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Figure 1. Gene expression profiling and networks formed by genes differentially expressed between NKTL and normal NK cells as analysed
using MetaCore. (A) Network comprising transcriptional targets of MYC. Most of the transcriptional targets are expressed in concordance
with the expected effect of MYC activation. (B) On the other hand, expression of transcriptional targets of p53 is discordant with the
expected effect of p53 activated (interactions highlighted by magenta colour). In these figures, genes in our differentially expressed gene
list (Supporting information, Supplementary Table 6) are indicated by a red circular ‘target’ or a blue circular ‘target’ to the upper right of
the gene symbols if overexpressed or underexpressed, respectively. The directions of arrows connecting different molecules indicate the
direction of interaction. Connecting lines in green represent a stimulating interaction and those in red an inhibitory interaction. If the line
is in grey, the nature of the interaction is unknown. The different symbols signify different functions of each molecule, eg transcription
factors, receptors, ete. (C) Heat map showing expression of NF-kB and MYC signatures in NK cell lines, NKTL and normal NK cells, and
tissue control. Overexpressed and underexpressed genes are in red and green, respectively, with yellow indicating median expression. The
dot-plot indicates that when these signatures are summarized into indices, both the NFKB and the MYC indices are significantly higher in
NK cell lines and NKTL than in normal NK cells.
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Figure 1. (Continued).

adhesion or metastasis-related genes. We performed
Individual Pathway Activity Score Analysis (iPASA,
http://lab.selfip.net/iPASA/) [27], a modification of
gene set enrichment analysis, and found several
metastasis-related gene sets to have higher scores in
NKTL and NK cell lines than in normal NK cells
(Supporting information, Supplementary Figure 2).
However, an analysis of the genes contributing most
significantly to the high scores of these gene sets
suggested that this was predominantly due to cell cycle-
related genes (Supporting information, Supplementary
Figure 3).
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Immunohistochemistry

To validate our gene expression results, we performed
[HC for c-Myc, p53, all five subunits of the NF-
kB pathway, and survivin on TMA sections con-
taining 33 samples of NKTL. In corroboration with
the GEP findings, we observed a significant percent-
age of our NKTL cases showing positive expression
for c-Myc (15/33, 45.4%), p53 (29/33, 87.9%), NK-
kB p50 (21/31, 67.7%), and survivin (32/33, 97%)
(Figure 2 and Supporting information, Supplemen-
tary Table 7). Furthermore, there was a significant
correlation between c-Myc immunoreactivity and the

Figure 2. Validation of gene expression profiling by IHC. (A, B) Case NKTL 23 showing nuclear expression of c-Myc in the medium and
large tumour cells. (A) H&E (B) c-Myc. (C, D) Case NKTL 33 showing strong p53 nuclear staining in the neoplastic cells, which range from
small to large and display irregular nuclear contours. (C) H&E (D) p53. (E, F) Strong nuclear expression for survivin observed in the medium
and large neoplastic lymphocytes in case NKTL 32. (E) H&E (F) survivin. (G, H) Case NKTL 9 with positive nuclear and cytoplasmic staining
for p50 in the small neoplastic lymphocytes. Only nuclear expression is regarded as constitutive p50 activation. (G) H&E (H) p50. (1, J)
Moderate to strong nuclear and cytoplasmic immunoreactivity for RelB in the large pleomorphic lymphoid cells of case NKTL 6. (1) H&E
(J) RelB. All photographs were taken with a DP20 Olympus camera (Olympus, Tokyo, Japan) using an Olympus BX41 microscope (Olympus).
Images were acquired using DP Controller 2002 (Olympus) and processed using Adobe Photoshop version 5.5 (Adobe Systems, San Jose,
CA, USA). Original magnifications: x600 (A-J).

J Pathol 2011; 223: 496510
www.thejournalofpathology.com
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Figure 2.
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expression of markers on IHC in NKTL (heat map). The samples used for IHC analysis were

clustered based on the percentage of cells expressing the different markers used for IHC. Almost all cases of NKTL expressed aberrant p53
and survivin (not expressed in normal NK cells). Two main groups of NKTLs are defined by the expression pattern of these markers, with one
group having c-Myc expression and stronger p50 expression, whereas the other only occasionally expresses c-Myc and p50. The legend for
the colour coding in the heat map is shown to the upper left of the figure. 'White' indicates that tissue was not available for IHC staining

of these markers.

MYC index (Supporting information, Supplementary
Figure 4). Using FISH analysis, no break-apart signals
were observed in 12 cases with adequate tumour cells
and adequate hybridization, suggesting that MYC acti-
vation is not due to MYC rearrangements. In addition
to pS0, which is involved in the canonical NF-kB path-
way, 27.3% (9 of 33) of NKTLs demonstrated positive
expression for RelB, indicating that the non-canonical
pathway may also be activated in a subset of NKTLs. In
contrast, pS2 and p65 were only infrequently expressed
in 2 of 32 and 3 of 32 cases, respectively. None of
our cases expressed c-Rel. Particularly striking was
the immunoreactivity for survivin, where 29 out of the
32 positive cases (91%) showed expression in 50% or
more of the tumour cell population, with strong staining
in the majority of the cases. As expected, normal NK
cells showed no expression or less than 10% expression
for all the antibodies (Supporting information, Supple-
mentary Table 8).

In order to study the relationship between the acti-
vation of Myc, p53, and NF-kB pathways and to deter-
mine whether there are distinct clusters based on the
combination of these pathways, we clustered the sam-
ples according to the level of immunoreactivity for the
different antigens (Figure 3). Almost all samples over-
expressed p53 and survivin. Two main clusters were
observed. The first, with hardly any expression of the
markers tested, was clustered together with the normal
NK cell samples. The second large cluster contained
the remaining samples, with aberrant expression of one
or more of these markers. Within the second cluster
were two sub-clusters, one showing higher expression
of p50 and c-Myc compared with the other. The clin-
ical relevance of the different patterns of expression
of these markers is not known as our sample size was
small and there was no apparent difference in survival

Copyright © 201 | Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

between these groups when we correlated the data with
clinical outcome (data not shown).

Inhibition of survivin leads to apoptosis in NKTL cell
lines

As survivin was aberrantly expressed in most of the
NKTLs, we investigated whether inhibition of survivin
would be therapeutically useful. We used western
blot to assess the level of survivin protein expression
in five NK cell lines (KHYG-1, NK-92, NK-YS,
HANK-1, and SNK-6) and found overexpression of
survivin in NK cell lines compared with normal NK
cells, consistent with the IHC results (Figure 4A). The
three cell lines with the highest survivin expression
(KHYG-1, NK-92, and SNK-6) were selected for
treatment with Terameprocol (EM-1421), a survivin
inhibitor [21,22]. Successful suppression of survivin
confirmed by western blot (Figure 4B) in KHYG-1
and NK92 resulted in a significant decrease in cell
viability using the MTS assay (Figure 4C) and a dose-
dependent increase in apoptosis compared with the
control, as demonstrated in the bar chart (Figure 4D).
In contrast, no significant change in cell viability or
apoptosis in SNK-6 was observed when survivin was
not suppressed by the inhibitor.

Discussion

NKTL is a relatively rare lymphoma that is highly
aggressive, and current treatment strategies are clearly
sub-optimal and chemoresistance is common [8,28].
A better understanding of the molecular abnormali-
ties underlying this condition will provide important
insights into the biology of this disease. In the past,

J Pathol 2011; 223: 496-510
www.thejournalofpathology.com
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Figure 4. Inhibition of survivin leads to apoptosis in NK cell lines. Three NK cell lines with high expression of survivin (KHYG-1, NK-92, and
SNK-6) identified by western blot (A) were treated with Terameprocol (survivin inhibitor) at 10, 20, and 40 uM or control for 48 h. There
was successful dose-dependent inhibition of survivin in KHYG-1 and NK-92, confirmed by western blot with -actin as the loading control
(B). This was accompanied by a decrease in more than 50% of cell viability in the two cell lines and an increase in apoptosis detected by
flow cytometry (C, D). The different concentrations of Terameprocol are represented by different colours according to the colour legend on

the upper right of figure D. In contrast, there was no significant increase in apoptosis or decrease in cell viability in SNK-6 when survivin
was not suppressed by the inhibitor.

HYG1

it has been impossible to perform GEP using FFPE,  inflammatory, and acute phase responses [29] that have
due to RNA fragmentation. However, recent technol-  been implicated in oncogenesis through their transcrip-
ogy has enabled good-quality gene expression data to  tion regulation of genes involved in cell cycle prolifera-

be obtained from FFPE samples [12]. We have shown  tion and cell adhesion, inhibition of apoptosis (includ-
in our study using a similar platform that we can obtain

useful and meaningful GEP results from FFPE tissue.
The validity of our results was supported by quantita-
tive PCR validation as well as corroboration of our in
silico functional analysis with immunohistochemistry

in a larger TMA dataset, showing a good correlation .
between GEP, THC, and western blot results. We did ~ 1&¢ ¢ell Iymphoma, and peripheral T-cell lymphoma

not attempt to categorize our cases into different clin- [32]. In NKTL, Liu et al [13,] observed afztivation of
ical subtypes according to the site of involvement or NF-«B tbroug.h the non-canonical pathway m 65.2% 'Of
cell of origin because of the small sample size. NKTLs in China, and these cases were associated with

Our results demonstrate a pro-proliferative and anti- ~ chemoresistance and poor prognosis. NF-kB activation
apoptotic phenotype in NKTL, compared with normal ~ has also been shown in NK cell lines, and treatment of
NK cells, which is characterized by the activation  tumour cells with NF-kB inhibitors (BAY 11-7082 and
of Myc and NF-kB, and deregulation of p53. NF-  curcumin) resulted in the suppression of NF-«kB activa-
kB transcription factors are key regulators of immune,  tion and induction of apoptosis [33]. Our data indicate

ing survivin) [30], and induction of cancer treatment
resistance via the expression of multi-drug resistance-
1 in tumour cells [30]. Among lymphoid malignancies,
activation of NF-kB has been reported in mycosis fun-
goides [31], classical Hodgkin lymphoma, anaplastic

Copyright © 2011 Pathological Society of Great Britain and Ireland. J Pathol 2011;:223: 496510
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that the majority of cases showed activation of canoni-
cal NF-kB pathways through overexpression of p50,
whereas only about 27% also concurrently engaged
the non-canonical pathway. Our study therefore pro-
vides further evidence for the importance of NF-kB in
NKTL, in line with the recent report by Huang et al
[11].

Mutations of p53 resulting in overexpression of the
protein have been demonstrated in a significant propor-
tion of NKTLs [4,34]. Our data are not only consistent
with these previous studies but further suggest that
p53 deregulation is very common in NKTL. While
abnormalities in p53 and NF-«kB signalling have been
reported in NKTL, Myc activation has not been previ-
ously described. The deregulation of these pathways in
NKTL may explain the aggressive behaviour and rel-
ative drug resistance of these tumours [8,28]. It may
also explain the efficacy of Velcade, which acts partly
through targeting the NF-kB pathway [35].

While deregulation of p53 by mutations is described
in NKTL, events mediating the activation of NF-kB
and Myc pathways are unknown. We did not find any
rearrangements in the MYC locus by FISH, suggesting
that the activation of Myc in NKTL may be via trans
mechanisms. A search of published data on NKTL
revealed that abnormalities of DNA regions containing
the genomic loci of the different NF-kB genes have not
been described, indicating that the activation of NF-kB
in NKTL is unlikely to be attributed to chromosomal
alterations [10]. It may be possible that the constitutive
activation of this pathway is the result of mutations
in the NF-«B pathways, as was recently reported in
lymphomas and myelomas [36,37].

As ¢c-Myc is a transcriptional target of the EBV
proteins EBNA2 [38] and LMP1 [39], and LMP1 is
essential for EBV-mediated lymphocyte transformation
by aggregating cellular proteins of the tumour necrosis
factor receptor signalling pathway to activate NF-«kB
[40], it is possible that the activation of Myc and
NF-kB in NKTL could be through the activity of
EBV-related protein. This would be consistent with the
importance of EBV infection in the pathogenesis of
NKTL. Indeed, in EBV-immortalized B cells showing
a latency III pattern, c-Myc and NF-«B are the two
main transcriptional systems that are activated [41]. It
is interesting to postulate that since EBV in NKTL
shows a latency II pattern and lacks expression of
EBNA-2 [2,3], the activation of c-Myc and NF-kB may
be mediated primarily through LMP-1.

In this study, we observed remarkable overexpres-
sion of survivin in 97% of the NKTL samples. Survivin
belongs to a family of human inhibitors of apopto-
sis and functions to counteract cell death by inhibiting
caspase-9 activity and the intrinsic pathway of apopto-
sis [42]. Overexpression of survivin has been reported
in many cancers, including some lymphomas, but has
not been described in NKTL. In lymphomas, over-
expression of survivin is associated with aggressive
subtypes and inferior outcome [42,43]. Survivin is one
of the target genes of NF-kB [30]. In addition, p53

Copyright © 2011 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

507

Figure 5. Model of NKTL pathogenesis involving the activation
of Myc and NF-«B pathways, possibly driven by the EBV LMP-1
protein andfor other factors. In addition, the tumour acquires p53
mutations that lead to deregulated p53 function. The cumulative
consequence of these oncogenic pathways results in proliferation
and up-regulation of survivin, which leads to an anti-apoptotic
effect on tumour cells.

deregulation can also contribute to the up-regulation of
survivin, as demonstrated in melanoma [44], acute lym-
phoblastic leukaemia, and hepatocellular carcinoma.
Therefore, the almost universal expression of survivin
in NKTL is possibly downstream of p53 deregulation
and/or NF-kB activation, which was observed in almost
all of our cases of NKTL.

Based on our findings, we propose a model of NKTL
pathogenesis involving the activation of Myc and NF-
kB pathways, possibly driven by the EBV LMP-1
protein (Figure 5). In addition, the tumour acquires p53
mutations that lead to deregulated p53 function. The
cumulative consequence of these oncogenic pathways
is the up-regulation of survivin. The impact of Myc,
NF-«B, and p53 pathways on the clinical outcome
of our cases is not known as our sample size was
small and there was no apparent difference in survival
between these groups when we correlated the data with
clinical outcome (data not shown). Furthermore, as
these pathways are activated in most patients, they are
more likely to play a central role in pathogenesis rather
than having prognostic value. Our model does not
exclude the participation of other pathways in NKTL
pathogenesis. Recent studies showed that activation
of the STAT3 pathway is common in NKTL [11].
In our analysis, STAT3 was one of the enriched
transcription factors for genes differentially expressed
between NKTL and normal NK cells, although the
enrichment was much weaker than Myc, p53, and NF-
kB (Table 2). Of interest, survivin is also one of the
downstream targets of STAT3 [45].

Positive regulatory domain I (PRDM1I) is another
gene implicated in the biology of T-cell lymphomas.
Zhao et al recently reported that PRDMI1 transcripts
were detected in T- and NK-cell lymphomas and

J Pathol 2011; 223: 496510
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PRDMI1 is involved in the chemoresistance of T-
cell lymphomas [46]. In corroboration with this study,
our GEP data revealed an up-regulation (2.5-fold) of
PRDMI1 in NKTL compared with normal NK cells (see
Supporting information, Supplementary Table 6). As
PRDMI1 is a downstream target of NF-kB and ¢-MYC
is a PRDM1-targeted gene [47,48], it is interesting to
postulate that the activation of NF-xB may result in
the up-regulation of PRDM1 and c-MYC in NKTL.
Although these pathways may not be functional in all
cases of NKTL, due to tumour heterogeneity, and they
may not be the only important pathways activated,
they are likely to represent key events during NKTL
oncogenesis. This would fit with the current clinical
phenotype of NKTL, being an aggressive tumour which
is largely chemoresistant and universally associated
with EBV infection.

Our results also suggest that survivin may repre-
sent a useful and novel therapeutic target in NKTL.
Indeed, our in vitro studies using a survivin inhibitor,
Terameprocol, showed that successful down-regulation
of survivin in KHYG-1 and NK-92 cell lines led to
a significant increase in apoptosis and a decrease in
viability of the tumour cells. Terameprocol is a tran-
scription inhibitor and it selectively reduces the tran-
scription of genes that have promoters controlled by
the Spl factor, such as survivin [49]. It is likely that
pathways other than those controlled by Spl, such as
NF-kB, p53, and STAT3, also regulate the expression
of survivin in NKTL and may account for the resis-
tance of some of the NK cell lines, such as SNK-6, to
Terameprocol treatment.

In conclusion, we have identified the activation of
multiple oncogenic pathways in NKTL that leads to
the almost universal overexpression of survivin. The
deregulation of these pathways coupled with the high
levels of survivin may explain the aggressive behaviour
and relative resistance of NKTL to anti-cancer therapy.
In line with this hypothesis are multiple studies report-
ing that overexpression of survivin in tumours confers
resistance to a range of anti-cancer drugs [49]. Impor-
tantly, our data suggest the possibility of using survivin
as a potential therapeutic target. Multiple strategies
have been employed to target the function of survivin
and although clinical trials targeting survivin for can-
cer treatment are still in their early development, initial
results are promising [49].
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SUPPORTING INFORMATION ON THE INTERNET

The following supporting information may be found in the online version of this article.

Supplementary methods.

Table S1. Clinical data of nasal-type extranodal natural killer/T-cell lymphoma study cases.

Table S2. Immunohistochemistry: antibodies and staining conditions.

Table S3. Characteristics of cell lines derived from NK-cell neoplasm used in this study.

Table S4. Primers used for PCR validation.

Table S5. BAC clones used to prepare fluorescence in situ hybridization probes.

Table S6. Genes differentially expressed between NKTCL and normal NK cells.

Table S7. Summary of resuits for immunohistochemistry for c-Myc, p53, NF-«kB proteins, and survivin in NKTL samples.
Table S8. Summary of results for immunohistochemistry for c-Myc, p53, NF-KB proteins, and survivin in normal NK cells.

Figure S1. Quantitative PCR validation of several candidate genes showed that on the whole this is consistent with gene expression data
showing higher expression of EZH2, STMNI, and BIRCS (survivin) in NKTL compared with unstimulated and stimulated normal NK
cells.

Figure S2. A heat map of normalized iPASA scores.
Figure S3. Expression of leading contributing genes from the enriched metastasis related gene sets.

Figure S4. Comparison of gene expression-based MYC index with MYC staining by immunohistochemistry.
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Point-of-care testing system enabling 30 min detection of influenza genest
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We developed a portable and easy-to-use nucleic acid amplification test (NAT) system for use in point-
of-care testing (POCT). The system shows sensitivity that is sufficiently higher than that of the currently
available rapid diagnostic kit and is comparable to that of real-time reverse transcription polymerase

chain reaction (RT-PCR) for influenza testing.

Currently, a rapid diagnostic kit employing immuno-chromato-
graphy is used in the diagnosis of infectious diseases (e.g.,
influenza) and is widely used as a point-of-care test (POCT)
because of its convenience and rapidity. However, this testing
method has low sensitivity (e.g., 40-69% for detection of influ-
enza A)' and does not provide genetic information (e.g., virus
subtype, drug resistance) about the clinical sample. Furthermore,
although reverse transcription polymerase chain reaction (RT-
PCR) is used as a nucleic acid amplification test (NAT),? it is only
applied to clinically important specimens due to the complexity
of the procedures and time requirements. Our rapid testing
‘system is portable, easy-to-use, and will allow quicker and more
appropriate treatment.

Our NAT system comprises a disposable chip with multiple
reaction wells, a heater, an optical system to measure fluores-
cence and a control system (Fig. 1a). An indium tin oxide (ITO)
thin film on glass is used as the heater and to accommodate
a transparent optical system. The optical components, including
LEDs for excitation of fluorescent dye, photo-diodes for detec-
tion of fluorescent signal and lenses for focusing and collimating,
are positioned to correspond to each well, which contributes to
the miniaturization of the system (Fig. 1b). The disposable chip
has a glass—polydimethylsiloxane (PDMS)-glass microfluidic
structure and nine interconnected 1 pL reaction wells (Fig. 2a).
The PDMS structure is bonded to the upper and lower glass in
a vacuum chamber at less than 0.01 atm to produce an internal
pressure of both the channel and wells of approximately 0.01
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Fig. 1 POC NAT system and optical system. (a) The system includes
a device for heating samples and detecting fluorescence, a laptop for
controlling the system and disposable testing chips. (b) Cross-sectional
view of the reaction and detection unit. Each well is equipped with
a dedicated optical system: light from the LEDs is passed through
a collimating lens directed to the sample, and excitation fluorescence is
detected with photo-diodes.

Disposable Injector
Sample Solution

,about 0.01 atm

Fig.2 The disposable testing chip. (a) The channel and reaction wells on
the chip (scale bar = 1 cm). (b) Cross-sectional view of the disposable
testing chip and conceptual diagram of sample injection. The interior
pressure of both the channel and wells is maintained at approximately
0.01 atm. A sample solution can easily be loaded to the inlet of the chip
and loads to all reaction wells within 10 s due to the vacuum aspiration.
The self-sealing PDMS layer prevents fluid from escaping once the needle
is removed.

atm, which eliminates the need for pumps and tubing for injec-
tion of sample solution (Fig. 2b). Using vacuum aspiration,
a nasopharyngeal swab sample extracted in solution including
SYBR Green I is injected by a disposable injector with a needle to
an injection port in the PDMS layer and can be loaded to all
reaction wells within 10 s. Sample contamination among chips is

This journal is © The Royal Society of Chemistry 2011
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extremely unlikely because there is no outlet port. Loop-medi-
ated isothermal amplification (LAMP), which has been reported
to be a rapid, accurate and cost-effective method for diagnosing
infectious diseases,>* was adopted for nucleic acid amplification.
The RNA amplification reagent (desiccant type) developed based
on the LAMP method and primer sets for the influenza virus that
have been commercialized for laboratory use were incorporated
into our POC NAT system. The chip was prepared by aliquoting
suitable quantities of primer mix (PM) and enzyme mix (EM)
solutions (gifts from Eiken Chemical, Japan) for a 1 pL reaction
to each well of the chip and desiccating these solutions. Thus, the
chip has solid state reagents, avoiding the need for pipette work
during analysis. As no purification of the clinical sample is
necessary in this procedure, results can be obtained in 30 min.
In order to validate the practicability of our POC NAT system,
we conducted two series of tests using clinical specimens. Seventy-
seven patients (33 males and 44 females; mean age 33.4 years, range
3-89 years) with respiratory symptoms who visited the Tokyo
Medical and Dental University Hospital outpatient clinic between
December 2009 and February 2010 provided samples for these
study. (Informed consent was obtained from these patients prior to
sample collection.) First, we attempted to detect multiple genes on
one chip (Fig. 3). We then used the residual solution of 45 naso-
pharyngeal swab samples from a rapid diagnostic test kit (ESP-
LINE Influenza A&B-N rapid diagnostic test kit: Fujirebio, Japan)
to compare the POC NAT system and real-time R T-PCR detection.
RNA from 140 pL of residual solution from the kit was purified by
QIAamp Virus RNA Mini kit (QIAGEN, USA), and 3 pL of the
purified RNA solution with Loopamp Extraction Reagent for
Influenza Virus (EX) (Eiken Chemical, Japan) containing SYBR

PD Output (mV}
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;eo"-ll-u-----.‘u’ 1R
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0 15
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Fig. 3 Typical results from influenza testing for a positive result (upper
panel) and a negative result (lower panel). The increase of output voltage
indicates increased fluorescence corresponding to nucleic acid amplifi-
cation. In the example shown, wells 1-3 were spotted with human B-actin
primer, wells 4-6 were spotted primers specific to pandemic influenza and
wells 7-9 were spotted consensus primers to influenza A.

Green [ was used to the POC NAT system containing EM with PM
for human B-actin (ACTB) in wells 1-3, PM for Hipdm 2009
influenza (H1) in wells 4-6, and PM for influenza A (FluA) in
wells 7-9. RT-PCR was conducted according to the WHO-
recommended protocol® using 5 uL of the purified RNA solution.
RT-PCR and the POC NAT system produced the same diagnostic
results for 42 of 45 specimens. There were no false-positive results,
indicating that there was no cross-contamination among the reac-
tion wells (Table 1, ESIt). Next, we compared the sensitivities of
RT-PCR and our NAT system and rapid diagnostic test kit. First,
we suspended 42 nasopharyngeal swab samples in 130 pL of virus
transfer medium (VITM: MEM medium base, including 0.5% BSA,
500 U mL ! penicillin, 500 pg mL ' streptomycin, 100 mg mL "
gentamicin, and 2 pg mL ' amphotericin B) and then suspended
40 pL of the VT M/sample suspension mixture in 4 mL of EX with
SYBR Green I; 6 pL of this mixture was used to test the POC NAT
system. Each well of the testing chips contained solid phase reagent:
specifically, EM in all 9 wells, PM for H1 in wells 1-8, and ACTB in
well 9. In parallel, 40 L of the VTM/sample suspension mixture
was resuspended in 2 mL of fresh VI M, and 140 pL of this solution
was subjected to RT-PCR by the WHO-recommended protocol.’
The POC NAT system successfully detected 20 out of 22 influenza-
positive specimens, as determined by RT-PCR. Based on a total of
42 specimens tested (Table 1, ESIT), the sensitivity of our system is
approximately 90.9% (20 of 22 RT-PCR positive samples). On the
other hand, the sensitivity of rapid diagnostic test kit is estimated
from the test results of the other swab samples from seventy-seven
patients. In this study, we used the residual solution of 77 naso-
pharyngeal swab samples from a rapid diagnostic test kit (ESP-
LINE Influenza A&B-N rapid diagnostic test kit: Fujirebio, Japan)
to compare the real-time RT-PCR detection. RNA from 140 pL of
residual solution from the kit was purified by QlAamp Virus RNA
Mini kit, and RT-PCR was conducted according to the WHO-
recommended protocol® using 5 pL of the purified RNA solution.
The sensitivity of the kit in our study is approximately 78.6% (33 of
42 RT-PCR positive samples).

We presented herein a POC NAT system that offers a solution
to the problems associated with the commonly used rapid diag-
nosis kit and conventional NATs. Our POC NAT system is as
easy to operate as the rapid diagnostic kit, and testing with the
new system is completed in 30 min. Moreover, information
regarding multiple genes can be obtained from a single test.
Finally, the detection sensitivity of our POC NAT system is
significantly higher than that of the rapid diagnostic kit and is
comparable to that of RT-PCR. The technology utilized in the
development of our NAT system will not only benefit current
medical diagnostic procedures but will also be applicable to the
detection of infectious diseases, such as tuberculosis and HIV, in
developing countries that lack effective diagnostic procedures.
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Dear Editor,

Transient erythroblastopenia of childhood (TEC) is a self-
limiting disorder of young children that is characterized by
moderate to severe anemia with reticulocytopenia and
decreased numbers of erythroid precursors in the bone
marrow. TEC was often complicated with neutropenia and
thrombocytopenia [1-3]. Here, we document a unique
clinical course in a child with TEC.

A l-year-old girl with anemia was admitted to our
hospital. She had no recent episodes of viral infection such
as fever and skin eruption. The values for hemoglobin (Hb)
and reticulocytes were 57 g/L and 2.0% (Table 1).
Although the direct Coombs test was highly positive, the
haptoglobin level remained normal. In addition, the
leukocyte fraction indicated agranulocytosis. Bone marrow
findings were as follows: cellularity was normocellular, the
erythroid series were reduced (M/E ratio, 4.2), and the
myeloid series differentiated to a band form but not
segmental neutrophils.

Speculating that viral infection was involved in this
bicytopenia, we performed multiplex PCR analyses for the
following viruses: herpes simplex virus type 1, type 2, human
herpesvirus type 6 (HHV-6), type 7, type 8, varicella-zoster
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virus, Epstein-Barr virus (EBV), cytomegalovirus, parvovirus
B19, polyomavirus JC, and polyomavirus BK, as described
previously [4]. As a result, HHV-6 DNA (10x10* copies/ug
DNA) was detected in the peripheral whole blood. Because
we assumed that HHV-6 infection suppressed erythropoiesis,
we started ganciclovir (GCV) from day 15. The reticulocyte
count responded rapidly to GCV and increased to 10.8% on
day 22 (Table 1). The HHV-6 DNA level also decreased
significantly (0.84 x 10* copies/ug DNA); however, the Hb
level decreased to 40 g/L on day 25.

As the haptoglobin level decreased, a diagnosis of
hemolytic crisis was made. High-dose globulin (total dose,
1.5 g/kg) was given on days 25 to 27 with subsequent
standard steroid therapy on days 37 to 74. The hemolysis
resolved rapidly, and the Hb level increased up to 89 g/L on
day 33. Coombs test became negative by day 67, and the
patient was discharged on day 74. The level of HHV-6
antibody increased during this episode, which indicated a
primary infection of HHV-6 (Table 1).

At present (day 273), the patient has no relapse. of
anemia. In contrast, the neutrophil count did not change.
Anti-neutrophil antibodies were identified by flow cyto-
metric analysis, which was consistent with autoimmune
neutropenia.

The association between TEC and viral infection such as
parvovirus B19, EBV, cytomegalovirus, and HHV-6 has
been raised in few patients [5—7]. In our patient, HHV-6
infection was proven by a molecular technique and
successfully treated using GCV. Another notable feature is
that this patient presented with autoimmune hemolytic
anemia and neutropenia, concurrently. We speculated that
the immune response against HHV-6 has stimulated the
production of multiple autoantibodies against red cells and
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Table 1 Laboratory results

Normal range Day 1° Day 15 Day 22 Day 25 Day 33 Day 46 Day 67 Day 273
Hb (g/L) 57 52 47 40 89 91 108 122
Reticulocyte (%) 2 2.8 10.8 7.2 9 42 1.4 1.3
White blood cell (x 109/L) 4.6 7.5 3.1 44 4.7 6.2 5.8 53
Neutrophil (%) 0 0 0 0 2 0 0 2
Eosinophil (%) 1.5 0 1 2 0 0 4 1
Basophil (%) 0.5 0 0 0 0 0 1 0
Monocyte (%) 9 22 9 3 5 5 27 20
Lymphocyte (%) 85 77.5 90 95 93 94 68 77
Atypical lymphocyte (%) 4
Platelet (x 109/L) 266 543 320 238 378 513 322 226
Total bilirubin (mg/dL) 0.3-1.2 0.5 0.62 1.32 0.65 0.93 0.36 0.35 0.21
Lactate dehydrogenase (U/L) 106-220 419 226 320 297 351 226 227 269
Coombs test (direct) 4+ 4+ 4+ 3+ 2+ - -
Haptoglobin (mg/dL) 25-176 201 146 80 10 83 157 84
Erythropoietin (mU/mL) 8-36 1,460 86
HHV-6 antibody (IgG) <10 80 160 640

?Day 1 is the day of admission

neutrophils. Interestingly, marked hemolysis occurred just
after the erythroid suppression was resolved. Because the
structure and properties of the plasma membrane change
extensively in the transition of reticulocytes into mature
erythrocytes, the active target of hemolysis in this patient
may be a molecule on reticulocytes rather than on mature
red cells [8].
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nor financial support.
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The role of microRNA-150 as a tumor suppressor in malignant lymphoma
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MicroRNA (miRNA; miR) is a class of small regulatory RNA
molecules, the aberrant expression of which can lead to the
development of cancer. We recently reported that overexpres-
sion of miR-21 and/or miR-155 leads to activation of the
phosphoinositide 3-kinase (PI3K)-AKT pathway in malignant
lymphomas expressing CD3 CD56* natural killer (NK) cell
antigen. Through expression analysis, we show in this study
that in both NK/T-cell lymphoma lines and samples of primary
lymphoma, levels of miR-150 expression are significantly lower
than in normal NK cells. To examine its role in lymphoma-
genesis, we transduced miR-150 into NK/T-cell lymphoma cells,
which increased the incidence of apoptosis and reduced cell
proliferation. Moreover, the miR-150 transductants appeared
senescent and showed lower telomerase activity, resulting in
shortened telomeric DNA. We also found that miR-150 directly
downregulated expression of DKCT and AKT2, reduced levels
of phosphorylated AKT***7%* and increased levels of tumor
suppressors such as Bim and p53. Collectively, these results
suggest that miR-150 functions as a tumor suppressor, and that
its aberrant downregulation induces continuous activation of
the PISK-AKT pathway, leading to telomerase activation and
immortalization of cancer cells. These findings provide new
insight into the pathogenesis of malignant lymphoma.
Leukemia (2011) 25, 1324-1334; doi:10.1038/leu.2011.81;
published online 19 April 2011

Keywords: miR-150; microRNA; malignant lymphoma; NK/T-cell
lymphoma; AKT2; senescence

Introduction

The genes responsible for T-cell and natural killer (NK)-cell
lymphoma/leukemia are largely unknown because specific
translocations have not yet been identified, although analyses
to determine genomic copy number alterations revealed a 6q21
deletion, which is seen in about 10-20% of T and NK/T-cell
lymphomas.'~®

Cancer cells gain a survival advantage by adding to abilities
such as cell proliferation, anti-apoptotic function and immorta-
lization. These changes are caused by altering the expression of
oncogenes and/or tumor suppressor genes/proteins, such as
c-Myc, Bcl2 and p53, among many others. In addition, recently
discovered microRNAs (miRNAs) are known to associate with
tumorigenesis and to alter the expression of both oncogenes and
tumor suppressor genes.”™'?

Correspondence: Dr H Tagawa, Department of Hematology,
Nephrology and Rheumatology, Akita University Graduate School of
Medicine, Akita 0108543, Japan.

E-mail: htagawa0279jp@yahoo.co.jp

These authors contributed equally to this work.

Received 30 November 2010; revised 16 February 2011; accepted
15 March 2011; published online 19 April 2011

miRNAs are a class of small RNA molecules that have a
regulatory function and have important roles in tumor develop-
ment by pairing with the 3’-untranslated region (UTR) of target
mRNAs to repress their productive translation.®”'? Various
miRNA alterations have been identified in lymphoma/leuke-
mias, as well as in solid tumors, irrespective of the presence or
absence of disease-specific genomic/genetic alterations.”'? We
recently observed that two oncomiRs (miR-21 and miR-155) are
overexpressed in NK/T-cell lymphoma, and that they contribute
to lymphomagenesis by enhancing anti-apoptotic function.
These miRNAs downregulate phosphatase and tensin homolog
(PTEN), programmed cell death 4 and Src homology-2 domain-
containing inositol 5-phosphatase 1 (SHIP1) while upregulating
phosphorylated AKT**7*413 These findings suggest that
activation of the phosphoinositide 3-kinase (PI3K)-AKT pathway
is important for NK/T-cell lymphomagenesis. Consistent with
that idea, Huang et al.'* recently used gene expression profiling
to show the importance of activation of PI3K-AKT pathway in
NK/T-cell lymphoma. Taken together, these results suggested
miR-21 and miR-155 are upstream regulators of PI3K-AKT
signaling.

In that context, the aim of the present study was to investigate
the role of aberrantly downregulated miRNAs in T- and NK-cell
lymphoma by using miRNA arrays, Northern blotting and
quantitative PCR to examine miRNA expression in NK-cell
and CD56 ™ T-cell lymphoma lines. We found that expression of
miR-150 is significantly diminished in both cell lines and in
samples of primary lymphoma. We then tested the effects of
transducing miR-150 to NK/T-cell lymphoma lines to determine
whether it might function as a tumor suppressor.

Materials and methods

Lymphoma cell lines

NK and NK/T-cell lymphoma lines. We used 11 cell lines
as NK/T-cell lymphoma leukemia cell lines, which are
commonly showing CD2 7", sCD3~, CD3e*, CD5~, CD56™,
TCRup™ and TCRy&™ phenotypes, including NKL, KHYG-1,
YT, KAI-3, NK-92, HANK-1, SNK-1, SNK-6, DERL-7, SNK-10
and MOTN-1."37"® Of these, YT, KAI-3, HANK-1, SNK-1, SNK-6
and SNK-10 are EBV™*.">'® Although MOTN-1 was established
from T-cell large granular lymphocyte leukemia, the cell line is
showing NK-cell antigen.'”

CD56™ T-cell lymphoma lines. We also used five CD56 *
T-cell lymphoma lines including MTA, SNT-8, SNT-13, SNT-15
and SNT-16 cells, which are sCD37CD56* T-cell lymphoma
cells showing T-cell receptor rearrangement.’® MTA and




SNT-16 are TCRap™, whereas the remaining cells are
TCRy5+."3 SNT-8, SNT-13, SNT-15 and SNT-16 cells are
EBV*.'®

B-cell lymphoma cell lines. Raji and Daudi were derived
from sporadic Burkitt lymphoma (EBV ™). Information of
lymphoma cell lines used for this experiment is described in
Supplementary Table 1.

Primary lymphoma samples and normal NK and T cells
NK/T-cell lymphoma/leukemia. Nine samples of ‘extra-
nodal NK/T cell lymphoma, nasal type’ and three samples of
‘aggressive NK-cell leukemia’ were collected from 12 patients.
Out of 12 cases, 11 were previously used for miRNA analysis."?
The remaining one case is described in Results section in this
paper. These samples were positive for CD56, EBV infection or
cytotoxic molecules such as TIAT and GranzymeB. T cells
showing the sCD3 (n=15) and NK cells showing the
sCD3~CD56" phenotype (n=14) were also collected from
healthy donors using a magnetic cell sorting system (Miltenyi
Biotec., Bergisch Gladbach, Germany)or cell sorter (Dako
Cytomation MoFlo; Dako, Glostrup, Denmark). Polyclonal
IL-2-activated NK cells were expanded in Iscove’s modified
Dulbecco’s medium (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% human serum, 100 U/ml recombinant [L-2
(Hoffmann-La Roche, Basel, Switzerland) and 10% purified
human IL-2 (Hemagen, Columbia, MD, USA). Resting NK cells
were resuspended in the same medium without IL-2 and were
used within 4 days after isolation. These cells were 95-99%
CD37CD56 ™, as determined by flow cytometry. All the samples
were obtained from tumors at the time of diagnosis before any
treatment was administered. Samples were obtained under
protocol approved by the Institutional Review Board of Akita
University.

miRNAs expression analyses

We performed miRNA array, Northern blot analysis and
Tagman PCR analysis. Detail is described in Supplementary
Methods. Ninety probes used for Northern blot and expression
pattern of miRNAs are described in Supplementary Table 2.

Construction of plasmids and transduction

Lentiviral vectors for the delivery of miRNAs were designed and
produced using the reagents and protocols included in the
BLOCK-IT Lentiviral Pol Il miR RNA interference expression
system (Invitrogen). Detailed method is described in Supple-
mentary Methods. The premicro-RNA (miR-150) inserted vector
was transfected using Lipofectamine 2000 into 293FT producer
cells. After overnight culture, the medium was replaced to
remove the transfection reagents, and viral supernatants were
collected the following day (72h after transfection). Viral
supernatants were applied to lymphoma cell lines. After
removing the medium, the cells were cultured for an additional
48 h, and green fluorescent protein (GFP)* cells were collected
using a cell sorter (Dako Cytomation MoFlo). In this study, we
defined ‘day 0’ as the day on which lymphoma cells were sorted
for GFP-miR-150 positivity: 48 h after either miR-150-GFP or
GFP infection.

Antisense oligonucleotide assays
Antisense oligonucleotides (ASOs) and their respective
scrambled control oligonucleotides were synthesized as hybrid
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deoxyribonucleotide molecules linked between the 2’-O and
4'-C-methylene bridge (locked nucleic acid) modification of
G and C residues (Greiner, Tokyo, Japan) as described
previousty.'>"?

Cell growth assay

Transduced cells (1.0 x 10*Awell, MOTN-1, SNK-6 and HANK-1)
cultured in 96-well plates were transferred to 12-well plates,
after which viable cells were identified by trypan blue exclusion
and counted on days from 0 to 63 from miR-150 selection
(at 2-65 days after transduction).

Cell proliferation assay (5’-bromo-2’-deoxyuridine
assay)

Cell proliferation was assessed using a BrdU Cell Proliferation
Assay kit (Merck, Darmstadt, Germany) following the manu-
facturer’s protocol.

Apoptosis assay

An annexin V-PE apoptosis detection kit (BD Biosciences,
San Jose, CA, USA) was used to assess the incidence of apoptosis
among GFP* cells. Cells were exposed to 100 pm etoposide for
4 h, after which the assays were carried out.

Senescence-associated B-gal assay

Senescence-associated beta-gal was assayed using a Senescence
Detection Kit (BioVision, Mountain View, CA, USA) according
to the manufacturer’s protocol.

Telomerase activity (telomeric repeat amplification
protocol) assay

Telomerase activity was assayed using a TRAPgzz Gel-Based
Telomerase Detection Kit (Millipore, Billerica, MA, USA). Cells
(3 x 10°) were suspended in CHAPS lysis buffer, and PCR was
performed according the manufacturer’s instructions.

Southern blot analysis
DNA (5 pg) was digested with Hinfl and transferred to Hybond
N membranes (GE Healthcare Japan, Tokyo, Japan).

Western blot analysis

Antibodies against phospho-AKT*™73* (b AKT), total AKT, AKT2
and c-Myc were all purchased from Cell Signaling Technology
{Danvers, MA, USA; Cell Cycle Regulation Sampler Kit). Anti-
p53 (DO-7) was from Dako Cytomation and anti-Bim (AAP-330)
was from Stressgen Bioreagents (Funakoshi, Tokyo, japan).
Dyskerin (gene name: DKCT) was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

Luciferase reporter assay

Double-stranded  oligonucleotides  corresponding to the
wild-type (WT-3'-UTR)} or mutant (MUT-3’-UTR) miR-150
binding site in the DKCT of 3’-UTRs were synthesized (Sigma-
Aldrich, St Louis, MO, USA) and ligated between the Spel and
Hindlll restriction sites of the reporter plasmid pMIR-REPORT
(Ambion, St Austin, TX, USA). 3'-UTR of mutated and wild-type
AKT2 was amplified by PCR. Sequences of 3/-UTRs of the target
genes of DKCT and AKT2 are shown in Supplementary Table 3.
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Results

Detection of candidate tumor suppressor miRNAs in
NK/T-cell lymphomas

To identify aberrant expression of miRNAs in NK/T-cell
lymphomas/leukemias, we initially carried out miRNA arrays
with normal (sCD3~CD56%) NK cells and seven NK/T-cell
lymphoma/leukemia lines (YT, KAI-3, KHYG-1, NKL, NK-92,
HANK-T and SNK-6). We found that expression of 37 out of 858
hsa-miRNAs was recurrently (two and more) reduced in the
lymphoma cells, as compared with normal NK cells (Supple-
mentary Table 2). To validate the expression of these miRNAs in
NK/T-cell lymphomas/leukemias, we carried out Northern
analyses with normal NK, T-cell and various lymphoma lines
using 90 probe sets, which included candidate oncomiRs in
various cancers (let-7, miR-15, miR-221 and so on),"%"? as well
as hematopoietic-specific miRNAs (miR-16, miR-451 and
miR-223 and so on) (Supplementary Table 2).2%?" The
lymphoma cell lines used included those showing a
sCD3~CD56* phenotype (YT, KAI-3, NK-92, NKL, DERL-7,
HANK-1, MOTN-1 and SNK-6), two T-cell lymphoma/leukemia
lines (sCD3 ™) (MyLa and JM) and two B-cell lymphoma lines
(Raji and Daudi). Figure 1 shows the miRNA expression in four
samples of normal/resting NK (sCD37CD56™) cells and eight
sCD3~CD56* lymphoma lines. Northern analyses revealed that
let-7e, miR-29¢, miR-30e, miR-125a, miR-150, miR-181a and
miR-223 were more highly expressed in NK cells than in the
sCD37CD56" lymphoma cell lines. These differences were
particularly evident in the case of miR-150 in NK-cell. For these
candidate miRNAs, we also conducted Tagman quantitative
PCR analysis using RNA collected from normal NK cells
(n=11), NK/T-cell lymphoma/leukemia lines (n=11), and
primary NK/T-cell lymphoma samples (n=11) (Supplementary
Figure 1). This analysis confirmed that expression of miR-150,
but not the other miRNAs tested, was significantly (P<0.05)
higher in normal NK cells than in either the lymphoma cell lines
or the primary lymphoma samples.
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Aberrantly reduced expression of miR-150 in NK/T-cell
lymphoma

Quantitative PCR revealed high levels of miR-150 expression in
normal sCD3*T, and sCD37CD56" NK cells. Figure 2a
summarizes a set of quantitative PCR analyses carried out with
NK cells (sCD37CD56 ") (n=14), T cells (sSCD3 ™) (n=15), NK/
T-cell lymphoma lines (sCD37CD56*TCR™) (n=11) and
CD56% T-cell lymphoma (sCD3 " CD56 T TCR™) lines (n=15),
as well as samples of primary NK/T-cell lymphoma/leukemia
(n=12). We also compared expression of miR-150 in resting
and activating NK cells and found that both the groups showed
strong expression of miR-150, and that there was no significant
difference between them (Figure 2b). The results show that the
level of miR-150 expression in normal T and NK cells was
significantly (P<0.05) higher than in the cell lines and primary
lymphoma samples. For example, Northern analysis confirmed
the reduced expression of miR-150 in a primary case of
NK/T-cell lymphoma extranodal type (56-year-old female),
showing positivity for pAKT, CD56, TIA-1 and EBV (Supple-
mentary Figure 2). After collecting NK cells from the patient’s
peripheral blood, and taking tumor specimens from her nasal
cavity, Northern analysis showed miR-150 expression to be
markedly low than in normal NK cells. Notably, this patient
showed no downregulation of miR-150 of her NK cells obtained
from her peripheral blood, despite the CD56* phenotype of the
tumor (Figure 2b). Figure 2c shows two cases of NK-cell
lymphoma, extranodal type, representing very low expression of
miR-150 when compared with normal NK cells.

Transduction of miR-150 into lymphoma lines and %
GFP monitoring

To determine the role of miR-150 in the tumorigenesis of
NK/T-cell lymphomas, we transduced miR-150 along with GFP
into five NK/T-cell lymphoma cell lines (YT, KAI-3, MOTN-1,
SNK-6 and HANK-1) and two B-cell lymphoma cell lines (Raji
and Daudi). The transduction efficiencies were as follows: YT,
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indicated miRNAs in eight NK-cell lymphoma cell lines (sCD37CD56 ™) and four samples of normal (sCD3~CD56*) NK cells. The cell types are
indicated at the top. Fold changes in miRNA levels were determined by densitometry and are shown below the gels after normalization to the level
of 55 RNA in normal NK cells (number 1), which was assigned a value of 1.00. Controls (55 tRNA) are shown below the miR-34a and miR-15a
blots, respectively. Asterisks (*) indicate cell lines showing Epstein—Barr virus infection.
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Figure 2 miR-150 expression in primary NK/T-cell lymphoma/leukemia cases. (a) Quantitative PCR analysis of miR-150 expression in
sCD37CD56™ NK cells (NK, n=14), sCD3* T-cells (T, n=15), NK-cell lymphoma lines (NK/T, n=11), CD56% T-cell lymphoma lines
(CD56*T, n=>5) and primary NK/T-cell tumor samples (NK/T patients, n=12). The horizontal lines indicate the means. y axis, —ACt values for
miRNA expression. Statistical significance: NS, not significant, ***P<0.001. (b) miR-150 expression in resting and activating NK cells. Left panel,
Northern blot. Right panel, Tagman PCR. rNK, resting NK. aNK, activated NK. (c) Left panel, Northern blot analysis of miR-150 expression in
normal resting NK cells ({NK number 1-4, n=4), NK cell of a patient and a samples from the patient with NK/T-cell lymphoma, nasal type
(described as NK tumor 1). Right panel, Northern blot analysis of miR-150 expression in NK cells (n=2) and two patients with NK/T-cell
lymphoma, nasal type (NK tumors 2 and 3), whose RNA was also purified from CD56 ™ cells.

2.1%; KAI-3, 3.4%; HANK-1, 5.8%; SNK-6, 6.5%; MOTN-1,
9.7%; Raji, 3.5%; and Daudi, 3.75%. At 14 days later, RNA
from the transductants was collected, based on GFP selection
{(day 0), and subjected to Northern analysis, which showed
upregulation of GFP-miR-150 with no changes in the expression
of miR-21 or miR-155, as compared with cells transduced with
GFP alone (Figure 3a). Quantitative PCR also showed upregula-
tion of miR-150 in all transduced cell lines (Figure 3b).
Expressions of miR-150 of all cell lines between normal and
GFP™ vector-transduced cells showed no differences in the
expressions (data not shown).

After initially monitoring % GFP among cells in culture, the
conditions for lentiviral infection were adjusted to achieve
~50% GFP-miR-150 positivity among recipient cells (1:1
mixture of ~100% GFP™ cells and GFP™ cells), after which
the mixed cultures were monitored weekly using a flow
cytometer. Figure 3¢ shows the changes in %GFP-miR-150
among HANK-1 cells from day 7 to day 28 after GFP-miR-150
selection. We observed a reduction in %GFP-miR-150 begin-
ning at 14 days after GFP-miR-150 selection, which might have
been caused by displacement of GFP™ cells. As shown in
Figure 3d, a reduction in %GFP-miR-150 was seen in the YT,
MOTN-1, HANK-T and SNK-6 lines, but not in KAI-3 cells or in
the two B-cell lymphoma lines, whereas the cell lines
transduced with GFP vector did not show the reduction in any
cell lines examined. Transduced SNK-6 cells showed a slight
upregulation of miR-150 when compared with other transduced
cell lines. This effect might be linked to a lower ‘decreasing rate
(75-80%)’ than was seen with the other transduced cells such as
MOTN-T and HANK-1.

miR-150 increases susceptibility to apoptosis and
reduces cell proliferation in NK/T-cell lymphoma

cell lines

To detect the function of miR-150 during tumorigenesis, we
assessed the incidence of apoptosis among transduced cells
following exposure to etoposide (100 uMm for 4 h) on day 14 after

selection. We found that the incidence of apoptosis in the
presence of etoposide was increased in MOTN-1 cells
(Figure 4a). When we then carried out 5’-bromo-2’-deoxyur-
idine assays with MOTN-1 cells, we found that the 5’-bromo-2"-
deoxyuridine index was significantly reduced in cells trans-
duced with miR-150 (Figure 4b). The same results were obtained
in HANK-1 cells (Figures 4c and d). Although SNK-6 cells did
not show increased apoptosis when transduced with miR-150
alone, greater numbers of apoptotic cells were detected when
the miR-150 was transduced into miR-155 knockdown cells
(Figure 5). Similarly, miR-150-positive MOTN-1 and HANK-1
cells expressing ASO-155 did not show a significant increase in
the incidence of apoptosis (Supplementary Figure 3). In
addition, apoptosis assays with YT cells revealed a cooperative
effect between miR-21 and miR-150. YT cells transduced with
miR-150 showed significantly larger numbers of apoptotic cells
if they were treated with ASO-21 (Figure 5). Moreover,
combining miR-150 transduction with miR-21 knockdown
induced significant increases in the incidence of apoptosis. In
addition, when we carried out 5'-bromo-2’-deoxyuridine assays
with SNK-6 and YT cells, we found that the 5’-bromo-
2’-deoxyuridine index was significantly reduced in these
cells transduced with miR-150 without additive effects (data
not shown).

miR-150, thus, appears to function as a tumor suppressor by
increasing cell susceptibility to apoptosis and decreasing cell
cycle progression, although the effect does not induce a marked
reduction in % GFP.

;77iR-750 induces senescence in NK/T-cell lymphoma
ines

We speculated that the reduction in %GFP among miR-150
transductants during culture might reflect cellular senescence.
To test this idea, we transduced miR-150 into cells from the YT,
MOTN-1, SNK-6 and HANK-1 lines, which had previously
showed reductions in %GFP during culture (Figure 3). The
miR-150 transduction efficiency was about 5-10%, which was
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Figure 3 Transduction of miR-150 in lymphoma lines and GFP% monitoring. (a) Northern blot analysis of the indicated miRNAs in cells
transduced with miR-150 or empty vector (GFP*). The transductant cell type is indicated at the top. Controls (55 tRNA) are shown in the bottom
panel. (b) Quantitative PCR analysis of miR-150 expression in the indicated cell types transduced with empty vector or miR-150. y axis: black and
white bars depict —ACt values for miR-150 expression. x axis: cell lines transduced with empty vector (GFP) or miR-150. (c) Flow cytometric
analysis of the GFP™ fraction (%GFP) among transduced HANK-1 cells. Upper panels: left, GFP™ cells; right, cells transduced with miR-150-GFP
(%GFP = approximately 100). Lower panels: left, GFP-miR-150 on day 7 (%GFP = approximately 50); right panel, GFP-miR-150 on day 28. Days:
days after GFP-miR-150 selection; alternatively day 0 is at 48 h after GFP-miR-150 transduction. (d) %GFP among NK/T-cell lymphoma (YT, KAI-3,
MOTN-1, SNK-6 and HANK-1) and Burkitt lymphoma (Raji) lines transduced with GFP-miR-150 or empty vector (GFP). White bars indicate %GFP
for GFP transductants on day 7 after GFP selection; black bars, the %GFP for GFP transductants on day 28. Gray bars show the %GFP for GFP-miR-
150 transductants on day 7; dark gray bars, the %GFP for GFP-miR-150 transductants on day 28 (YT, MOTN-1, SNK-6 and HANK-1) or day 42

(KAI-3 and Raji). Statistical significance: **P<0.01 and ***P<0.001.

the same as in earlier experiments. After the transduction, GFP ™
cells were selected in a cell sorter. We found that the rate of
growth of MOTN-1, SNK-6 and HANK-1 cells transduced with
miR-150 was lower among cells transduced with empty vector
(data of MOTN-1 and HANK-1 are shown in Figure 6a). In
addition, these cells stained positively for Ki-67 and senescence-
associated beta-gal on day 21 after GFP selection and miR-150
transductants had a ‘fried egg’-like appearance, which is caused
by senescence and is not seen in normal NK/T-cell lymphoma
cells (data of HANK-1 are shown in Figure 6b).

We also used telomeric repeat amplification protocol assays
to assess telomerase activity in MOTN-1, SNK-6 and HANK-1
cells, with and without miR-150 transduction, and in normal NK

aukemia

cells. We found that resting and activated NK cells showed no
telomerase activity (Figure 6c), whereas NK/T-cell lymphoma
cell lines did so, indicating a reverse correlation between
expression of miR-150 and telomerase activity (Figure 6c). As
shown in Figure 6d, telomerase activity in miR-150 transduc-
tants (on day 21 after GFP selection) was markedly lower than in
cells transduced with empty vector. Because it is known that
lymphocytes without telomerase activity show telomeric DNA
shortening during cell culture,?? we used Southern blot analysis
to assess the telomere length in HANK-1, MOTN-1 and SNK-6
cells. Genomic DNA was digested by Hinfl, which does not
cleave within the repeating (TTAGGG)n sequence that consti-
tutes the telemetric DNA. The lengths of the resultant telemetric
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Figure 4 Assays of apoptosis and cell proliferation in miR-150-transduced NK/T-cell lymphoma lines. (a) Apoptosis among MOTN-1 cells
transduced with miR-150 or empty vector (GFP ™). miR-150 transductants were exposed to 100 uM etoposide for 4 h. Left panels: flow cytometric
analysis of miR-150 transductants: y axis, cells stained by 7-AAD; x axis, cells stained by Annexin V-PE. Right panel: Percentages of apoptotic cells
(R1+R2). White and black bars depict percent apoptosis (R1 +R2) among MOTN-1 cell transduced with miR-150. (b) Cell proliferation assays
(5’-bromo-2’-deoxyuridine assay) in MOTN-1 cells. The white bar shows the 5’-bromo-2’-deoxyuridine index (450 nm) for GFP transductants; the
black bar, the 5’-bromo-2’-deoxyuridine index for GFP-miR-150 transductants. (c) Apoptosis assays in HANK-1 cells transduced with miR-150 or
empty vector (GFP™). (d) Cell proliferation assays (5'-bromo-2’-deoxyuridine assay) in HANK-1 cells. The white bar shows the 5'-bromo-2'-
deoxyuridine index for GFP transductants; the black bar, the 5’-bromo-2’-deoxyuridine index for GFP-miR-150 transductants. Statistical

significance: *P<0.05.

restriction fragments were then determined by gel electrophor-
esis followed by Southern analysis using a probe that recognizes
this sequence. As shown in Figure 6e, we observed a shortening
of telomeric DNA in the cells expressing miR-150 during
continuous culture. Indeed, the telemetric restriction fragments
of miR-150 transductants grew shorter with every successive
passage (Figure 6f). Thus, miR-150 appears to control aging and
senescence in mature lymphocytes.

Identification of direct targets of miR-150 and the
downstream targets in NK/T-cell lymphoma

We used Target Scan (http://www.targetscan.org) and Pigtar
(http://pictar.mdc-berlin.de) to predict miR-150 targets.”** We
then used western analysis to assess expression in various
candidate targets, including c-Myb,>> FOXP1,’® BCAP
(PIK3APT), p85 (PIK3RT), AKT2, AKT3, PRL1, Pim1, RECK,
Rictor, c-Raf, MSK1, MIB1, ELK1, E2F3 and MLL in MOTN-T,
SNK-6 and HANK-1 cells transduced with miR-150 or empty
vector. These proteins include upstream mediators of signal
transduction, such as AKT, STAT3 and Ras, and might be
associated with tumorigenesis when downregulated by forced
expression of miR-150. We also analyzed expression of the

telomerase-related proteins Dyskerin (gene name dyskeratosis
congenita 1, DKCT), SirT1, PAI-1, Mre1 and ERCCT, which also
possess seed sequences (but not conserved) of miR-150. Of
these, loss of Dyskerin function is known to induce senes-
cence.”” We found that levels of both AKT2 and Dyskerin were
reduced in all miR-150 transductants (Figure 7a), whereas BCAP
expression was slightly reduced in SNK-6 and HANK-1 cells
(data not shown). To determine whether these proteins are direct
targets of miR-150, we carried out luciferase reporter assays in
Rat-1 fibroblasts stably expressing miR-150. Upon insertion of
the wild-type 3’-UTR of DKCT, PIK3AP1, AKT3 or AKT2 into the
reporter, we observed significant reductions in luciferase activity
with DKC1, PIK3AP1 and AKT2, but not in AKT3 (data not
shown), as compared with cells transduced with empty vector
(control vector), suggesting that DKC1, PIK3APT (data not
shown) and AKT2 have potential to function as direct targets of
miR-150 (Figure 7b).

Overexpression of AKT2 with upregulation of pAKT*™74
which enhances telomerase activity through phosphorylation of
human telomerase reverse transcript (hTERT), has been observed
in various cancers.’®?° We therefore carried out a western
analysis of pAKT™™7*# expression and found it to be markedly
reduced in the cells tested. We also detected upregulation of
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Figure 5 Cooperative effects of miRNAs enhance apoptosis. (@) Apoptosis assays in SNK-6 cells transduced with miR-150 or empty vector
(GFP™). Left panel: apoptosis assay. (+) and (—) indicate the presence (+) or absence (—) of miR-155 or miR-150 expressions. ASO-155: cells
treated with antisense mR-155 oligo. SC: scramble. AS: antisense. Symbols and bars indicate means and s.d.’s of triplicate samples. Statistical
significance: NS, not significant, *P<0.05. (b) Percentages of apoptotic cells. White and black bars depict percent apoptosis among YT cells
transduced with miR-150. (++) and (—) indicate the presence (+) or absence (—) of miR-21 or miR-150 expressions. YT cells show overexpression
of miR-21 without expression of miR-155 or miR-150. ASO-21: cells treated with antisense mR-21 oligo. SC: scramble. AS: antisense. Statistical

significance: NS, not significant, *P<0.05 and **P<0.01.

Bim (in MOTN-1, HANK-1 and SNK-6) and p53 (in SNK-6 and
HANK-T) (Figure 7c). Bim is a BH3 proapoptotic protein and its
upregulation can lead to apoptosis.®® Upregulation of these
tumor suppressors might be linked to pAKT downregulation,
although further study will be needed to determine whether or
not these changes in expression are pAKT-dependent.

Discussion

Recent studies have shown deregulations of coding genes in NK/
T-cell lymphoma.'*3"3? However, there are no reports of
miRNA deregulations in these subtypes. In this study, we
assessed miR-150 expression in NK cell and CD56% T-cell
lymphomas, and found it to be significantly reduced. Although
aberrantly low expression of miR-150 has been identified in
Sezary syndrome,** which is classified as a T-cell lymphoma,
there have been no reports on its expression and function during
NK/T-cell lymphomagenesis. Almost none of the tested cell lines
and primary samples of NK/T-cell lymphoma showed expres-
sion of miR-150, though mature T and NK cells normally
expressed high levels of miR-150,>* suggesting downregulation
miR-150 in lymphomas might be important for lymphoma-
genesis and contribute to immortalization of the cancer cells. It
is also known that normal lymphocytes show senescence with
increasing population doublings.”” Our results suggest that the
continuous expression of miR-150 in normal mature lympho-
cytes may be required to prevent immortalization, which may
be a first step toward developing cancer.

Our findings also suggest that downregulation of miR-150 can
lead to activation of telomerase via upregulation of AKT2, a
prosurvival protein serine/threonine kinase activated via the
PI3K pathway, which is a key prosurvival pathway in
cancer.”®7935739 Several studies have shown that AKT2 gene
is overexpressed in various tumor cell lines and human
malignancies, including B-cell lymphoma, liver, ovarian,
pancreatic and breast cancers; and that overexpression of
AKT2 protein is associated with increased invasion and

eukemia

metastasis.>>~° Thus, AKT2 appears to have a crucial role in
tumorigenesis.

Activation of the PI3K-AKT pathway through phosphorylation
of Serine 474 in AKT2 is strongly associated with tumorigenesis.
For example, pAKT®*7** can upregulate telomerase via
phosphorylation of hTERT, resulting in immortalization of
cancer cells. Kang et al*® reported that the hTERT subunit has
two AKT kinase phosphorylation sites (Ser473 and Thr308 in
AKT1/AKT3, Ser474 and Thr309 in AKT2) and that pAKT
contributes to telomerase activity through phosphorylation of
hTERT. Conversely, inhibition of PI3K-AKT signaling reduces
telomerase activity. For example, Plunkett et al.*' reported that,
in T cells, the loss of telomerase activity is associated with
reduced levels of pAKT**"*73* [t is also known that inhibition of
AKT signaling by p27 induces a senescence-like arrest,
independent of p53.** Consistent with those reports, our results
strongly suggest that activation (phosphorylation) of AKT due to
the loss of miR-150 expression may have a key role in
enhancing human telomerase activity in the cancer cells.

Interestingly, forced expression of miR-150 can also lead to
downregulation of DKC1/Dyekerin in NK/T-cell lymphoma
cells, suggesting that loss of miR-150 may activate Dyskerin.
It is encoded by DKCT and is a predominantly nucleolar
protein essential for the formation of pseudouridine in RNA
and the telomerase RNA subunit hTR.**** Dyskeratosis con-
genita patients have a nonsense mutation within DKCT, leading
to diminished expression of Dyskerin accompanied by down-
regulation of telomerase activity.*> Overexpression of DKCT has
been seen in solid tumors, and the silencing of DKCT7 can reduce
telomerase activity and rRNA pseudouridylation.*®*” These
findings suggest that the level of Dyskerin expression parallels the
activation and inactivation of telomerase. Together, activation of
hTERT via pAKT and the continuous expression of Dyskerin could
contribute to the enhancement of telomerase activity; however, it
is still unclear whether the reduced expression of Dyskerin leads
directly to inactivation of telomerase or whether telomerase is
regulated via miR-150 itself.

In the present study, we do not address the mechanism
underlying the loss of miR-150 expression in NK/T-cell



