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Abstract
NPM-ALK chimeric oncogene is aberrantly expressed in an aggressive subset of T-cell lymphoma
that frequently occurs in children and young adults. The mechanisms underlying the oncogenic
effects of NPM-ALK are not completely elucidated. Inducible nitric oxide synthase (iNOS)
promotes the survival and maintains the malignant phenotype of cancer cells by generating NO, a
highly active free radical. We tested the hypothesis that iNOS is deregulated in NPM-ALK+ T-cell
lymphoma and promotes the survival of this lymphoma. In line with this possibility, an iNOS
inhibitor and NO scavenger decreased the viability, adhesion and migration of NPM-ALK+ T-cell
lymphoma cells, and an NO donor reversed these effects. Moreover, the NO donor salvaged the
viability of lymphoma cells treated with ALK inhibitors. In further support of an important role of
iNOS, we found iNOS protein to be highly expressed in NPM-ALK+ T-cell lymphoma cell lines
and in 79% of primary tumors but not in human T lymphocytes. Although expression of iNOS
mRNA was identified in NPM-ALK+ T-cell lymphoma cell lines and tumors, iNOS mRNA was
remarkably elevated in T lymphocytes, suggesting posttranscriptional regulation. Consistently, we
found that miR-26a contains potential binding sites and interacts with the 3′-UTR of iNOS. In
addition, miR-26a was significantly decreased in NPM-ALK+ T-cell lymphoma cell lines and
tumors compared with T lymphocytes and reactive lymph nodes. Restoration of miR-26a in
lymphoma cells abrogated iNOS protein expression and decreased NO production and cell
viability, adhesion, and migration. Importantly, the effects of miR-26a were substantially
attenuated when the NO donor was simultaneously used to treat lymphoma cells. Our
investigation of the mechanisms underlying the decrease in miR-26a in this lymphoma revealed
novel evidence that STAT3, a major downstream substrate of NPM-ALK tyrosine kinase activity,
suppresses MIR26A1 gene expression.

Correspondence to: Hesham M. Amin, M.D., M.Sc. Department of Hematopathology, Unit 72, The University of Texas MD Anderson
Cancer Center, 1515 Holcombe Boulevard, Houston, Texas 77030, Telephone: (713) 794-1769; Fax: (713) 792-7273,
hamin@mdanderson.org.

Conflict of interest statement
The authors declare no competing financial interests

Statement of author contributions
HZ and DV designed and performed research, analyzed data and contributed to writing the paper; CVC provided experimental tools;
RM, LD and AK performed research and analyzed data; HMA designed and performed research, analyzed data, provided
experimental tools and wrote the paper. All of the authors read and approved the manuscript.

NIH Public Access
Author Manuscript
J Pathol. Author manuscript; available in PMC 2014 May 01.

Published in final edited form as:
J Pathol. 2013 May ; 230(1): 82–94. doi:10.1002/path.4171.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
NPM-ALK; iNOS; microRNA-26a; STAT3; T-cell lymphoma; CTDSPL

Introduction
NPM-ALK (nucleophosmin-anaplastic lymphoma kinase) is a chimeric oncogene that
molecularly characterizes an aggressive subset of T-cell lymphoma known as anaplastic
large-cell lymphoma (ALCL). NPM-ALK-expressing (NPM-ALK+) T-cell lymphoma
commonly affects children and young adults [1]. The generation of NPM-ALK results from
the fusion of ALK on chromosome 2 to NPM on chromosome 5, which results in the t(2;5)
(p23;q35) [2]. This translocation encodes the aberrant expression of NPM-ALK, a
constitutively activated tyrosine kinase [3]. Previous studies have demonstrated that NPM-
ALK induces cellular transformation and initiates lymphomagenesis [4–8]. To induce its
effects, NPM-ALK acts as the centerpiece within a comprehensive molecular network that
promotes cellular survival. In this network, NPM-ALK interacts with and phosphorylates the
adapter proteins Grb2, Shc, IRS-1 and SNT, the enzymes phospholipase C-γ, PI3K/Akt,
MAP kinases, IGF-IR, and the transcription factor STAT3 [5, 9–15]. Most likely, there are
other unidentified molecular pathways that interact with NPM-ALK to complement its
effects.

Nitric oxide (NO) is a highly active free radical that produces many reactive intermediates.
NO plays important roles in numerous physiological and pathological cellular events
including those occurring in cancerous cells [16, 17]. These roles include the regulation of
immune defense, vasomotor activity, neurotransmission and platelet aggregation [18]. NO
also acts as an intracellular messenger that inhibits apoptosis [19–21]. NO is generated from
L-arginine by three distinct isoforms of NADPH-dependent NO synthases (NOSs): neuronal
(nNOS), endothelial (eNOS) and inducible (iNOS). nNOS and eNOS are expressed
constitutively and are transiently activated because their activation is dependent on the Ca2+-
activated calmodulin. Owing to the transient nature of elevated Ca2+ levels, the activity of
NO produced by nNOS and eNOS is short-lived. In contrast, activation of iNOS is initiated
by inflammatory mediators and cytokines and is Ca2+ independent because calmodulin is
tightly bound to iNOS even at basal Ca2+ levels [22]. Therefore, iNOS is distinguished from
the constitutive isoforms by the production of much larger amounts of NO, which is
associated with significant mutagenic effects that can occur through DNA damage,
transition or transactivation of nucleic acid bases and/or inactivation of DNA-repair proteins
[23]. Indeed, increased iNOS expression is observed in several types of solid tumors,
including lung, prostate, breast, and colon cancers. Conversely, downregulation of iNOS
attenuates the activity of these tumors [24–26]. For these reasons, iNOS is considered a
potential therapeutic target for the treatment of malignant diseases [27]. Although the
expression of iNOS has been described in some types of leukemia and lymphoma [28–34],
the status of its expression and its potential role in NPM-ALK+ T-cell lymphoma are not
known. In this study, we tested the hypothesis that iNOS is deregulated in NPM-ALK+ T-
cell lymphoma and that this deregulation contributes to the pathogenesis of this lymphoma.

Materials and methods
Cell lines and cell culture

The cell lines Karpas 299, DEL, SR-786, SU-DHL-1 and SUP-M2 (DSMZ, Braunschweig,
Germany) [35]; FE-PD (from Dr. Karen Pulford, John Radcliffe Hospital, Oxford, UK) [35];
Mac-2A (from Dr. George Rassidakis, MD Anderson Cancer Center, Houston, Texas, USA)
[35]; 293T, MCF7 and U-937 (ATCC, Manassas, VA); and BAEC (Lonza, Allendale, NJ)
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were used. Human CD3+ pan-T lymphocytes were purchased (Stemcell Technologies,
Vancouver, BC, Canada). Cell lines were maintained in RPMI 1640 (NPM-ALK+ and
U-937), MEM (MCF7) or DMEM (293T and BAEC) supplemented with 10% FBS (Sigma,
St. Louis, MO). Additional cell lines and reagents used in the study are included in
Supporting Information.

Human tissues and immunohistochemical (IHC) staining—Patients had granted
informed consent in accordance with the Declaration of Helsinki. After approval of the
institutional ethical research committee, 19 archival ALK+ lymphoma tumors, 12 ALK-
negative tumors and 5 reactive lymph nodes were probed by IHC for the expression of iNOS
and nitrotyrosine as previously described [14]. IHC was also performed on formalin-fixed,
paraffin-embedded cellblock sections prepared from the cell lines and T lymphocytes.
Antibody dilution was 1:100 for iNOS and nitrotyrosine.

Transfection of siRNA and microRNA—Knockdown of ALK and STAT3 was achieved
by transient transfection of specific targeting SMARTpool-designed siRNA (Dharmacon,
Lafayette, CO) using the Nucleofector “V” solution (Lonza) and A-030 program. The
siCONTROL non-targeting siRNA was used as a negative control. Cells were also
transfected by electroporation with hsa-miR-26a or the negative control cel-miR-67 (no
sequence identity with human microRNA; Dharmacon).

MicroRNA expression array—Total RNA isolation was performed using the Trizol
reagent (Invitrogen, Grand Island, NY). RNA labeling and hybridization on microRNA
array chips were performed as previously described [36]. Briefly, 5 μg of total RNA from
each sample was biotin- labeled by reverse transcription using 5′ biotin end-labeled random
octomer oligo primer. Hybridization of biotin-labeled cDNA was carried out on a
microRNA array chip (MD Anderson Cancer Center, Version 5.0), which contains 678
human microRNA genes in duplicate. Hybridization signals were detected by biotin binding
of a streptavidin–Alexa647 conjugate b using an Axon GenePix 4000B scanner and the
images were quantified by GenePix 6.0 software (Axon Instruments, Union City, CA).

Potential targets of microRNA
Analysis of microRNA-predicted targets was performed using 3 different Web-based
algorithms including: TargetScan (http://www.targetscan.org), miRanda (http://
www.microrna.org/microrna/home.do), and PicTar (http://pictar.mdc-berlin.de/).

Chromatin immunoprecipitation (ChIP) assay
Using Genomatix and the Web-based software Matinspector (http://www.genomatix.de), we
identified 2 sequences (S1 and S2) within the promoter of the CTDSPL gene (3p21.3), the
host gene of MIR26A1 (http://www.mirbase.org/), which contain putative STAT3 binding
sites. ChIP was performed using a commercially available kit (Upstate Biotechnology, Lake
Placid, NY) (detailed in Supporting Information).

Plasmids, cloning, and luciferase assay
After screening by ChIP, S1 and S2 sequences (Supporting Information) were cloned into a
luciferase vector (pGL4.17, Promega, Madison, WI) and then amplified by PCR using
STAT3 binding sites. The sequences and the luciferase vector were double- digested with
kpn1 and Bg1II restriction endonucleases. The vectors and PCR products were purified and
ligated overnight at 16°C using T4 DNA ligase. Clones positive for S1-pGL4.17 or S2-
pGL4.17 were confirmed by PCR. Transfection of S1-pGL4.17 and S2-pGL4.17 with/out
STAT3 siRNA was performed using Lipofectamin (Invitrogen). As a transfection efficiency
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control, the Renilla luciferase reporter pRL-TK (Promega) was co-transfected. After 24 h,
cells were harvested and subjected to luciferase assay using the DualGlo luciferase assay kit
(Promega). Mean luciferase activity was derived from three independent experiments.

The miR-26a and iNOS 3′-UTR reporter clones were purchased from OriGene (Rockville,
MD). Mutated miR-26a was generated using site-directed mutagenesis (Agilent, Santa
Clara, CA) (Supporting Information). The 293T cells were transfected using Lipofectamin
with iNOS 3′-UTR and reporter and the Renilla luciferase reporter construct pRL-TK
combined with empty vector (pCMV, OriGene) or wild-type (WT) or mutated miR-26a
reporter for 24 h. Experiments were performed in quadruplicate. WT iNOS 3′-UTR plasmid
was purchased (OriGene). Site directed mutagenesis (Agilent) was used to generate iNOS
that does not include 3′-UTR (Supporting Information). WT iNOS 3′-UTR expression
plasmid as a template was used to incorporate the mutation. 293T cells were transfected with
EV, WT or mutated iNOS along with either control miR or miR-26a for 48 h using the 4D
electroporation system and program DG-130 (Lonza).

Quantitative real-time PCR (qPCR)
The High Pure FFPE RNA Micro kit (Roche Applied Science, Indianapolis, IN) was used to
measure microRNA levels in formalin-fixed, paraffin-embedded tissue sections prepared
from cell line pellets and tumor samples. Also, qPCR was used to measure iNOS, CTDSPL,
and CTDSP2 mRNA levels. Details are included in Supporting Information.

Western blotting, migration, adhesion, viability, NO production
These assays were performed using standard techniques as described previously [14, 37]
(see Supporting Information for details of methods and reagents).

Statistical analysis
For statistical analysis of microRNA array data, an individual “p” value was not considered
meaningful because of multiple comparisons. The distribution of “p” values, under the null
hypothesis that microRNA levels were not statistically different, was considered to be
uniform. When differences between some microRNA levels were significant, we considered
that there was an overabundance of the “p” values. This situation was captured by modeling
the distribution of “p” values as a β-uniform mixture. To identify differences in microRNA
levels that were statistically significant, a cutoff for the single “p” value was selected by
controlling the false recovery rate defined as the percentage of the microRNA results that
were found to be significant and were expected to be false positive. For other experiments,
Student’s t-test was used and a “p” value of < 0.05 was considered significant.

Results
Expression of iNOS and nitrotyrosine in NPM-ALK+ T-cell lymphoma

Western blotting showed expression of iNOS and nitrotyrosine proteins in NPM-ALK+ T-
cell lymphoma cell lines Karpas 299, DEL and SR-786 (Fig. 1A); SU-DHL-1 and SUP-M2
(not shown) – but not in T-cells (Fig. 1A). Immunostaining also revealed iNOS and
nitrotyrosine in paraffin- embedded cell line pellets but not in T-cells (Fig. 1B). The iNOS
protein was detected in 15 of 19 (79%) of the ALK+ lymphomas (Fig. 1C). Notably, iNOS
and nitrotyrosine were simultaneously detected in 8 of 10 ALK+ tumors probed for the
expression of nitrotyrosine (Fig. 1C). iNOS mRNA was significantly higher in T-cells (Fig.
1D) and reactive lymph nodes (Fig. 1E) than in NPM-ALK+ lymphoma cell lines and ALK+

lymphoma tumors. In ALK-negative ALCL lines, iNOS protein was very weakly expressed
in FE-PD and totally absent in Mac-2A cells (Supporting Fig. 1A). Furthermore, iNOS
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protein was detected in only 7 of 12 (58%) ALK-negative ALCL tumors. Higher levels of
iNOS mRNA were detected in FE-PD cells compared with Mac-2A cells (Supporting Fig.
1B). Furthermore, significant differences were not detected between iNOS mRNA levels in
ALK-negative ALCL tumors and reactive lymph nodes (Supporting Fig. 1C). In cell lines of
other hematological malignancies (Supporting Fig. 1A), western blotting showed that iNOS
was expressed in mantle cell lymphoma (MCL) cell lines SP-53, JeKo-1 and Mino, and in
the Jurkat T lymphoblastic leukemia/lymphoma cell line. In contrast, iNOS protein was not
detected in chronic myelogenous leukemia (CML) cell lines KBM-5, MEG-01 and BV173.
Expression of iNOS mRNA was remarkably variable with SP-53, JeKo-1 and MEG-01
demonstrating the lowest levels and KBM-5 and BV173 showing the highest levels
(Supporting Fig. 1B).

Effects of iNOS inhibitors, NO scavengers, and NO donors on NPM-ALK+ T-cell lymphoma
To test whether NO/iNOS signaling contributes to the survival of NPM-ALK+ T-cell
lymphoma, we used 1400W (iNOS inhibitor) or C-PTIO (NO scavenger). Treatment of T
lymphocytes with 1400W or C-PTIO did not decrease the viability of these cells (Fig. 2A).
Nonetheless, treatment of Karpas 299 and DEL cells with 1400W or C-PTIO was associated
with a significant decrease in their viability (Fig. 2B), adhesion to endothelial cells (Fig.
2C), and IGF-I-induced migration (Fig. 2D). Importantly, the NO donor SNAP significantly
diminished the effects of 1400W and C-PTIO. Furthermore, SNAP reversed the decrease in
cell viability induced by ALK inhibitors TAE684 and PF-2341066 (Fig. 2E and Fig. 2F),
which suggests that the survival-promoting effects of NPM-ALK are mediated, at least
partially, through iNOS/NO signaling.

MiR-26a is a posttranscriptional suppressor of iNOS expression in NPM-ALK+ T-cell
lymphoma

Because T-cells lacked the expression of iNOS protein and expressed high levels of iNOS
mRNA, we questioned whether posttranscriptional expression of iNOS is physiologically
suppressed by microRNA. Three Web-based algorithms were used to analyze array data
generated in our laboratory to compare the microRNA expression between human T
lymphocytes and NPM-ALK+ lymphoma cell lines, and showed that miR-26a potentially
binds to the 3′-UTR of iNOS (Fig. 3A). These data demonstrated that the expression of
miR-26a was significantly decreased in the lymphoma cell lines compared with T-cells,
which was confirmed by qPCR, not only in the NPM-ALK+ lymphoma cell lines and T-cells
but also in 5 ALK+ T-cell lymphomas compared with 3 reactive lymph nodes (Fig. 3B).
Notably, abundant levels of miR-26a were detected in ALK-negative ALCL tumors (Fig.
3B). We also found that WT miR-26a decreased the luciferase activity of iNOS 3′-UTR
transfected into 293T cells, whereas miR-26a mutated at its binding site with iNOS 3′-UTR
failed to induce this effect (Fig. 3C). Furthermore, miR-26a decreased WT iNOS protein
transfected into 293T cells, but not iNOS construct that lacked 3′-UTR (Fig. 3D). These
results support functional interactions between miR-26a and iNOS 3′-UTR. Importantly,
transfection of miR-26a in Karpas 299 and DEL cells was associated with a dramatic
downregulation of endogenous iNOS protein (Fig. 3E), but not iNOS mRNA (Fig. 3F),
suggesting that the suppressive effect of miR-26a on iNOS occurs posttranscriptionally.

Downregulation of iNOS expression by miR-26a decreases NO production and cellular
viability, adhesion and migration of NPM-ALK+ T-cell lymphoma

Transfection of miR-26a induced a significant decrease in NO released by Karpas 299 and
DEL cells (Fig. 4A). Further analysis showed that miR-26a caused a pronounced decrease in
the viability of Karpas 299 and DEL cells (Fig. 4B) as well as in their adhesion to
endothelial cells (Fig. 4C) and migration in response to IGF-I (Fig. 4D). Importantly, the
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effects of miR-26a were markedly attenuated when the NO donor SNAP was simultaneously
used to treat the cells.

Deregulation of miR-26a/iNOS expression is mediated through NPM-ALK/STAT3 signaling
Next, we set out to analyze the mechanisms underlying the preferential expression of iNOS
protein in NPM-ALK+ T-cell lymphoma compared with T-cells. Since our results suggested
that miR-26a negatively regulates the expression of iNOS protein and that miR-26a is
markedly reduced in NPM- ALK+ T-cell lymphoma compared with T-cells, we decided to
investigate whether NPM-ALK contributes to this phenomenon. Also, because we identified
putative binding sites between STAT3, a downstream target of NPM-ALK, and CTDSPL
gene promoter, the host gene of MIR26A1, we wanted to determine whether STAT3 is
involved in the aberrant expression of miR-26a/iNOS. Transfection of Karpas 299 and DEL
cells with ALK siRNA caused a substantial decrease in NPM- ALK, pSTAT3 and iNOS
proteins (Fig. 5A). Similarly, direct targeting of STAT3 by siRNA decreased iNOS protein
(Fig. 5B). Downregulation of NPM-ALK or STAT3 by siRNA increased miR-26a levels
(Fig. 5C). Neither ALK nor STAT3 siRNA induced significant effects on iNOS mRNA (Fig.
5D), suggesting that NPM-ALK and STAT3 are not directly involved in the regulation of
iNOS gene transcription.

Inhibition of NPM-ALK/STAT3 signaling upregulates CTDSPL gene expression and STAT3
suppresses CTDSPL gene promoter activity

We analyzed the effects of downregulation of NPM-ALK or STAT3 on the expression of
CTDSPL gene, the host gene of MIR26A1 gene. Downregulation of NPM-ALK by ALK
siRNA induced substantial increase in CTDSPL mRNA in Karpas 299 (Fig. 6A) and DEL
(Fig. 6B) cells. Similar effects were noted when downregulation of STAT3 was achieved
(Fig. 6C). In contrast, targeting NPM-ALK did not induce significant changes in the
expression levels of CTDSP2, the host gene of MIR26A2 (Fig. 6D). These results suggest
that the inhibition of miR-26a expression by the NPM- ALK/STAT3 signaling axis is
mediated through suppression of MIR26A1 and not MIR26A2. Last, we further examined the
interactions between STAT3 and the CTDSPL gene. ChIP assay in Karpas 299 and DEL
cells demonstrated the binding between STAT3 and S1 and S2, two sequences within
CTDSPL gene promoter identified by Genomatix that can potentially bind with STAT3 (Fig.
6E, left and right panels, respectively). Moreover, downregulation of STAT3 by siRNA in
Karpas 299 and DEL cells increased luciferase activity of the CTDSPL gene promoter (Fig.
6F).

Discussion
In this study, we show that iNOS protein is highly expressed in NPM-ALK+ T-cell
lymphoma cell lines and in 79% of ALK+ lymphomas. Notably, nitrotyrosine is also
expressed in the cell lines and tumor tissues that simultaneously express iNOS suggesting
that iNOS is activated in this lymphoma. In addition, iNOS appears to maintain the survival
of this lymphoma because selective inhibitors of iNOS signaling decreased the viability,
adhesion and migration of the lymphoma cells, and an NO donor significantly diminished
the effects of these inhibitors. Using the NO donor salvaged the NPM-ALK+ T-cell
lymphoma cells from the lethal effects of ALK inhibitors, which indicates that the survival-
promoting effects of NPM-ALK might be mediated through iNOS/NO signaling.

When the mechanisms underlying the aberrant expression of iNOS in NPM-ALK+ T-cell
lymphoma were investigated, we found novel evidence to support a working model (Fig. 7).
Under physiological conditions, miR-26a is highly expressed in T-cells and suppresses
iNOS expression posttranscriptionally. In support of this idea, significant levels of iNOS
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mRNA and miR-26a were detected in T-cells and reactive lymph nodes, but iNOS protein
was absent in T-cells and small lymphoid cells residing in reactive lymph nodes. Whereas
negligible levels of miR-26a were detected in NPM-ALK+ T-cell lymphoma cell lines and
ALK+ tumors, the expression of iNOS protein was pronounced. Importantly, miR-26a
contains binding sites and interacts with iNOS 3′-UTR. Restoration of miR-26a was
associated with a marked decrease in iNOS protein expression, but not iNOS mRNA. The
decrease in iNOS protein levels caused by miR-26a was associated with a significant
reduction in NO released by NPM-ALK+ lymphoma cells and a marked decrease in the
viability, adhesion to endothelial cells and IGF-I-induced migration of these cells. Our
model also demonstrates that the decrease in miR-26a and resultant increase in iNOS are
dependent on NPM-ALK. Downregulation of NPM-ALK by siRNA was associated with a
significant increase in miR-26a and a marked decrease in iNOS protein. Two distinct genes
encode the expression of the mature form of miR-26a. The first is the MIR26A1 gene located
on the intron of CTDSPL (CTD [carboxy- terminal domain, RNA polymerase II,
polypeptide A] small phosphatase-like) gene (3p21.3), and the second is the MIR26A2 gene
on the intron of CTDSP2 (12q14.1). Downregulation of NPM-ALK in Karpas 299 and DEL
cells was associated with a marked increase in CTDSPL mRNA levels and no significant
changes in CTDSP2 mRNA levels. When we examined the contribution of STAT3, we
found that the decrease in miR-26a occurs because STAT3 suppresses the expression and
promoter activity of CTDSPL. Notably, STAT3 is an oncogenic transcription factor that
contributes significantly to the survival of this lymphoma after being phosphorylated by
NPM-ALK [15, 38, 39]. It has been previously shown that iNOS promotes the survival of
some types of leukemia and lymphoma including chronic lymphocytic leukemia (CLL) [28–
34]. In contrast to B-cells that lack iNOS expression, CLL lymphocytes express iNOS
mRNA and protein [33]. It has also been shown that iNOS protects CLL lymphocytes from
apoptosis [32]. Several mechanisms have been proposed for the aberrant expression of iNOS
in CLL. The presence of iNOS spliced variants suggests that posttranscriptional regulation
of iNOS expression occurs in CLL [34]. The expression of iNOS in CLL was also shown to
be induced posttranscriptionally by interleukin-4 and transcriptionally and
posttranscriptionally by interferon-γ [33]. In addition, stimulation of toll-like receptor 7 or
CD23 was reported to induce iNOS expression in CLL [29–32].

Herein, we also analyzed the expression of iNOS in ALK-negative ALCL. iNOS protein
was absent in Mac-2A cells, weakly expressed in FE-PD cells, and present in only 58% of
the ALK- negative tumors. In contrast to NPM-ALK+ lymphoma, significant differences
were not present between the levels of iNOS mRNA in reactive lymph nodes vs. ALK-
negative ALCL tumors. Another important difference was that abundant levels of miR-26a
were detected in the ALK- negative tumors. Although the contribution of iNOS signaling to
the survival of ALK-negative ALCL cannot be ruled out, the regulatory mechanisms for
iNOS expression in this lymphoma remain to be identified. When iNOS expression was
analysed in other types of lymphoma/leukemia cell lines, we noticed significant variability.
Similar to CLL, iNOS protein was detected in another B-cell lymphoma/leukemia, i.e.,
MCL. The expression of iNOS was also seen in the T lymphoblastic leukemia/lymphoma
cell line Jurkat. In contrast, iNOS protein was not detected in CML cell lines. These results
are similar to previous studies that showed that iNOS protein is absent or very weakly
expressed in CML cell lines and primary neoplastic cells [40]. Interestingly, our data show
that iNOS protein is more abundant in Karpas 299 cells compared with other types of
leukemia/lymphoma cell lines that express iNOS.

Previous reports have proposed that STAT3 plays a role in the regulation of iNOS
expression. Interestingly, the conclusions of these reports varied and were cell type- and
experimental conditions-dependent. In a recent study, downregulation of STAT3 in murine
macrophages was associated with decreased iNOS expression and iNOS gene promoter
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activity [41]. However, the binding of STAT3 to iNOS promoter was not documented in that
study [41]. Therefore, it is difficult to exclude that the effect of STAT3 was mediated
through intermediate molecules. In line with this concept, STAT3 alone was found to
possess minimal effect on iNOS gene promoter activity in breast cancer cells, but STAT3/
EGFR complex was capable of binding to iNOS promoter and enhanced its transcription
[42]. In contrast, studies in murine mesangial cells showed that STAT3 suppresses iNOS
expression through interactions with NF-κB [43, 44]. Herein, we could not support a direct
effect of STAT3 on the transcription of iNOS because downregulation of STAT3 did not
cause significant changes in iNOS mRNA levels.

Posttranscriptional mechanisms are also involved in the regulation of iNOS expression and,
similar to its transcriptional regulation, these mechanisms vary based on the cell type and
experimental conditions. Proteins such as JNK, HuR, and tristetraprolin were found to
enhance the stability of iNOS mRNA, whereas KH-type splicing regulatory protein
attenuates this stability [45, 46]. It has also been shown that ubiquitinated iNOS can be
regulated by proteasome degradation [47]. Few studies have investigated the
posttranscriptional regulation of iNOS expression by microRNA. Recently, it was shown
that miR-939 downregulates iNOS protein expression in cytokine-stimulated iNOS protein
in lipopolysaccharide-stimulated murine splenic lymphocytes and murine renal cell
carcinoma [49, 50]. Nonetheless, these two studies did not document the binding and
interactions between miR-146a and iNOS 3′-UTR. Furthermore, we could not identify iNOS
3′-UTR as a potential target of miR-146a by searching several Web-based algorithms.
Defining the role of aberrantly expressed microRNA in the pathogenesis of NPM-ALK+ T-
cell lymphoma has become a focus of research [51–54]. To our knowledge, our study is the
first to document direct regulation of iNOS expression by a microRNA, i.e., miR-26a, in any
type of cancer cells. MiR-26a was originally described as a tumor suppressor gene that is
negatively regulated by Myc in B-cell lymphoma [55]. More recent studies have proposed
that miR-26a has a dual effect: depending on the cancer cell type, it can function as an
oncogene or a tumor suppressor. For example, as an oncogene, miR-26a targets PTEN and
GSK-3β and contributes to the survival of glioma and cholangiocarcinoma, respectively [56,
57]. As a tumor suppressor gene, miR-26a targets several oncogenic proteins, including
EZH2 [58]. Nonetheless, other investigators could not support a suppressive effect of
miR-26a on EZH2 protein expression [59]. Although we cannot completely exclude that the
negative impact of miR-26a on NPM-ALK+ T-cell lymphoma cells is partially mediated
through its interactions with other known or unknown targets, the marked attenuation of the
effects of miR-26a by the NO donor supports that the effects of miR-26a were mediated
through targeting iNOS signaling.

In conclusion, we describe a new role of iNOS in cancer, namely in the pathogenesis of
NPM-ALK+ T-cell lymphoma. We also found that miR-26a can suppress the expression of
iNOS protein at the posttranscriptional level. Our results proposed novel oncogenic
contributions of NPM-ALK and STAT3 to NPM-ALK+ T-cell lymphoma through
downregulation of miR-26a and upregulation of iNOS protein. These findings expand
current understanding of the pathobiology of NPM-ALK+ T-cell lymphoma, which could
improve the therapeutic approaches used for the treatment of this aggressive lymphoma.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of iNOS and nitrotyrosine proteins and iNOS mRNA in NPM-ALK+ T- cell
lymphoma
(A) Western blotting shows iNOS and nitrotyrosine in NPM-ALK+ T-cell lymphoma cell
lines and lack of expression in T lymphocytes. (B) Immunohistochemistry demonstrates
iNOS and nitrotyrosine in the lymphoma cell lines, but not in T lymphocytes. The 293T and
BAEC cell lines were used as negative and positive controls, respectively, for iNOS; U-937
and MCF7 were used as negative and positive controls, respectively, for nitrotyrosine
(original magnification, ×1000 for T lymphocytes and ×400 for the cell lines); (C)
Immunohistochemistry of iNOS and nitrotyrosine in representative examples of ALK+ T-
cell lymphomas. Lymphoma tissues from patients #2 and #3 were positive for both iNOS
and nitrotyrosine and the specimen from Patient #1 was negative for both. Expression of
iNOS was not detected in the lymphoid cells in reactive lymph nodes; however, iNOS
demonstrated intense expression in stromal cells and scattered plasma cells. Nitrotyrosine
was seen in scattered plasma cells and weak staining in reactive germinal centers, which
became much less pronounced in the mantle zones and mostly absent in inter-follicular areas
(original magnification, ×400); (D) qPCR demonstrates that the expression of iNOS mRNA
was remarkably higher in T lymphocytes than in the lymphoma cell lines (*: p < 0.01, **: p
< 0.001 vs. T-cells); (E) Similarly, iNOS mRNA was significantly higher in reactive lymph
nodes compared with ALK+ T-cell lymphoma tumors (*: p < 0.01 vs. reactive lymph
nodes). Data shown in D and E represent the means ± SE of 3 independent experiments.
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Figure 2. Inhibition of iNOS/NO signaling decreases the viability, adhesion, and migration of
NPM-ALK+ T-cell lymphoma cells
(A) The iNOS inhibitor 1400W (500 nM) and the NO scavenger C-PTIO (500 nM) did not
change viability of T lymphocytes at 48 h after treatment; (B) In contrast, 1400W and C-
PTIO decreased the viability of Karpas 299 and DEL cells at 24 h after treatment, and the
NO donor SNAP (500 nM) attenuated these effects (*: p < 0.001 vs. control and 1400W
+SNAP, †: p < 0.001 vs. control and C- PTIO+SNAP; ‡: p < 0.0001 vs. control and 1400W
+SNAP; ¶: p < 0.0001 vs. control and C- PTIO+SNAP); (C) Inhibition of iNOS/NO
signaling reduced the adhesion of Karpas 299 and DEL cells to endothelial cells and SNAP
reversed these effects (*: p < 0.001 vs. control and 1400W+SNAP, †: p < 0.0001 vs. control,
p < 0.01 vs. C-PTIO+SNAP, ‡: p < 0.00001 vs. control and 1400W+SNAP, ¶: p < 0.00001
vs. control and C-PTIO+SNAP); (D) IGF-I stimulated the migration of Karpas 299 and DEL
cells, and 1400W and C-PTIO inhibited the effects of IGF-I. Additional treatment with
SNAP reversed the effects of 1400W and C-PTIO (*: p < 0.001 vs. control, IGF-I+1400W,
and IGF-I+C-PTIO, †: p < 0.01 vs. control and IGF-I+1400W, ‡: p < 0.001vs. control and
IGF-I+C-PTIO, ¶: p < 0.001 vs. control and IGF-I+1400W and p < 0.01 vs. IGF-I+C- PTIO,
§: p: < 0.001 vs. control and IGF-I+1400W, ¥: p < 0.001 vs. control and p < 0.01 vs. IGF-I
+C- PTIO); The ALK inhibitors TAE684 or PF-2341066 induced a concentration-dependent
decrease in the viability of Karpas 299 (E) and DEL (F) cells at 24 h. These effects were
significantly diminished when cells were simultaneously treated with the ALK inhibitor and
SNAP (*: p < 0.001, **: p < 0.0001 for cells treated with the ALK inhibitors and SNAP vs.
cells treated with ALK inhibitors alone). Data shown are the means ± SE of 3 independent
experiments.
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Figure 3. miR-26a is markedly decreased in NPM-ALK+ T-cell lymphoma, and its restoration
decreases iNOS protein expression
(A) In the upper panel, microRNA array heat map illustrates the expression of microRNA in
the NPM-ALK+ T-cell lymphoma cell lines and T lymphocytes (yellow/orange/red =
upregulated; blue/green = downregulated). The red arrow marks miR-26a that ranks 12th top
microRNA downregulated in the NPM-ALK+ T-cell lymphoma cell lines versus T-cells (p =
0.000003). The lower panel shows potential binding sites between miR-26a and iNOS 3′-
UTR; (B) qPCR shows miR-26a is decreased in the NPM-ALK+ T-cell lymphoma cell lines
and ALK+ T-cell lymphomas compared with T lymphocytes, reactive lymph nodes and
ALK-negative ALCL tumors (*: p < 0.05, **: p < 0.01 vs. T lymphocytes, reactive lymph
nodes, and ALK-negative tumors, †: p < 0.05 vs. reactive lymph nodes); (C) WT miR-26a
significantly decreased the luciferase activity of iNOS 3′-UTR, and MT miR-26a that lacked
the binding sites with iNOS 3′-UTR failed to induce a similar effect (*: p < 0.0001); (D) In
the upper panel, miR-26a remarkably decreased the levels of WT iNOS transfected into
293T cells and failed to induce a similar effect on MT iNOS that lacked 3′-UTR. Vertical
lines indicate repositioned gel lanes. In the lower panel, densitometry shows a marked
decrease in the iNOS:β-actin ratio when miR-26a was transfected with WT iNOS, but not
with MT iNOS, into 293T cell line; (E) WB shows that transfection of miR-26a decreased
endogenous iNOS protein in Karpas 299 and DEL cells; (F) but did not change iNOS mRNA
in these cells. For results presented in D, E, and F, cel-miR-67 was used as a negative
control. The results shown in B, C, and F represent the means ± SE of 3 different
experiments performed in quadruplet.
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Figure 4. miR-26a inhibits NO production and decreases the viability, adhesion, and migration
of NPM-ALK+ T-cell lymphoma
(A) miR-26a decreased NO production by Karpas 299 and DEL cells (*: p < 0.01 vs.
control; RFU = Relative Fluorescence Units); (B) miR-26a decreased viability and this
effect was diminished by the NO donor SNAP (*: p < 0.0001 vs. control and p < 0.001 vs.
miR-26a+SNAP, †: p < 0.00001 vs. control and miR-26a+SNAP); (C) miR-26a decreased
adhesion of lymphoma cell lines to endothelial cells and SNAP effectively reversed the
effects of miR-26a (*: p < 0.00001 vs. control and p < 0.01 vs. miR-26a+SNAP, †: p <
0.000001 vs. control and miR-26a+SNAP); (D) miR-26a abrogated the stimulatory effects
of IGF-I on migration of Karpas 299 and DEL cells, and this effect was inhibited by SNAP
(*: p < 0.01 vs. untreated cells and IGF-I+miR-26a; †: p < 0.01 vs. untreated cells and p <
0.05 vs. IGF-I+miR-26a). cel-miR-67 was used as the negative control miR. Results
represent 3 independent experiments and are shown as means ± SE.
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Figure 5. Downregulation of miR-26a and upregulation of iNOS protein expression in NPM-
ALK+ T-cell lymphoma is mediated through an NPM-ALK/STAT3 signaling axis
(A) Western blot shows that downregulation of ALK by siRNA in Karpas 299 and DEL cell
lines was associated with a marked decrease in pSTAT3 and iNOS proteins; (B)
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Transfection of STAT3 siRNA decreased iNOS protein levels; (C) qPCR analysis shows
that transfection of Karpas 299 and DEL cell lines with ALK or STAT3 siRNA increased
miR-26a levels (*: p < 0.05, **: p < 0.00001); (D) ALK and STAT3 siRNA did not cause
significant changes in iNOS mRNA levels by qPCR analysis. In all experiments, control
cells were transfected with scrambled siRNA. Experiments were repeated 3 times and the
data represent means ± SE.
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Figure 6. Specific targeting of NPM-ALK and STAT3 upregulates expression of CTDSPL, the
host gene of MIR26A1, and STAT3 suppresses CTDSPL gene promoter activity
Downregulation of NPM-ALK in Karpas 299 (A) and DEL (B) cells increased CTDSPL
mRNA levels (*: p < 0.001 for Karpas 299 and < 0.05 for DEL); (C) Similar results were
obtained when STAT3 was downregulated, although the increase in CTDSPL levels was
statistically significant only in Karpas 299 cells (p < 0.05) and not in DEL cells because of
marked variability; (D) Specific targeting of NPM-ALK by ALK siRNA did not affect the
expression levels of CTDSP2 mRNA, the host gene of MIR26A2; (E) ChIP analysis showed
binding (black arrows) between STAT3 and S1 (left panel) and S2 (right panel) sequences of
the CTDSPL gene. Colours have been inverted to facilitate visualization of the bands; (F)
Targeting STAT3 in Karpas 299 and DEL cells was associated with a significant increase in
the luciferase activity of the CTDSPL gene promoter (*: p < 0.05, **: p < 0.01 vs. control).
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Figure 7. Proposed model for the mechanisms underlying upregulation of iNOS protein
expression in NPM-ALK+ T-cell lymphoma
Under physiological conditions in T lymphocytes (purple), miR-26a is transcribed,
processed, and then functions to inhibit the translation of iNOS mRNA to iNOS protein. In
NPM-ALK+ T-cell lymphoma, NPM-ALK activates STAT3 by phosphorylation. Thereafter,
pSTAT3 translocates to the nucleus where it suppresses transcription of MIR26A1.
Decreased miR-26a levels in the cytoplasm allow translation of iNOS mRNA to iNOS
protein. Dotted arrows indicate translocation to the nucleus or the cytoplasm. The lower
panel details that pSTAT3 binds to the CTDSPL gene promoter at two sites, S1 and S2, to
inhibit transcription. In addition, pSTAT3 inhibits transcription of MIR26A1, which is
located in the intron of the CTDSPL gene.
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