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Aberrant anaplasticlymphoma kinase (ALK) expression is a defining
feature of many human cancers and was identified first in anaplastic
large-cell lymphoma (ALCL), an aggressive non-Hodgkin T-cell lym-
phoma. Since that time, many studies have set out to identify the
mechanisms used by aberrant ALK toward tumorigenesis. We have
identified a distinct profile of micro-RNAs (miRNAs) that character-
ize ALCL; furthermore, this profile distinguishes ALK* from ALK~
subtypes, and thus points toward potential mechanisms of tumor-
igenesis induced by aberrant ALK. Using a nucleophosmin-ALK
transgenic mouse model as well as human primary ALCL tumor tis-
sues and human ALCL-derived cell lines, we reveal a set of overlap-
ping deregulated miRNAs that might be implicated in the devel-
opment and progression of ALCL. Importantly, ALK* and ALK~ ALCL
could be distinguished by a distinct profile of “oncomirs”: Five mem-
bers of the miR-17-92 cluster were expressed more highly in ALK*
ALCL, whereas miR-155 was expressed more than 10-fold higher in
ALK~ ALCL. Moreover, miR-101 was down-regulated in all ALCL
model systems, but its forced expression attenuated cell prolifera-
tion only in ALK* and not in ALK~ cell lines, perhaps suggesting
different modes of ALK-dependent regulation of its target proteins.
Furthermore, inhibition of mTOR, which is targeted by miR-101, led
to reduced tumor growth in engrafted ALCL mouse models. In ad-
dition to future therapeutical and diagnostic applications, it will be
of interest to study the physiological implications and prognostic
value of the identified miRNA profiles.

micro-RNA | mTOR | miR-155 | miR-101

naplastic large-cell lymphoma (ALCL) is a mature T-cell
malignancy that is subdivided further into two distinct disease
entities based on whether the anaplastic lymphoma kinase (ALK)
gene is rearranged as the consequence of a translocation event.
ALK"* ALCL bears the t(2;5) (p23;q35) translocation in greater
than 80% of cases, which results in the expression of the chimeric
nucleophosmin (NPM)-ALK (1-4). The consequence of the fu-
sion is constitutive ALK expression, which leads to the activation
of many different growth-promoting and antiapoptotic pathways,
including PI3K/Aktl/mTOR (5-8), Jak/Stat (9-11), cJun, JunB
(12-14), and c-myc (12, 15). The transforming capacity of the
NPM-ALK fusion was shown for the first time in murine chimeras
in which lethally irradiated recipients were rescued with NPM-
ALK-transduced bone marrow (4, 16, 17) as well as in several
transgenic mouse models that expressed the NPM-ALK fusion
protein in hematopoietic cells (14, 18, 19). Specifically, NPM-ALK
transgenic mice in which gene expression is directed by the T-cell—
specific CD4 promoter develop aggressive T-cell lymphomas with
a median survival of 18 wk (18).
Since NPM-ALK was cloned by Morris and his colleagues in
1994, deregulated ALK has become a defining feature of a number
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of other malignancies, including variants of lung and breast cancer
as well as neuroblastoma (20-22). Conversely, there are no re-
current cytogenetic abnormalities by which to define ALK~ ALCL
at present; furthermore, there is no definitive evidence to dictate
whether ALK~ ALCL is more closely related to ALK* ALCL or
peripheral T-cell lymphoma not specified otherwise.

Recently, micro-RNAs (miRNAs) have emerged as tiny but
potent molecules to regulate cell differentiation and proliferation.
They are noncoding RNAs (18-22 nt) that regulate the expression
of their target proteins through binding at the 3’-UTR regions by
translational inhibition (23, 24). Deregulated miRNAs have been
observed in many cancers, and both tumor suppressor (e.g., miR-
26a, miR-34a) (25,26) and oncogenic functions (e.g., miR-21, miR-
17-92 cluster, miR-155) (27-29) have been attributed to them.

To elucidate the potential role of miRNAs in the pathogenesis
of ALK* ALCL, we have used a number of model systems to
highlight a unique miRNA signature associated with this disease.
Furthermore, we have identified miRNAs that may act as mo-
lecular classifiers to distinguish ALK™ and ALK~ ALCL. Finally,
we demonstrate the role of miR-101 in the regulation of the
mTOR pathway in ALCL and provide evidence that this pathway
may be a therapeutical target.

Results

Determination of a Distinct Profile of Deregulated miRNAs in ALK*
ALCL. To determine a distinct profile of deregulated miRNAs in
ALK-driven ALCL, we purified RNA from three cell lines,
SUDHL-1, Karpas-299, and SR-786, as well as from a pool of
CD3™ T cells isolated from five healthy people, henceforth re-
ferred to as the T-cell pool. A differential miRNA array based on
locked nucleic acid (LNA) technology containing 636 human and
425 murine miRNA probes was used to test each of these cell lines
against the T-cell pool. A large set of 41 miRNAs was found to be
deregulated >2-fold in all three cell lines (Fig. 14). From these,
29 were down-regulated and 12 were up-regulated (Table S1).
Interestingly, 6 of 12 up-regulated miRNAs belong to the onco-
genic myc-regulated miR-17-92 cluster located on chromosome
13g31.3 (miR-17-1, miR-18a, and miR-20a) or its paralogue on

Author contributions: O.M. and L.K. designed research; O.M., F.H., D.L,, and E.S. performed
research; ZT., M.S., G.E,, M.RH,, CT., and A.S. contributed new reagents/analytic tools; F.H.,
D.L, S.D.T., R.G, and L.K. analyzed data; and O.M., S.D.T., and L.K. wrote the paper.

The authors declare no conflict of interest.
*This Direct Submission article had a prearranged editor.

"To whom correspondence may be addressed. E-mail: o.merkel@salk.at or lukas.kenner@
meduniwien.ac.at.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1009719107/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1009719107


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1009719107/-/DCSupplemental/pnas.201009719SI.pdf?targetid=nameddest=ST1
mailto:o.merkel@salk.at
mailto:lukas.kenner@meduniwien.ac.at
mailto:lukas.kenner@meduniwien.ac.at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1009719107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1009719107/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1009719107

L T

/

1\

=y

Fig. 1. Common deregulated miRNA in ALK* ALCL cell lines (A) and ALK*
and ALK~ cell lines and a murine ALCL model (B). (A) Analysis of differen-
tially expressed miRNAs identified in three human ALK* ALCL cell lines (SR-
786, Karpas-299, and SUDHL-1) reveals a common profile of 41 deregulated
miRNAs. (B) ALK~ human ALCL cell lines Mac2a and FE-PD share a common
set of 18 deregulated miRNAs shown here in comparison to the common
ALK* miRNA profile as well as the murine ALCL model.

chromosome Xq26.2 (miR-363, miR-106a, and miR-20b) (29)
(Table S1). Among the down-regulated miRNAs are negative
regulators of proteins implicated in ALK-driven oncogenesis,
including the Bcl2-like protein Mcll (miR-29b and miR-101) and
mTOR (miR-101). To corroborate the miRNA array data, we
performed quantitative PCR (qPCR) for miR-18a, miR-20b,
miR-26a, and miR-29c¢ in all three cell lines in comparison to the
T-cell pool. Up-regulation of miR-18a and miR-20b and down-
regulation of miR-26a and miR-29c were confirmed (Fig. S1).

Deregulation of miRNAs in Tumors Isolated from NPM-ALK Transgenic
Mice. To distinguish deregulated miRNAs that might be consid-
ered the consequence of driver rather than passenger mutations,
we set out to compare the miRNA expression profile of human
ALCL-derived cell lines with that from murine lymphomas iso-
lated from NPM-ALK transgenic mice (18). These mice express
NPM-ALK under the control of the CD4 enhancer and promoter
and develop T-cell lymphomas with a median survival of 18 wk
after birth (18). We compared the miRNA profile of murine NPM-
ALK-expressing lymphomas with that of spleen isolated from
healthy littermate controls. A set of 26 miRNAs was deregulated
more than 2-fold, with 8 miRNAs up-regulated and 18 down-
regulated. Nine of these deregulated murine miRNAs (>34%)
overlapped with those observed in the human ALCL-derived cell
lines (Fig. 1B and Table S1). In order of magnitude of differential
expression, these were miR-146a, miR-29¢c, miR-29b, miR-29a,
miR-22, miR-101, miR-150, miR-125b (all down-regulated), and
miR-20b (up-regulated) (Table S1, overlapping miRNAs indicated
in bold type). Thus, we have identified a common set of miRNAs
deregulated both in human cell lines and in the murine model,
suggesting that these miRNAs may play important roles in the
pathogenesis of ALK* ALCL.

Determination of a Distinct Profile of Deregulated miRNAs in ALK~
ALCL. In the most recent World Health Organization classifica-
tion system, ALK* and ALK~ ALCL are classified as two dis-
tinct disease entities with disparate properties, the most obvious
of which is the differential prognosis that is worse for ALK™
ALCL (30). We understand very little about the genetic factors
that contribute to ALK™ in comparison to ALK* ALCL. Hence,
we compared the miRNA expression profile of ALK* (SR-786,
SUDHL-1, and Karpas-299) and ALK~ (FE-PD and Mac2a)
ALCL cell lines. We found 42 deregulated miRNAs in the
Mac2a cell line and 47 in the FE-PD cell line. Of these, 18
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miRNAs were differentially expressed in both (Fig. 24 and Table
S2). Interestingly, 17 of 18 of the common ALK™ cell line miRNAs
were also members of the ALK™ cell line set, and 4 miRNAs were
common to the mouse tumors and ALK" and ALK~ cell lines
(miR-29a, miR-29c, miR-101, and miR-150; Fig. 1B). The con-
cordance (>94%) between the miRNAs in ALK~ and ALK* ALCL
suggests some similarities between the two disease entities. How-
ever, despite the striking overlap, we aimed at identifying miRNAs
that are differentially expressed depending on the ALK status in the
ALK™* (Karpas 299, SUDHL-1, and SR786) and ALK~ (Mac2a and
FE-PD) cell lines. Indeed, we identified 6 miRNAs (miR-17, miR-
20a, miR-20b, miR-93, miR-106a, and miR-886-3p) whose ex-
pression levels were consistently higher in the ALK™ cell lines as
compared with the ALK~ cell lines (Fig. 2B). The miRNA
deregulated most in this select set of miRNAs (and of all those in
the ALK™ cell lines) is miR-886-3p. It is up-regulated >15-fold in all
ALK™ cell lines, whereas it is not deregulated in the ALK™ cells.
Interestingly, the remaining 5 differential miRNAs (miR-17, miR-
20b, miR-20a, miR-93, and miR-106a) are members of the myc-
regulated miR-17-92 cluster on chromosome 13 or its paralogues
on chromosomes X (miR-106a-363) and 7 (miR-106b-25) (29), and
all except miR-93 demonstrate >80% sequence identity with an
identical 8-mer seed region (Fig. 2C). This suggests synergistic
regulation of common target proteins and is in agreement with
previously published findings demonstrating by immunohisto-
chemistry that myc is only expressed in ALK* ALCL and is absent
from ALK™ samples (15).

Deregulation of miRNAs in Primary Human Tumors. To confirm that
the data obtained from human ALCL cell lines is relevant to primary
patient cases, we examined the profile of deregulated miRNAs in 13
formalin-fixed paraffin-embedded (FFPE) patient biopsy speci-
mens. Down-regulated miRNAs (>2-fold in at least 80% of primary
samples) included miR-26a, miR-29a, miR-29b, miR-29¢, miR-30a,
miR-101, miR-142-3p, miR-142-5p, miR-145, miR-146a, miR-150,
miR-342-3p, and miR-451. Of these 13 miRNAs, 11 were likewise
deregulated in the ALK™ cell lines. The remaining 2 miRNAs were
found to be deregulated in the murine ALK™ ALCL model. An
overview comparing the different model systems including the
ALK™ FFPE specimens is given in Table S3.

However, the array screen did not detect differential de-
regulation of the six ALK-specific miRNAs identified in the cell
lines. We therefore performed qPCR for these six miRNAs on
RNA isolated from FFPE tissue specimens isolated from nine
patients diagnosed with ALK* ALCL and five patients diagnosed
with ALK~ ALCL (Fig. 2D) and compared the result with that of
pooled RNA from five nonpathological lymph nodes. The most
highly up-regulated miRNA in the human ALK* ALCL cell lines
was miR-886-3p. Accordingly, this miRNA was overexpressed in
primary ALCL tissues (3- to 13-fold) compared with the lymph
node pool. Furthermore, miR-886-3p was expressed at a level of
6.4 + 3.5 in comparison to 2.9 + 2.6 in ALK" and ALK™ patient
samples, respectively (P = 0.04). miR-20b was overexpressed >6-
fold in the ALK™ specimens, whereas it was not overexpressed
in the ALK~ samples. An approximately 2-fold significant up-
regulation of miR-106a, miR-17, and miR-20a was observed in the
ALK cohort compared with the ALK~ cohort (Fig. 2D). However,
differential expression of miR-93 was not significant. In the murine
ALCL system, miR-155 was down-regulated; however, the human
homologue of this miRNA was not represented on our miRNA
array. We therefore performed qPCR of the primary human tumor
specimens, which revealed a 13-fold higher expression of miR-155
in ALK tissues as compared with ALK™ (P = 0.007) (Fig. 2D).

Hence, we have not only identified a miRNA signature typical
for ALCL but miRNAs that are differentially expressed between
ALK™ and ALK~ ALCL entities. Whether those deregulated in
ALK" ALCL are a direct consequence of aberrant ALK ex-
pression remains to be shown.
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Fig. 2. Role of ALK status in miRNA expression of ALCL. (A) Venn diagram of differentially regulated miRNAs in two human ALK~ ALCL cell lines (Mac2a and
FE-PD). (B) In a k-means—based clustering using the miRNA array data, we identified six miRNAs that were differentially expressed in ALCL cell lines depending
on their ALK status. (C) Sequence alignment of the five miRNAs that are members of the miR17-92 cluster. (D) Using qPCR, we tested the expression (exp.) of
miR-886-3p, miR-20b, miR-106a, miR-17, miR-20a, and miR-155 in RNA extracted from primary tissue sections of 14 patients with ALCL (9 ALK* and 5 ALK™). As
reference tissue, we used RNA extracted from paraffin tissue specimens of nonpathological lymph nodes. Three replicate qPCR assays were performed for

each tested tumor specimen (mean value + SD).

Expression of miRNA-101 in Primary ALCL Samples. A miRNA that
was commonly down-regulated in both ALK* (>16-fold) and
ALK™ (>10-fold) ALCL cell lines as well as in the murine ALCL
model (>4-fold) was miR-101, which directly targets the mTOR
protein (31). Hyperactivation of mTOR has previously been
described in ALK* ALCL (7). We therefore studied the ex-
pression of miR-101 in nine primary cases of ALK* ALCL by
gPCR in comparison to lymph node tissue isolated from healthy
individuals. As expected, down-regulation in the range of 2- to
20-fold was observed in all patient samples (Fig. 3), suggesting
that a lack of miR-101 may play a role in the initiation and/or
maintenance of mTOR pathway activation in ALCL.

miR-101 Attenuates the Proliferation of ALCL Cell Lines. To establish
the role of the deregulated miRNAs in the pathogenesis of
ALCL, we sought to examine the effects of miRNA restoration
on tumor cell growth. We chose initially to examine the effects of
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restoration of miR-101, miR-29a, miR-26a, and let-7¢. The latter
was not deregulated in our ALCL model systems, and was
therefore used as a control. Overexpression of miR-101 in both
ALK"* ALCL cell lines (SR-786 and Karpas-299) using synthetic
oligonucleotides that mimic the mature miRNA molecule
(miRNA mimics) led to a 50% decrease (P < 0.01) in cell
number at 120 h as compared with cells expressing a non-
targeting control oligonucleotide (Fig. 44). The three other
miRNA mimics had no influence on cell proliferation. However,
when we tested the effect of miR-101 overexpression in the
ALK™ cell lines Mac2a and FE-PD, no significant reduction in
cell number was seen (Fig. 44). These data suggest that NPM-
ALK-driven cell proliferation is at least partially dependent on
miR-101 target protein(s). However, this remains to be formally
tested with the use of ALK inhibitors. To determine whether the
observed effects on cell growth were attributable to cell cycle
arrest and/or apoptosis, we stained cells with propidium iodide
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Fig. 3. Expression of miR-101 in primary ALK* ALCL tissue. Using qPCR, we
tested the expression of miR-101 in tumors isolated from nine different
patients. As reference tissue, we used paraffin tissue specimens of non-
pathological lymph node tissue and purified T cells from healthy donors.
Compared with the lymph node, control miR-101 was down-regulated in
primary ALCL tissue from 2- to 20-fold. Three replicate qPCR assays were
performed for each tested tumor specimen (mean value + SD).

and annexin-V/7-aminoactinomycin D (7-AAD) and analyzed
fluorescence by flow cytometry. A modest yet significant increase
in apoptosis and G1 arrest was observed in miR-101 as compared
with nontargeting control (NTC) transfected Karpas-299 and
SR-786 but not in the ALK~ ALCL cell lines (Fig. S2).

CCI-779 Reduces ALCL Tumor Growth in Murine Models. The rapa-
mycin analogue CCI-779 inhibits mTOR; as such, it would be
predicted to counteract the effects of miR-101 down-regulation
in ALCL. We observed an antiproliferative effect of CCI-779 on
both ALK* and ALK™ cell lines; however, the impact on the
ALK" ALCL cell lines was significantly stronger (P < 0.01;
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Fig. 4. miR-101 reintroduction and rapamycin analogue CCI-779 reduce
proliferation in ALCL cell lines. Two ALK* (SR-786 and K299) and two ALK~
(Mac2a and FE-PD) cell lines were transfected with miRNA mimics of miR-101
and a nontargeting control oligonucleotide (A) or supplemented with 1, 5,
and 10 nM CCI-779 (B) (@, SR-786; A, Karpas-299; O, Mac2a; /\, FE-PD). Cells
were counted after the times indicated. Three independent experiments
were performed.
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Fig. 4B), suggesting a higher dependence on an active mTOR
pathway in ALK™ cell lines. This may explain, at least in part, the
absent effect of miR-101 transfection of ALK™ cell lines. Be-
cause miR-101 has been shown to bind directly to the 3’-UTR of
mTOR (31), we next examined the phosphorylation status of the
mTOR downstream target 4EBP1 following miR-101 reintro-
duction in ALK™ as well as ALK cell lines. Phosphorylation of
the mTOR target was reduced by miR-101 in the SR-786 and
Mac2a cell lines. In the Karpas-299 and FE-PD cell lines, this
effect was less clear (Fig. S3). Moreover, we assessed the effect
of CCI-779 treatment in a murine ALCL xenograft model. SCID
mice were engrafted with the ALK* murine ALCL cell line
CD4-417 (n = 14) or CD4-4 (n = 16); 3 wk later, when tumors
were clearly visible, half of each cohort was treated with i.p.
administration of CCI-779 (1.5 mg-kg-d) or PBS. After 10 d, mice
were killed, tumors were excised, and the weight and size of the
tumors were assessed. In the relatively slow-growing CD4-4
tumors, we found a mean reduction of tumor weight following
CCI-779 treatment from 4.1 + 1.6 gto 2.8 + 0.7 g (P = 0.052),
and in the fast-growing CD4-417 tumors, the weight was reduced
from 10.4 + 1.7 g to 5.3 + 2.3 g (P < 0.001). Assessment of the
tumor volume gave comparable results, indicating a robust
negative effect of mTOR inhibition on ALK" ALCL tumor
growth (Fig. 5).

Discussion

We set out to determine whether deregulation of miRNAs is
a defining feature of ALCL and, furthermore, whether distinct
miRNA profiles can distinguish ALK~ from ALK" disease cate-
gories. We have analyzed the miRNA expression profile of three
ALK* and two ALK~ ALCL cell lines as well as that of tumor
tissues isolated from NPM-ALK transgenic mice and could confirm
the relevance of our findings in 14 primary ALCL tissue samples.
We defined a set of 14 miRNAs that are down-regulated in all
ALK* ALCL tissue specimens. Of these 14, 11 are also deregulated
in all three ALK" ALCL cell lines, suggesting a common ALK*
ALCL signature (Table S3). In addition, we could show that miR-
155 is more than 10-fold overexpressed in ALK~ ALCL as com-
pared with ALK* ALCL and, conversely, that three members of
the miR-17-92 cluster are significantly overexpressed in ALK*
ALCL, together constituting a four-miRNA classifier. Previous
studies have attempted to distinguish ALK and ALK~ ALCL at
the genetic level, with limited success. One study describes gains in
the chromosomal regions 1q and 6p21 as characteristic of ALK™
ALCL and gains in 17q24-qter and 17p as characteristic of ALK™
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Fig. 5. Treatment of murine NPM-ALK tumor xenografts with the rapamycin
analogue CCI-779 leads to reduced tumor growth. The murine tumor cell lines
NPMALK_4 and NPMALK_417 were established as tumors in 16 and 14 immu-
nodeficient mice, respectively. Half of the mice were treated with CCI-779 (1.5
mg-kg-d) or PBS as a control, and tumor size was monitored over 10 d. Data
represent the tumor size at the end of the treatment period. vol., volume.
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ALCL (32). Furthermore, several groups have demonstrated that
unsupervised clustering of gene expression profiles is not able to
separate ALK* from ALK~ ALCL (33-35). However, using su-
pervised analysis, genes were identified that are differentially
expressed, many of which are regulated by STAT3 (33-35). In the
study by Piva et al. (35), a five-gene classifier (ILIRAP, GAS1,PRF1,
IL2RA, and TMEM158) with a specificity and selectivity of more
than 95% separates ALK* from ALK~ ALCL. However, the genes
within this signature are not exclusively expressed in either of the
two disease entities, and besides the ALK gene, only IL/RAP rea-
ches statistical significance when mRNA expression levels of ALK*
and ALK cases are compared. Hence, our data demonstrate that
miRNA profiles may provide further genetic markers to distinguish
these disease subsets at the genetic level and may provide insight
into the processes driving tumorigenesis, particularly in the case of
ALK~ ALCL. miR-155 is overexpressed in many B-cell ymphomas,
has been described to be essential for immune function, and is
strongly induced in activated T and B cells (27, 36). Thus, high miR-
155 expression may link ALK~ ALCL to a deregulated immune
response and/or may reflect the presumed activated T-cell origin of
ALCL. Likewise, expression of the miR-17-92 cluster in ALK™"
ALCL may reflect the pathogenesis of this disease; miR-17-92 has
been associated with inhibition of apoptosis, promotion of pro-
liferation, and induction of tumor angiogenesis through repression
of its target proteins, including E2F1, and the tumor suppressors
PTEN and p21 (28, 37). Interestingly, a STAT3 binding site has been
identified in the promoter region of the miR-17-92 cluster (38).

We selected three miRNAs for functional testing based on their
described roles in apoptosis and cell proliferation; miR-101, miR-
29c, and miR-26a were down-regulated in human ALK and
ALK™ ALCL cell lines as well as in primary human tumor tissue.
Reintroduction of miR-101 but not miR-29¢ or miR-26a in ALK*
ALCL cell lines attenuated cell proliferation. Described and
validated targets for miR-101 include mTOR (31), the anti-
apoptotic protein Mcll (39), and the histone methyltransferase
EZH?2 (40, 41). In support of our data, Mcl1 and EZH2 have been
reported as overexpressed in ALK* ALCL as well as in ALK~
ALCL (8, 33, 42). Also, activity of the mTOR pathway is en-
hanced in ALK* ALCL but not in ALK~ ALCL (7, 8). When we
treated ALK* and ALK~ ALCL cell lines with the mTOR in-
hibitor CCI-779, we found that ALK~ cell lines were significantly
more resistant, suggesting reduced dependence on the mTOR
pathway in comparison with ALK* cells. Accordingly, forced
expression of miR-101 had no effect on the growth of the ALK™
ALCL cell lines, despite attenuation of mTOR signaling (Fig. S3).
To test the importance of the mTOR pathway to ALK-expressing
tumors in vivo, we used engrafted murine ALK™ ALCL tumors in
mice to demonstrate that inhibition of mTOR activity leads to
reduced tumor growth. These data suggest that mTOR inhibitors
may constitute a viable therapeutical strategy.

In conclusion, we have identified deregulated miRNAs specific
for ALCL and show that many of them target pathways that are
highly activated in this disease. Furthermore, we demonstrate
that members of the miR-17-92 cluster are more highly
expressed in ALK™ ALCL compared with ALK~ ALCL and,
conversely, that miR-155 is expressed to a higher level in ALK™
ALCL. These findings corroborate previous data suggesting that
ALK* ALCL and ALK~ ALCL are two distinct diseases entities
and open the path to future research elucidating the specific
roles of these miRNAs in the ALCL subtypes.

Materials and Methods

Cell Lines and Mice. The NPM-ALK* ALCL cell lines SUDHL-1, Karpas 299, and
SR786 and the NPM-ALK™ cell line MAC-2a were kindly provided by Gerald
Hoefler as a gift (Institute of Pathology, Graz, Austria). The ALK™ FE-PD cell
line was kindly provided by Annarosa del Mistro as a gift (Veneto Oncology
Institute, Padua, Italy). CD4/NPM-ALK transgenic mice (18) and cell lines
derived from these mice (CD4-417, CD4-4) were generously provided by
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Giorgio Inghirami as a gift (Department of Pathology and CeRMS, University
of Torino, Turin, Italy). Cells were cultured in RPMI medium 1640 containing
10% (vol/ivol) FCS and 2 mM L-glutamine (PAA Laboratories). Mice were
killed, thymic tumors were excised, and tissue was stored at —80 °C, as were
spleens isolated from healthy littermates. Tissue was homogenized in liquid
nitrogen, and RNA was extracted using the miRNeasy Mini Kit (Qiagen).

Primary ALCL Tissue Specimens. FFPE tumors (8 ALK* and 5 ALK™) were kindly
provided by the Institute of Clinical Pathology at the Medical University of
Vienna after receipt of informed patient consent and in accordance with the
declaration of Helsinki. miRNAs were isolated from 3- to 5-um-thick sections
using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s instruc-
tions. RNA from FFPE lymph nodes from nine healthy age-matched controls
was used as reference material.

miRNA Arrays. miRNA chips were produced by spotting the LNA-modified
miRCURY LNA miRNA Array ready-to-spot probe set no. 208010-A (Exiqon),
which consists of 2,056 capture probes designed to have a uniform temperature
of 72 °Cand covers all miRNAs of miRBase version 9.2 (http://www.mirbase.org/)
in eight replicates on Hisens epoxy-coated glass slides (Nexterion) using the
MicroGrid Il Microarrayer (Zinsser Analytic). Microarrays with immobilized LNA-
modified capture probes were hybridized for 16 h at 65 °C on a Slide Booster
(Advalytix) in hybridization buffer, followed by three washes in buffers of in-
creasing stringency according to the manufacturer’s instructions (Exigon). RNA
(~1 pg) was isolated from the respective cell lines/murine tumors and CD3*
peripheral T cells of seven healthy donors using the MiRNeasy kit (Qiagen). The
RNA was processed using a mercury LNA miRNA Array Power Labeling kit
(Exigon), which contains the fluorescent dyes Oyster656 and Oyster556. Arrays
were scanned with a GenePix Personal 4100A (Axon Instruments) and evaluated
with Genepix Personal 4100A and Acuity 4.0 software (both Molecular Devices).
Each miRNA has eight replicate spots on the array; in addition, a dye swap ex-
periment was performed.

miRNA Transfection. Cells (2.5 x 10°) were transfected with miRNA mimics
(miRNA-26a, miRNA-29¢, miRNA-101, or miRNA-let-7e; Qiagen) or negative
control oligonucleotides using Hiperfect reagent (Qiagen) according to the
manufacturer’s instructions. Transfection efficiency was validated by gPCR,
and overexpression of the respective miRNA in all cases was >25-fold.

miRNA ¢PCR. Total RNA was isolated using the miRNeasy Mini Kit. For each
miRNA, the specific reverse transcription and real-time PCR Assay Kit (Applied
Biosystems) was used following the manufacturer’s protocol. Real-time PCR was
performed using the 7500 Real-Time PCR system (Applied Biosystems); endog-
enous snRNU-48 and miR-92 were assessed in human samples, and SNO-202 was
assessed in murine specimens. miR-92 was chosen because it was not differen-
tially expressed in any of the samples tested.

Murine Experiments. A murine xenograft model was established by injecting
5 x 10 CD4-417 or CD4-4 cells into the right flank of BALB/c SCID mice aged
6 wk (43). On average, 3 wk after injection, when solid tumors of ~0.5 cm
were detectable, mice were treated daily for 9 d with i.p. administration of
1.5 mg/kg CCI-779 or sterile PBS. Control mice received i.p. injections with
sterile PBS. At day 10, mice were killed, tumors were excised, and the size and
weight of the tumors were determined. Xenograft studies and inhibitor
treatment were performed following approval by the local ethics committee.

Statistics. For in vitro tests, a two-tailed unpaired Student'’s t test was used if not
indicated otherwise. For miRNA array evaluation, the following criteria were
applied to identify differentially expressed miRNAs: (i) miRNA present in either
the control sample and/or in all experimental samples, (ii) the dye swap experi-
ment had to corroborate up- or down-regulation, (iii) a mean ratio of green-to-
red fluorescence intensity (including dye swap 16-features) of >2 or <0.5, and (iv)
significant deregulation with P < 0.01 using a two-tailed unpaired Student’s t test.
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