and RT-PCR analysis. The preparation of total
RNA and sgnthesis of the first strand of cDNA were described
previously.®> The mRNAs of Ikaros family genes were exam-
ined by PCR with Platinum Taq DNA Polymerase High Fidel-
ity (Invitrogen, Carlsbad, CA, USA). The PCR products were
sequenced by automated DNA sequencer. Nested PCR amplifi-
cation was carried out with diluted full-length PCR products
by Accuprime Taq DNA polymerase High Fidelity (Invitro-
gen). Quantitative PCR was carried out as previously
described.®) The specific primer sets for each PCR are
described in Table S2.

Immunoblot analysis. Cells were collected, washed with PBS,
and lysed with RIPA buffer. For immunoprecipitation, cells
were lysed with TNE buffer and incubated with specific anti-
body. Proteins samples were then analyzed by immunoblots with
specific antibodies: anti-tubulin, anti-Ikaros, and anti-Helios
antibodies were from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Mouse anti-FLAG antibody (M2) was from Sigma-
Aldrich (St. Louis, MO, USA). Rabbit polyclonal anti-HA
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antibody was from MBL (Nagoya, Japan). Anti-mouse, rabbit,
and goat secondary antibodies were from Promega (Fitchburg,
WI, USA).

Immunostaining. HeLa cells were cultured on coverslip
slides and transfected with the indicated expression vectors by
Lipofectamine LTX (Invitrogen). At 24 h post transfection,
cells were washed three times with PBS, fixed in 4% parafor-
maldehyde, and permeabilized with 0.1% Triton X-100. Then,
cells were stained with primary antibodies (diluted 1:500 to
1:2000). Alexa-488 or 546-conjugated secondary antibodies
(Molecular Probes, Life Technologies, Carlsbad, CA, USA)
were used for detection of specific targets, and DAPI was used
for nuclear staining. Images were acquired by using a Nikon
A1 confocal microscope (Nikon, Tokyo, Japan).

Electrophoretic mobility-shift assay. Experimental conditions
and detail methods were previously reported.”® For evaluation
of DNA binding activity, 3-5 ug nuclear extracts from each
transfectant were used per each lane of electrophoresis. The
oligonucleotide sequences used as a probe are provided in
Table S2.

Luciferase assay. The pGL4.10-firefly vector (Promega)
containing Hes] promoter was used as a reporter vector and
RSV-renilla vector was used as a control vector. HeLa cells
were transiently transfected with these reporters and each Ika-
ros or/and Helios expression vector by Lipofectamine 2000
reagent (Invitrogen). The luciferase activities were quantified
by the Dual-Luciferase Reporter Assay System (Promega) at
24 h post-transfection.

Retroviral construction and transduction. The FLAG-Hel-5
cDNA sequence was subcloned into retrovirus vector pRx-
puro. Stable cell populations expressing Hel-5 were selected
by puromycin. The shRNA-expressing retroviral vectors and
virus production procedures have been established.® The
shRNA sequences are listed in Table S2. Stable cell popula-
tions were obtained by puromycin or G418 selection.

Proliferation assays. Cells (0.5 or 1.0 x 10% were plated in
96-well plates with media supplemented with 10% or 0.2%
FCS. The cell numbers were evaluated for 4 days by Cell
Counting Kit-8 (Dojindo, Kumamoto, Japan). The averages of
at least three independent experiments are shown.

Gene expression microarray analyses. Gene expression micro-
array used the 4 x 44K Whole Human Genome Oligo Micro-
array (Agilent Technologies, Santa Clara, CA, USA); detailed
methods were previously reported.”” Coordinates have been
deposited in the Gene Expression Omnibus database with
accession numbers GSE33615 (gene expression microarray),
GSE33602 (copy number analyses), and GSE41796 (Jurkat
models).

Results

Abnormal expression of short Helios transcripts in primary ATL
cells. To characterize the gene expression signature in primary
ATL cells, we previously carried out mRNA microarray analy-
ses on a large number of samples. The comprehensive survey
unveiled deregulated expression of Ikaros family genes; tran-
scription levels of Ikaros and Aiolos were downregulated in
ATL samples, whereas Helios was upregulated (Fig. S1). Thus,

we examined the detailed expression patterns and levels of
Ikaros family members in PBMCs derived from a panel of
ATL patients and HTLV-1 carriers (Fig. 1a). Compared with
control PBMCs from normal volunteers (Fig. 1b), the expres-
sion levels of Ikaros and Aiolos seemed to be downregulated
in ATL samples, consistent with our microarray results. How-
ever, there were obvious abnormalities in the expression
patterns of Helios. The main isoform of Helios was changed
from full-length Hel-1 to Hel-2, which lacks exon 3 that con-
tains the first N-terminal zinc finger in the DNA-binding
domain. In addition, four ATL-specific Helios short transcripts
were identified (Fig. 1c). Among them, Hel-5 and Hel-6 have
been reported to be expressed in ATL.2’ We also identified
two novel variants, Hel-vl that lacks exons 3 and 4 and
Hel-v2 that lacks exons 2, 3, and 6. These abnormal Helios
variants were also expressed in the samples of high-risk
HTLV-1 carriers, who subsequently developed ATL in the
next few years. Furthermore, nested PCR revealed that Hel-5
or Hel-6 were expressed in a majority of ATL samples (17/22
acute cases, 10/10 chronic cases, and 5/5 smoldering cases;
total, 32/37 cases) (Fig. 1d, upper panels), whereas Hel-v1l
was expressed only in limited cases of ATL (Fig. 1d, lower
panels). In four cases, Helios was not expressed. Collectively,
our mRNA analysis showed that Helios expression was gener-
ally deregulated in ATL cells.

Genomic abnormalities at the Helios locus in primary ATL cells.
To investigate the Helios locus in ATL, we retrieved data
from our gene copy number analysis® and found that specific
genomic deletion was accumulated at the Helios locus in
ATL samples (17/168 cases, Fig. 2). All 17 cases were
aggressive-type ATL (12/17 lymphoma types and 5/17 acute
types). Furthermore, we found that two acute ATL cases in
Figure 1(a) (#9 and #14), which showed severely deregulated
or lost Helios expression, had a genomic deletion of the
Helios locus.

Dimerization ability of ATL-type Helios isoforms with wild-type
Helios or lkaros. Consistent with a previously published
report,(33) co-immunoprecipitation analyses confirmed that
wild-type Hel-1 formed homodimers with themselves and hete-
rodimers with wild-type Ikaros (Ik-1) protein (Fig. 3a, top
panel, lane 1 and lane 4). In contrast, the dimerization activity
of another artificial Helios mutant (Hel-AC), which lacks the
dimerization domain at the C-terminal region, was dramatically
declined (Fig. 3b, top panel, lane 1 and lane 4). We confirmed
that all ATL-type Helios proteins could interact with Hel-1
and Tk-1, despite the fact that all of them lack various sets of
the N-terminal exons (Fig. 3c—f).

Cytoplasmic localization of ATL-type Helios isoforms lacking
exon 6. Ectopically expressed Hel-1 and Ik-1 were localized in
the nucleus (Fig. 4a, top two panels). Regarding the ATL-type
Helios isoforms, we found that Hel-5 and Hel-vl were local-
ized in the nucleus, whereas Hel-6 and Hel-v2, both of which
lack exon 6, were substantially localized in the cytoplasm
(Fig. 4a, middle four panels). We also confirmed the cytoplas-
mic localization of Hel-Aexon 6, which is an artificial Helios
mutant lacking only exon 6 (Fig. 4a, bottom panel). Thus,
exon 6 appears to be critical for nuclear localization of Helios
proteins. Furthermore, defect of exon 6 led to disruption of the

Fig. 1.

(On the next page) Abnormal expression of Helios mRNA in primary adult T-cell leukemia (ATL) cells. (a) Expression analysis of ikaros

family genes in PBMCs by full-length RT-PCR (Acute, n = 22; Chronic, n = 10; Smoldering, n = 5; HTLV-1 carriers, n = 5; High-risk carriers, n = 4).
To detect and distinguish alternative splicing variants, PCR analyses were carried out with the sense and antisense primer sets designed in the
first and final exons of each full-length transcript of lkaros family genes. Obtained ¢cDNAs were cloned and their sequences were analyzed. The
samples acute #4, 4, and 4" were derived from the same patient, but were studied independently. (b) Expression of ikaros family genes in
PBMCs from normal volunteers (n = 10). (c) Schematic representation of Hel-1, Hel-2, and ATL-type Helios isoforms identified in this study. Hel-
variant 1 (Hel-v1) and Hel-variant 2 (Hel-v2) are novel isoforms in ATL. Arrows indicate primer locations of full-length PCR for Helios. Ex, exon;
F1-F6, functional zinc-finger domains. (d) Nested PCR with specific primer sets, which were designed at exon junction of exon 1-5 or exon 2-5
for detection of Hel-5 and Hel-6 (upper panel), or detection of Hel-v1 (lower panel), respectively. Arrows indicate primer locations.
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cellular localization of binding partners. When Hel-6 or Hel-v2
were co-expressed with Hel-1 or Ik-1, they were co-localized
in the cytoplasm (Fig. 4b, Fig. S2).

Dominant-negative function of ATL-type Helios isoforms
against wild-type Helios and lkaros. We next examined the

2q34

(a)

Loss (17/168) o

(c) 17q21
I~ —
% Loss (0/168) Loss (0/168) .
H——H—HFp Kaos  Aoos FH—H—H

Fig. 2. Genetic abnormalities in Helios locus in primarg/ adult T-cell
leukemia cells. The results of our copy number analyses® (total num-
ber, n = 168; acute type, n = 35; chronic type, n = 41; lymphoma type,
n = 44; smoldering type, n = 10; intermediate, n = 1; unknown diag-
nosis, n = 37). Tumor-associated deletion of Helios region (17/168)
was detected (a). No specific genomic losses were observed in lkaros
(b) or Aiolos loci (c). Recurrent genetic changes are depicted by hori-
zontal lines based on Copy Number Analyser for GeneChip output of
the single nucleotide polymorphism array analysis.

functional aspects of these ATL-type Helios isoforms by
evaluating their DNA-binding capacities. For EMSA, we used
an oligonucleotide probe derived from the promoter region of
human HesI, which was a direct target of Ikaros.34+3% Ectopi-
cally expressed Hel-1 or Ik-1 could bind human Hes! promoter
DNA (Fig. 5a). Supershift assays confirmed the binding speci-
ficity (Fig. 5b). In contrast, all ATL-type Helios isoforms did
not show any specific binding to the Hes! promoter (Fig. 5a).
This impossibility of specific DNA binding of ATL-type
Helios was confirmed with another independent DNA probe,
IkBS4©339 (data not shown). In addition, it was found in
co-expression experiments that Hel-5 had antagonistic effects
on the DNA binding capacity of Ik-1 in a dose-dependent
manner (Fig. 5c). Reporter assays showed that Hel-1 and Ik-1
suppressed Hesl promoter activity. However, ATL-type Helios
isoforms did not show any suppressive activity, and actually
slightly activated the promoter (Fig. 5d). Furthermore, they
also inhibited the suppressive function of Hel-1 and Ik-1 in a
dose-dependent manner (Fig. Se, Fig. S3). These data clearly
indicate that ATL-type Helios isoforms are functionally defec-
tive because of a DNA binding deficiency and act dominant-
negatively in transcriptional suppression induced by Hel-1 or
Ik-1. We also confirmed that Hel-2, which lacks only exon 3
and is a major isoform in ATL cells, did not possess suppres-
sive activity against Hes/ promoter in spite of having binding
activity (Fig. 5a,d).

Major ATL-type Helios variant, Hel-5, promotes T cell growth.
Given the tumor-suppressive roles of Ikaros family mem-
bers,"* ' it was expected that abnormal splicing of Helios
could contribute to T cell leukemogenesis. The mRNA level of
Helios was significantly downregulated in ATL-related cell
lines compared with that in T-cell lines without HTLV-1
(Fig. 6a, Fig. S4). Moreover, Helios protein was not detected
in any ATL-derived or HTLV-1-infected cell lines used in this
study (Fig. 6b). In contrast, the expression levels of Ikaros
mRNA did not show major differences between HTLV-1-
infected and uninfected T-cell lines. Those of Aiolos were low
in most cell lines irrespective of HTLV-1 infection (Fig. 6a,
Fig. S4). Ikaros protein was detected in all T-cell lines used in
this study (Fig. 6b). To elucidate the cellular effects of the
expression of dominant-negative ATL-type Helios isoforms in
T cells, we established stable Jurkat cells expressing Hel-5
(Fig. 6¢). A cell proliferation assay confirmed that Hel-5
expression significantly promoted Jurkat cell proliferation

(a) Hel-1 1k-1 (b) Hel-1 1k-1
FLAG-Hel-1lk-1 + - + + - + FLAG-Hel-1/lk-1 + -+ =
HA-Helios + + - + + - HA-Helios + + - + -
IP: FLAG S IP: FLAG
« | 1B:HA O | I1B:HA
3 :
T | IB:FLAG |™= —— ____,I i’ IB: FLAG I\»« . J
: - =
1B: HA I‘...._ oy AT ' 1B: HA — ——eee )
© IP: FLAG @ IP: FLAG —
g — - ’ g oo |  Fig.3. Dimerization ability of adult T-cell
'S ) ® : leukemia (ATL)-type Helios isoforms. In vitro
£l B FaG | SR 2| B FLaG ‘ . ———— ‘ dimerization assays by co-immunoprecipitation
it': §' between ATL-type Helios and wild-type Helios or
IB: HA ” * IB: HA T I !karjos proteins. ;931_' cells were traqsfected with the
e j —_—— indicated combination of expression vectors and
subjected to co-immunoprecipitation analyses (top
(e) P FLAG ® B ELAG panels). Arrowheads indicate the complex of FLAG
< | 1B HA e - l o | 1B HA "1- — -— ’ and HA-tagged proteins. Middle and bottom panels
2 ’ 2 ' show the input samples. Hel-1 (a) and Hel-AC
£ | 1B:FLAG [‘- i _/I 21 8 FLAG h —— vi (b) inc_luded as positive and negative controls,
< < respectively. ATL-specific isoforms, Hel-5 (c), Hel-6
T | igepa { I Tl BHa ——— ‘ (d), Hel-vl (e), and Hel-v2 (f) were tested.
o , immunoblot; IP, immunoprecipitant.
IB, i blot; IP, i ipitant
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Fig. 4. Subcellular localization of adult T-cell
leukemia (ATL)-type Helios isoforms. Immuno-
staining analyses of Helios and lkaros proteins.
Hela cells were transfected with each individual
expression vector (a) or the indicated combination
of expression vectors (b). Each protein was
visualized with anti-FLAG (green) or anti-HA
antibodies (red). Nuclei were detected by DAPI
staining (blue). Colocalization between 1k-1 and
ATL-type Helios was shown in Fig. S2. Hel-v1, Hel-
variant 1; Hel-v2, Hel-variant 2.

(Fig. 6d). To examine whether the cellular effect of Hel-5 was
due to its dominant-negative function against Hel-1 and Ik-1,
we carried out further knockdown analyses with specific
shRNAs (Fig. 6e). The results showed that knockdown of
wild-type Helios or Ikaros led to enhanced cell growth
(Fig. 6f), which was consistent with the results of enforced
Hel-5 expression. These results collectively suggested that
counteraction of Ikaros or Helios by dominant-negative iso-
forms contributed to T cell growth.

Helios deficiency causes expression of various genes in T cells.
We globally searched mRNA expression changes using micro-
array analysis of Jurkat cells expressing Hel-5 and those of
knocked-down Helios or Ikaros (Fig. 7a,b). The results clearly
showed differentially expressed gene sets between the trans-
formants _and control cells (Flg 7c). Furthermore, pathway
analyswm) of each upregulated gene set identified activation
of several signaling cascades. In particular, we focused on six
common pathways identified in both Hel-5 transduced and
Helios or Ikaros knocked-down Jurkat cells (Fig. 7d). These
pathways are important for various T cell regulations, for
example, cell growth, apoptosis resistance, and migration
activity. Among these pathways, it has not been reported that
the shingosine-1-phosphate (S1P) pathway is regulated by the
Ikaros family. We confirmed overexpressed SIPR! and SIPR3,
which are critical receptors for the activation of the SI1P path-
way, in manipulated Jurkat samples (Fig. 7e).

Discussion

In the present study, on the basis of the integrated analysis of
ATL cells using our biomaterial bank in Japan, we revealed a
novel molecular characteristic of ATL cells, which is a
profound abnormality in the expression of Helios. The abnor-
mal alternative splicing and, in some cases, loss of Helios
expression appear to be a part of the basis for advantageous
cell growth and survival in ATL cells. We also showed the
tumor-suppressive function and target genes, as well as
pathways of Helios, in mature human T cells.

Characterization of Ikaros family members revealed pro-
found abnormalities in Helios expression in ATL cells: (i)

Asanuma et al.
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biased and increased expression of alternatively spliced vari-
ants; (ii) suppression of Hel-1 expression; (iii) lack of Helios
expression in some cases; and (iv) frequent genomic defects of
the Helios locus. Our results also revealed that alternatively
spliced Helios variants are expressed in PBMCs of HTLV-1
carriers, suggesting that the abnormal splicing of Helios may
occur in HTLV-1-infected cells at the carrier state until pro-
gression to leukemia development. However, the genomic
deletions appear to be one of the important genetic events dur-
ing the latter stages of leukemia development, as they were
observed only in aggressive subtypes of ATL.

The structural characteristics of the ATL-type Helios vari-
ants involve a selective lack of one or more zinc fingers in
the N-terminal domain. The results of this study indicated
that these variant proteins lost DNA binding activity, whereas
the capacity of dimerization was preserved. Therefore, these
variant proteins hindered transcriptional activities of Ikaros
family proteins, showing dominant-negative effects. In addi-
tion, a part of ATL-type Helios isoform, which lacks exon 6,
is linked to abnormal localization of wild-type Helios and I-
karos. We confirmed that Helios isoforms lacking exon 6
were overexpressed in primary ATL cells (Fig. S5). Interest-
ingly, Hel-2 has reduced transcriptional suppressive activity
compared with Hel-1, although it can bind to the target
sequence  as well as Hel-1. This is similar to a previous
report,‘ 39 which noted that the activity of mouse Ik-2 protein
for the reporter gene was remarkably lower than that of Ik-1,
whereas the binding affinities of Ik-1 and Ik-2 were similar.
The exon 3 skip occurred more frequently in ATL cells, com-
pared to PBMCs from normal volunteers (Fig. S6). These
results collectively indicate that all abnormalities of Helios
expression, including loss of or decreased Hel-1 expression
and upregulated Hel-2 and ATL-type Helios, result in abroga-
tion of Ikaros family functions in ATL cells.

We also confirmed that Hesl, a target gene of the Notch g)ath-
way, is one of the targets of Helios as well as Ikaros.®**> A
recent study reported that activated Notch sicnah'ng may be
important to ATL pathogenesis and that Hesl is upregulated in
ATL cells.®® Thus, we examined expression levels of
Hesl mRNA by quantitative RT-PCR and confirmed the
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Fig. 5. Dominant-negative function of adult T-cell leukemia (ATL)-type Helios isoforms. (a) DNA-binding activities of wild-type Helios or lkaros
and ATL-type Helios proteins. Each FLAG-tagged Helios or lkaros isoforms were ectopically expressed in 293T cells and their nuclear extracts were
subjected to EMSA with a [y->2P]-labeled Hes7 promoter probe. Oct-1 probe was used as an internal control. Arrowheads indicate Helios or Ikaros
complexes. *Non-specific bands. Hel-v1, Hel-variant 1; Hel-v2, Hel-variant 2. (b) Results of supershift assays. Anti-FLAG (0, 0.5, 1 pg) or control IgG
(1 png) antibodies were added to each nuclear extract prior to electrophoresis. The black and white arrowheads indicate the supershifted bands
of Ik-1 and Hel-1, respectively. (c) Antagonistic effects of Hel-5 on DNA-binding of lk-1 tested by EMSA. The molar ratios of Ik-1 to Hel-5 plasmids
are 1:1, 1:4, and 1:8. Expression levels of FLAG-lk-1 and HA-Hel-5 were assessed by immunoblotting. The arrowheads indicate the Ik-1 specific
band. AP-1 probe was used as an internal control. WB, western blot. (d) Transcriptional suppression activities of various Helios or Ikaros isoforms
tested by Hes? promoter-luciferase reporter systems (n = 3, mean = SD). Basal Hes? promoter activity was defined as firefly/renilla ratio, and
suppression activities of Helios or Ikaros are relatively presented. Statistical significance was evaluated by unpaired Student’s t-test (*P < 0.05;
**P < 0.01). (e) Inhibitory function of Hel-5 against Ik-1 and Hel-1 tested by Hes? promoter assay (n = 3, mean + SD). The molar ratios of Ik-1 or
Hel-1 to Hel-5 plasmids are 1:1, 1:2, and 1:3. Relative luciferase activities were defined as firefly/renilla ratio.

upregulation in our ATL samples (Fig. S7). Hesl has been tumor suppressor-like activity. These findings are consistent
reported to directly promote cell groliferation through the tran-  with previous findings in mice."*> Furthermore, our descrip-
scriptional repression of p27kipl.®% Taken together, our results  tion of expression profiles of stable cells followed by path-
suggest a possibility that abnormalities in Helios expression are ~ way analyses showed activation of several important
one of the causes of Hesl activation, which may be one of the  pathways in lymphocytes for the regulation of proliferation,
genetic events involved in ATL leukemogenesis. survival, and others. In particular, we discovered novel

Our results show that the Hel-5 variant may have an  molecular cross-talk between the Ikaros family and the S1P
oncogenic role, whereas the wild-type Helios, Hel-1, shows pathway. The SIP-S1PRI1 axis is known to play important
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Fig. 6. Hel-5 functions in T cell growth and survival. (a) Expression patterns and levels of Ikaros family genes in various cell lines examined by
RT-PCR. ATL, adult T-cell leukemia; T-ALL, acute T lymphoblastic leukemia. (b) Results of immunoblotting analyses of the immunoprecipitants
(top panel) and cell lysates (lower panels). Positive control (p.c.), Hel-1 transfectant. IB, immunoblot; IP, immunoprecipitant. (c) Establishment of
Jurkat cells stably expressing Hel-5. The Hel-5 level was quantified by quantitative RT-PCR (top, n = 3, mean =+ SD) and immunoblotting (bottom).
(d) Cell proliferation analysis of control cells (A) and Hel-5-expressing Jurkat cells (m) under two FCS conditions (n = 3, mean =+ SD). Statistical sig-
nificance was observed (*P <0.01, Student’s t-test). (e) Knockdown analyses of Helios or lkaros in Jurkat cells. The Helios and lkaros levels were
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roles in regulation of the immune system, apoptosis, cell

e In conclusion, our present study revealed a novel aspect of
cycle, and migration of lymphocytes.“*™** Recently, activa-

molecular abnormalities in ATL cells: a profound deregulation

tion of the SIP pathway in various diseases, including leu-
kemia, has been reported, and the therapeutic potential of
SIPR1 inhibitors was suggested.(42) Studies of functional
roles of SIP pathway activation in ATL cells are now
underway in our laboratory.
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in Helios expression, which appears to play an important role in
T-cell proliferation. Our experimental approaches also imply
that, in addition to genetic and epigenetic abnormalities, ATL
shows abnormal splicing, which has been observed in various
human diseases including cancers. >+
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