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Fig. 4. Subcellular localization of adult T-cell
leukemia (ATL)-type Helios isoforms. Immuno-
staining analyses of Helios and Ikaros 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 Ik-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 (Fig. 7c). Furthermore, pathway
analysis®” 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 S/PRI and SIPR3,
which are critical receptors for the activation of the SIP 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)
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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,®® 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 Tk-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 Hes/, a target gene of the Notch gath—
way, is one of the targets of Hehos as well as Ikaros.®*
recent study reported that activated Notch signaling may be
important to ATL pathogenesis and that Hes1 is upreculated 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 Ikaros isoforms were ectopically expressed in 293T cells and their nuclear extracts were
subjected to EMSA with a [y->2P]-labeled Hes? 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 1gG
(1 pg) 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 Ik-1 tested by EMSA. The molar ratios of 1k-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 k-1 specific
band. AP-1 probe was used as an internal control. WB, western blot. (d) Transcriptional suppression activities of various Helios or lkaros 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 SI1P
oncogenic role, whereas the wild-type Helios, Hel-1, shows pathway. The SIP-SIPR1 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 Ikaros in Jurkat cells. The Helios and lkaros levels were
evaluated by quantitative RT-PCR (top, n = 3, mean =+ SD) and immunoblotting (bottom), respectively. (f) Cell proliferation curves of scrambled
shRNA (shSc) cells (A), shlkaros (shik) cells (e), and shHelios (shHel) cells (m) were examined in two FBS conditions (n = 3, mean + SD; *P < 0.01).

roles in regulation of the immune s%slttg;n, apoptosis, cell

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
S1PRI inhibitors was suggested.*” Studies of functional
roles of SIP pathway activation in ATL cells are now
underway in our laboratory.

Asanuma et al.

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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Fig. 7. Comprehensive search for Helios target genes by microarray analysis. (a,b) Gene expression analysis of Jurkat stable cells. The gene
expression patterns of Jurkat cells expressing Hel-5 (n = 3), shlkaros (n = 3), and shHelios (n = 3) were comprehensively analyzed by microarray
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Fig. S1. Deregulated expression of Ikaros family genes in primary adult T-cell leukemia cells.
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Fig. S2. Colocalization of wild-type Ikaros and adult T-cell leukemia-type Helios.

Fig. S3. Dominant-negative inhibition of Hel-6, Hel-v1, and Hel-v2 in the suppressive activities of wild-type Helios and Ikaros.
Fig. S4. Downregulation of the expression of Helios mRNA in HTLV-1-positive T cell lines.

Fig. S5. Overexpression of abnormal Helios isoforms lacking exon 6 in adult T-cell leukemia samples.

Fig. S6. Relative value of Helios transcripts skipping exon 3 to all is upregulated in primary adult T-cell leukemia cells.

Fig. S7. Upregulated expression of Hesl in primary adult T-cell leukemia cells.

Table S1. Clinical characteristics of adult T-cell leukemia patients and HTLV-1 carriers.

Table S2. Primer list and probe sequences.
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