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1. ABSTRACT

In this review we describe the current literature 
covering the role of microRNA in anaplastic large 
cell lymphoma (ALCL). MicroRNA is one of the best 
characterized subgroups of non-coding RNAs and it is now 
becoming clear that its importance in oncogenesis has 
been greatly underestimated. In ALCL the deregulation 
of a diverse range of microRNA has been demonstrated 
however much less is known about the physiological 
consequences of this deregulation. Here we focus on 
the subgroup of ALCL bearing the anaplastic lymphoma 
kinase (ALK) translocation (ALK+). The pathways linking 
oncogenic ALK signaling and the regulation of microRNA 
are now becoming established with the transcription 
factor STAT3 appearing to play an important role in the 
epigenetic regulation. This review will discuss our current 
understanding of the role of microRNAs in ALK-mediated 
oncogenesis and will explain why we believe these 
new findings suggest that the use of methyltransferase 
inhibitors together with microRNA-specific drugs could 
be a useful addition to our current armamentarium in the 
fight against ALK(+) ALCL.

2. INTRODUCTION

MicroRNA are a class of small noncoding RNA 
that are around 22 nucleotides in length. To date, more 
than 2500 microRNA have been identified in humans 
(www.mirbase.org). MicroRNA act as post-transcriptional 
regulators of the expression of messenger RNA (mRNA). 
Their mode of action relies on their capacity to bind directly 
to their mRNA target via the RNA induced silencing 
complex (RISC) whose central protein is Ago2 in order to 
repress the translation process and/or to promote mRNA 
degradation. Since their discovery, microRNA have been 

associated with diverse physiological processes such 
as embryonic development, cell proliferation, cellular 
differentiation and apoptosis, among others (1, 2). Their 
expression is profoundly altered in many different types 
of cancer, including malignant hematopoiesis such as 
anaplastic large cell lymphoma (ALCL), a lymphoma 
with a T- or null-cell phenotype that is characterized by 
a decreased expression of the aβ-TCR heterodimer 
and CD3ε (1). The 2008 World Health Organization 
classification subdivided ALCLs into 2 groups 
distinguished by the presence or absence of anaplastic 
lymphoma kinase (ALK) expression: ALK-positive 
ALCL (an established entity) and ALK-negative ALCL 
(a proposed new entity) (3-7). Overall, the prognosis of 
ALK(+) ALCL is remarkably better than that of other T-cell 
lymphomas. The standard first-line of treatment for ALK(+) 
ALCL consists of doxorubicin-based polychemotherapy. 
This is associated with an overall response rate of 90 
percent, a 5-year relapse-free survival rate of 60 percent 
and a 5-year overall survival rate of 70 percent.

ALK was first described in 1994 as part of 
the NPM/ALK fusion protein that is expressed in the 
majority of systemic anaplastic large cell lymphoma 
(ALCL). NPM/ALK is produced as a consequence of the 
chromosomal translocation t(2;5) that fuses the amino 
terminal region of NPM (nucleophosmin) to the entire 
intracytoplasmic domain of ALK. ALK(+) ALCL accounts 
for about 3 percent of adult non-Hodgkin’s lymphoma 
and 10–15 percent of childhood lymphoma. The cell-
transforming potential of ALK in tumors largely depends 
on its deregulated tyrosine kinase activity that results 
from spontaneous dimerization through the NPM amino 
terminal domain. Several downstream pathways are 
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activated by NPM/ALK with a broad range of signals that 
lead to increased cell proliferation, survival, motility, and 
cytoskeletal rearrangements. In ALCL, oncogenic ALK 
signaling is mediated by a series of key molecules and 
pathways, including STAT3, PI3K, Ras/MAPK/ERK, Shp2, 
p130Cas, PLCγ and Src (3, 7). It is likely that there are 
also other unidentified molecular pathways that interact 
with NPM/ALK to complement their effects. Several 
studies have highlighted the role of specific microRNA 
in oncogenic ALK signaling in ALK(+) ALCL (8-15) and 
even ALK itself has been proposed to be regulated by 
miR-96 (16) (Table  1). Thus, microRNA influence the 
cellular phenotype and pathogenesis of ALK(+) ALCL 
and are emerging as tissue-specific biomarkers with 
potential clinical applications for both identifying cancer 
subtypes and developing new therapies (18). In this way, 
an alternative strategy for preventing drug resistance in 
patients with ALK(+) ALCL will be to interfere with multiple 
ALK key pathways by targeting critical microRNA.

3. MICRORNA AND THE PATHOGENESIS OF 
ALK(+) ALCL

The deregulated expression of specific microRNA 
has been described in solid cancers, leukemias and 
lymphomas (2, 17-19). A limited number of studies 
also show different microRNA profiles in ALK(+) and 
ALK(-) ALCL (10, 12). We recently, performed the 
first comprehensive screen of deregulated microRNA 
expression downstream of ALK, using human formalin-
fixed, paraffin-embedded (FFPE) tissue samples, ALCL cell 
lines and a CD4 transgenic ALK(+) ALCL tumor model. We 

identified that miR-101 is downregulated in all models (12). 
Moreover, the ectopic expression of miR-101 in ALCL 
cell lines reduced proliferation by increasing the number 
of cells arrested in G0/G1, and increased apoptosis in 
ALK(+) but not ALK(-) cell lines. These phenotypes likely 
result from the downregulation of miR-101 targets which 
include the anti-apoptotic protein Mcl-1 and the pro-survival 
serine/threonine kinase mTOR. To test the importance of 
the mTOR pathway in ALK-expressing tumors in vivo, 
mice were engrafted with ALK(+) ALCL tumors. (12). We 
observed a significant reduction in tumor growth when 
mice were treated with the mTOR inhibitor CCI-779 
(temsirolimus), a rapamycin analogue. These data showed 
a dependence of ALK(+) cells on the mTOR pathway and 
suggest that the use of mTOR inhibitors could be a viable 
therapeutic strategy (12). In parallel, in the same study the 
authors also demonstrated that members of the miR-17–
92 cluster (miR-17, miR-20a, miR-20b, miR-93, miR-106a) 
are overexpressed in ALK(+) ALCL compared with ALK(−) 
ALCL and, on the contrary, that miR-155 is expressed at a 
higher level in ALK(-) ALCL (12, 20). Expression of the miR-
17–92 cluster in ALK(+) ALCL may reflect the pathogenesis 
of this disease because miR-17–92 microRNA have been 
associated with the inhibition of apoptosis, the promotion 
of proliferation, and the induction of tumor angiogenesis 
through repression of miR-17–92 targets such as E2F1 
and the tumor suppressors PTEN and p21 (21, 22). 
Interestingly, a binding site for the transcription factor STAT3 
has been identified in the promoter region of the miR-17–
92 cluster (23), and a recent study showed that STAT3 is 
directly involved in the deregulation of the expression of 
the miR-17-92 cluster in ALK(+) ALCL (24). In contrast, the 
molecular mechanism leading to the repression of miR155 
in ALK(+) ALCL is still unknown. In ALK(-) ALCL, the 
high miR-155 expression may be linked to a deregulated 
immune response and or may reflect the activated T-cell 
origin of ALCL. The reintroduction of miR-155 into NPM/
ALK cell lines with low miR-155 levels (Karpas-299, SR786, 
SU-DHL-1 and SUP-M2) can actively downregulate its 
target protein, the CCAAT-enhancer-binding protein β (C/
EBPβ), and enhance the expression of the inflammatory 
cytokine IL-22. High miR-155 led to a significantly 
enhanced tumor growth in vivo and increased IL-22 serum 
levels, suggesting that miR-155 is a tumor driver and is a 
potential therapeutic target in ALK(-) ALCL (20). 

The small size of microRNA offers a unique 
advantage as an oncogenic biomarker since it is 
therefore less susceptible to enzymatic and mechanical 
degradation. In this way, Mehrotra and colleagues 
were the first to report miR-155 expression in FFPE 
sections of ALCL tumors through an in situ hybridization 
method  (26). Importantly, this method allows the 
assessment of spatial microRNA expression patterns to 

Table 1. MicroRNAs as markers in NPM‑ALK(+) 
anaplastic large cell lymphomas
MicroRNA Expression MicroRNA targets References

miR‑16 Downregulated VEGF (8)

miR‑17‑92 Overexpressed
STAT3‑dependent

BIM (10, 13)

miR‑21 Downregulated DNMT1 (15)

miR‑26a Downregulated iNOS (35)

miR‑29a Downregulated
STAT3‑dependent
Epigenetic silencing by 
DNMT1 and DNMT‑3B

MCL1 (9)

miR‑96 Downregulated ALK (16)

miR‑101 Downregulated mTOR (12)

miR‑135b Overexpressed GATA3, STAT6, 
FOXO1

(11)

miR‑219 Downregulated ICOS (14)

STAT3: Signal transducer and activator of transcription 3; DNMT: DNA 
methyltransferase
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avoid the microRNA signature of any contaminating non-
tumor cells that can affect the analysis of the microRNA 
profiling data. Our comprehensive screen of deregulated 
microRNA downstream of ALK also found that miR-146a 
is deregulated both in human ALCL cell lines and in the 
murine ALCL tumor model, suggesting that this microRNA 
may also be involved in the pathogenesis of ALK(+) 
ALCL (12). MiR-146a, like miR-155, is strongly induced by 
T-cell activation. A high expression of miR-146a in primary 
ALK(-) ALCL FFPE specimens was related to a low 
expression of its target protein, IL-1 receptor-associated 
kinase 1 (IRAK1), in ALK(-) cell lines. Moreover, miR-
146a reintroduction into the ALK(+) cell lines Karpas-299 
and SR786 reduced IRAK1 expression (20). 

The pathognomonic features of ALK(+) ALCL 
can be determined readily by immunohistochemistry 
and the presence of the ALK gene rearrangement. We 
have identified a common set of deregulated microRNA 
that are present in different ALK(+) ALCL and which 
therefore may play important roles in the pathogenesis 
of ALK(+) ALCL. These findings corroborate previous 
data suggesting that ALK(+) and ALK(−) ALCLs are two 
distinct disease entities (3-5) and open the path to future 
research elucidating the specific roles of these microRNA 
in ALCL subtypes. One study by Liu and colleagues has 
already begun to look into this (10). They used genome-
wide microRNA profiling of ALK(+) and ALK(-) ALCL to 
identify 7 deregulated microRNA: 5 were upregulated 
(miR-512-3p, miR-886-5p, miR-886-3p, miR-708, and 
miR-135b) and 2 were downregulated (miR-146a and 
miR-155) significantly associated with ALK(+) ALCL 
cases. The downregulation of miR-146a and miR-155 are 
already known to be signatures of ALK(+) ALCL cases and 
help validate these results. Interestingly, the upregulated 
microRNA define some important aspects of ALCL tumor 
biology, for example a high expression of miR-135b has 
also been shown to mediate the NPM-ALK–induced 
interleukin-17 (IL-17)-producing immunophenotype in 
ALK(+) ALCL (11). MiR-886 is known to target the pro-
apoptotic BH3-only protein Bax, however whether miR-
886 is a bona fide microRNA is currently under debate 
(25, 26). A high expression of miR-708 and miR-512-3p 
in ALK(+) ALCL may also be relevant since miR-708 
has been shown to target transmembrane protein 88 
(TMEM88), a negative regulator of Wnt signaling (27), 
and miR-512-3p targets the cell cycle inhibitor p21(Waf1/
Cip1) (28). These two pathways have been previously 
shown to promote cell growth and tumorigenicity in 
ALK(+) ALCL (29, 30). 

4. STAT3-MEDIATED MICRORNA GENE 
EXPRESSION IN ALK(+) ALCL

Signal transducer and activator of transcription 
3 (STAT3) is a major downstream substrate for ALK and 
microRNA have been identified that are regulated by both 
NPM/ALK and STAT3 signaling. Thus, following ALK or 

STAT3 knock-down using inducible shRNA, Spaccarotella 
and colleagues performed genome-wide microRNA 
expression profiling in the ALK(+) ALCL cell line SUP-M2/
TS. Forty-eight microRNA were found to be modulated 
in these ALK and STAT3 knock-down samples (13). To 
establish the role of deregulated microRNA in ALCL 
pathogenesis, they focused on the miR-17-92 cluster, 
a known oncogenic microRNA that has previously been 
demonstrated to be highly expressed in systemic ALK(+) 
ALCL (12). Pharmacological inhibition of STAT3, using 
the STAT3 inhibitor Stattic, decreased miR-17-92 cluster 
expression in all ALK(+) ALCL cell lines tested (SUP-M2/
TS, JB-6, L82, and Karpas-299). In addition, the forced 
expression of the miR-17-92 cluster partially rescued the 
STAT3 knock-down by sustaining the proliferation and 
survival of NPM/ALK(+) cells both in vitro and in a xenograft 
mouse model. It also induced the downregulation of the 
pro-apoptotic protein BIM, suggesting that the miR-17-92 
cluster might mediate resistance to STAT3 knock-down 
by targeting BIM. These data suggest that the miR-17-
92 cluster could sustain the oncogenic properties of 
STAT3 in ALCL and that its inhibition might represent 
an alternative avenue to interfere with ALK signaling in 
ALCL. Thus, the authors suggested that the combination 
of a small molecule–based inhibitor of ALK with either a 
STAT3 inhibitor or an microRNA inhibitor may be useful 
to prevent chemoresistance in patients with ALK(+) 
ALCL (13). Other studies support this hypothesis. 
One such study, by Matsuyama and colleagues, used 
microarray analysis of microRNA expression to identify 
various signatures of aberrant microRNA expression in 
a wide range of hematologic cell lines, including T-cell 
lymphoma. In this analysis, ALCL were characterized 
by the increased expression of miR-135b, miR-21, and 
miR-27a, while miR-342, miR-454 and miR-324 were 
downregulated (31). Validation of these observations 
using quantitative RT-PCR analysis on 3 ALCL cell lines 
carrying the NPM-ALK fusion (Karpas-299, SUDHL-1, 
and SUP-M2) revealed that, among these microRNA, 
miR-135b was most prominently up-regulated in ALK(+) 
ALCL cell lines and its levels were reduced by the ALK 
inhibitor WHI-P154. In human primary ALK(+) ALCL 
samples, miR-135b levels were also elevated compared 
with ALK(-) ALCL samples. The NPM/ALK oncogene 
strongly promoted the expression of miR-135b and 
its host gene LEMD1 through activation of STAT3, 
as demonstrated by shRNA-mediated ALK or STAT3 
knock-down (11). Inhibition of miR-135b suppressed the 
production of a Th17 proinflammatory cytokine, IL-17, by 
NPM/ALK cells. In accordance with the pro-angiogenic 
function of IL-17, miR-135b inhibition also reduced tumor 
angiogenesis and growth in vivo, demonstrating the 
significance of this microRNA as a potential therapeutic 
target (11). We have also demonstrated that NPM/ALK 
modulates the microenvironment (32), including the 
stimulation of angiogenesis, through a hypoxia-miR-16-
dependent mechanism (8). Indeed, using our conditional 
NPM-ALK lymphoma transgenic mouse models (33, 34) 
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we observed that miR-16 was significantly downregulated 
in cells isolated from the lymph nodes of mice expressing 
the NPM-ALK transgene compared with cells isolated 
from mice in which the transgene was not induced (5). 
The overexpression of miR-16 inhibits the expression 
of the VEGF growth factor in ALK(+) ALCL cell lines 
and an inverse correlation between miR-16 and VEGF 
expression was observed in patient samples. Moreover, 
miR-16 injection into the tumors of nude mice was also 
found to decrease tumor growth in vivo (5). 

MiR-21, miR-26a and miR-219 are also 
repressed by an NPM-ALK/STAT3-dependent 
mechanism and targeting them could represent another 
way to improve therapeutic approaches. The iNOS 
protein promotes lymphocyte survival and protects them 
from apoptosis. Whereas negligible levels of miR-26a 
were detected in ALK(+) ALCL cell lines (Karpas-299, 
DEL) and tumors, the expression of the iNOS protein was 
pronounced. Restoration of miR-26a was associated with 
a marked decrease in iNOS protein expression which 
was associated with a reduction in nitric oxide (NO) 
release from ALK(+) cells and a decrease in the viability, 
adhesion to endothelial cells and migration of these cells. 
The downregulation of NPM/ALK or STAT3 by siRNA was 
associated with a significant increase in miR-26a and a 
marked decrease in the iNOS protein (35). 

5. NPM/ALK ACTS AS AN INDUCER OF 
EPIGENETIC SILENCING OF MICRORNA

Transcriptional silencing through DNA 
methylation of gene promoter and enhancer regions is a 
common epigenetic phenomenon in malignant cells (36). 
DNA methylation is an important epigenetic mechanism 
that silences genes transcribed by RNA polymerase II, 
including microRNA genes (37-41). It is directly mediated 
by three members of the DNA methyltransferase (DNMT) 
family, DNMT1, DNMT3A, and DNMT3B, which induce 
and maintain the methylation of CpG DNA dinucleotides. 
The dysregulation of microRNA can lead to aberrant 
DNA methylation in cancer. For instance, the miR-29 
family (miR-29a, miR-29b and miR-29c) directly targets 
DNMT3A and DNMT3B. Similarly, DNMT1 is targeted 
by miR-148a, miR-152, miR-185 and miR-342 in several 
cancers  (41, 42). DNA methylation can be reversed by 
treatment with DNMT inhibitors such as 5-azacytidine 
(5-aza-CR, Vidaza®) or the more stable 5-aza-2’-
deoxycytidine (5-aza-CdR, decitabine, Dacogen®) 
(43, 44). In ALK(+) ALCL, DNA hypermethylation has been 
shown for several genes including those involved in T-cell 
receptor signaling and T-cell identity (15, 24, 45-50). High 
DNMT1 expression was also found in human ALCL cell 
lines and primary tumors (51). STAT3 is known to enhance 
the binding of DNMTs to promoters (52), and in ALK(+) 
ALCL cell lines STAT3 has been shown to functionally 
interact with DNMT proteins to promote promoter 
hypermethylation and gene silencing (53). In addition, 

STAT3 induces the transcription of the DNMT1 gene 
and favors DNMT1 expression by repressing miR 21, a 
microRNA shown to target the DNMT1 mRNA (15). Our 
laboratories showed for the first time that ALK(+) ALCL 
cell lines (SU-DH-L1, Karpas-299, Pio and Cost) and 
biopsy specimens express low levels of miR-29a (9). 
We found that the repression of miR-29a is dependent 
on NPM/ALK activity and STAT3, as demonstrated by 
siRNA-mediated STAT3 knockdown. This repression is 
likely mediated by the epigenetic silencing of miR-29a via 
DNMT1 and DNMT3b (7). This methylation was partially 
reversed by treatment with 5-aza-CdR and, albeit to a 
lesser extent, after NPM/ALK knockdown by siRNA. 
The DNA methylation was induced by NPM/ALK itself 
and probably via STAT3, as previously described (49, 
50, 53). Moreover, DNMT3b, targeted by miR-29a, could 
amplify this mechanism in a positive feedback loop (54). 
Enforced miR-29a expression modulates apoptosis 
through inhibition of Mcl-1 expression in ALCL cell lines 
in a xenografted model, with a concomitant reduction in 
tumor growth. Decreased Mcl-1 expression correlated 
with an increased sensitivity of cells to doxorubicin (7). 
Thus, the activation of tumor-suppressive microRNA 
and the inhibition of oncogenic microRNA may have the 
potential to provide a fundamentally new approach for the 
development of therapeutics for many cancers, including 
ALK(+) ALCL. In conclusion, aberrant DNA methylation 
of microRNA genes is a potentially useful biomarker for 
detecting cancer and predicting its outcome. 

6. CONCLUSIONS AND FUTURE 
DIRECTIONS 

The replacement of tumor suppressive 
microRNA by lentiviral transduction or suppression of 
oncogenic microRNA using antisense strategies can be 
envisaged as novel approach to cancer therapy. The first 
clinical experiments using microRNA targeting antisense 
therapeutics have been performed in the context of 
hepatitis C and miR-122 (55). These treatments were 
effective and follow up studies have shown them to be 
safe  (56), supporting the feasibility idea of using that 
this these type of drugs may be applicable also for other 
diseases. In particular, antisense therapeutics could target 
the miR-17-92 cluster in the case of ALK(+) ALCL and miR-
155 in the case of ALK(-) ALCL. In murine experiments, 
delivery problems have been tackled by the direct injection 
of antisense drugs into the tumors themselves. Whether 
microencapsulation by nanoparticles and targeting of 
these by specific antibodies is feasible in humans remains 
to be seen (57). Another aspect that will be interesting to 
study is the presence of microRNA in vesicles released by 
the tumor cells (58). It has been shown that these vesicles 
are enriched for specific microRNA and thus could provide 
a means by which the tumor interacts with its environment.

Epigenetic silencing of miRNAs is involved in 
leukemogenesis, therefore the use of epigenetic drugs 
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able to induced re-expression of miRNAs alone or in 
combination with standard chemotherapy could provide a 
therapeutic advantage for resistant patients (59, 60). In that 
sense, de-methylating agents have already been used in 
myeloid malignancies with promising results (61, 62). Drug 
resistance is a major obstacle to the successful treatment 
of cancer. Although the majority of ALK(+) ALCL patients 
respond to polychemotherapy, the standard treatment for 
ALCL, new treatments are needed for resistant or relapsing 
patients (63-66). The use of crizotinib, an ALK tyrosine 
kinase inhibitor, has revolutionized the treatment of ALK(+) 
ALCL patients with advanced-stage or relapses (67, 68). 
However, acquired resistance inevitably occurs upon 
tyrosine kinase-targeted treatment strategies (68‑70). 
The epigenetic silencing of microRNA genes is therefore 
critical for the oncogenic signaling driven by NPM-ALK. 
An interesting alternative strategy to overcome crizotinib 
resistance would be to use demethylating agents such as 
decitabine as adjuvant therapies. 
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