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Abstract: Extensive research has been carried out in the past two decades to study the
pathobiology of nucleophosmin-anaplastic lymphoma kinase (NPM-ALK], which is an oncogenic
fusion protein found exclusively in a specific type of T-cell lymphoid malignancy, namely ALK-
positive anaplastic large cell lymphoma. Results from these studies have provided highly useful
insights into the mechanisms by which a constitutively tyrosine kinase, such as NPM-ALK,
promotes tumorigenesis. Several previous publications have comprehensively summarized the
advances in this field. In this review, we provide readers with a brief update on specific areas

of NPM-ALK pathobiology. In the first part, the NPM-ALK/signal transducer and activator of
transcription 3 (STAT3) signaling axis is discussed, with an emphasis on the existence of multiple
biochemical defects that have been shown to amplify the oncogenic effects of this signaling

axis. Specifically, findings regarding JAK3, SHP1 and the stimulatory effects of several cytokines
including interleukin (IL)-9, IL-21 and IL-22 are summarized. New concepts stemming from
recent observations regarding the functional interactions among the NPM-ALK/STAT3 axis,
catenin and glycogen synthase kinase 3f will be postulated. Lastly, new mechanisms by which
the NPM-ALK/STAT3 axis promotes tumorigenesis, such as its modulations of Twist1, hypoxia-
induced factor 1a, CD274, will be described. In the second part, we summarize recent data
generated by mass spectrometry studies of NPM-ALK, and use MSH2 and heat shock proteins as
examples to illustrate the use of mass spectrometry data in stimulating new research in this field.
In the third part, the evolving field of microRNA in the context of NPM-ALK biology is discussed.
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NPM-ALK and ALK-positive anaplastic

large cell lymphoma

It has been 18 years since the identification and
initial characterization of the fusion protein
NPM-ALK, which is the result of a specific chro-
mosomal translocation that brings the nucle-
ophosmin (NPM) gene on chromosome 5q35 to
the anaplastic large cell lymphoma kinase (ALK)
gene on 2p23 [Morris et al. 1994; Shiota er al.
1994]. Since its discovery, the oncogenic role of
NPM-ALK has been established using a variety
of experimental models, and the mechanisms by
which NPM-ALK exerts its oncogenic effects
have been extensively investigated and summa-
rized [Amin and Lai, 2007; Chiarle er al. 2008;
Palmer et al. 2009; Inghirami and Pileri, 2011].
The role of ALK in several types of ALK-
expressing solid tumors as well as the therapeutic

use of ALK inhibitors in treating these cancers
also have been reviewed in a number of recent
papers [Azarova et al. 2011; Crystal and Shaw,
2011; Ogawa er al. 2011; Sasaki and Janne, 2011].
In this article, we intend to provide a brief update
on the pathobiology of NPM-ALK in the context
of ALK-positive anaplastic large cell lymphoma
(ALK+ALCL). Our focus will be on a number of
specific areas of NPM-ALK pathobiology our
laboratories have recently been studying, as well
as specific aspects of NPM-ALK signaling that
have not been reviewed in detail elsewhere.

The discovery and the initial characterization of
NPM-ALK have been detailed elsewhere [Amin
and Lai, 2007; Chiarle er al. 2008; Palmer et al.
2009; Inghirami and Pileri, 2011], and only the key
points relevant to this review will be highlighted
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Figure 1. ALK, anaplastic lymphoma kinase; NPM, nucleophosmin.

here. The t(2;5)(p23;935) chromosomal translo-
cation and the resulting fusion protein NPM-
ALK are found in the majority of ALK+ALCL,
which represents a small subset of T-cell non-
Hodgkin lymphoma recognized as a distinct patho-
logic entity in the World Health Organization
classification scheme [Delsol er al. 2008].
Structurally, NPM-ALK is composed of a short
portion of the N-terminus of NPM which con-
tains the oligomerization domain; this segment
is fused with the C-terminal tyrosine kinase
domain and intracellular tail of the ALK protein
[Morris et al. 1994] (Figure 1). The oligomeriza-
tion domain of NPM provides the biochemical
basis for the NPM-ALK proteins to undergo oli-
gomerization, which is a requirement for the
tyrosine auto-phosphorylation and constitutive
activation of NPM-ALK [Fujimoto ez al. 1996;
Iwahara ez al. 1997].

The expression of the full-length ALK, a cell-
surface receptor carrying a tyrosine kinase domain
in its cytoplasmic portion, is normally restricted
to the brain and nervous system [Iwahara ez al.
1997; Pulford er al. 1997]. Normal lymphocytes
do not express ALK. In ALK+ALCL cells, the
expression of NPM-ALK is driven by the pro-
moter of NPM which is ubiquitously expressed
[Wang er al. 1993]. As a consequence of this abnor-
mal gene fusion, the tyrosine kinase activity of
ALK is constitutively active, and exerting its bio-
logical effects in a ‘foreign’ cell type.

Studies investigating how NPM-ALK promotes
oncogenesis have turned out to be highly rewarding
in the field of cancer biology, and NPM-ALK has

proven to be an excellent study model for under-
standing how oncogenic tyrosine kinases work. As
summarized in the previous review papers, NPM-
ALK is known to promote tumorigenecity by bind-
ing to and constitutively activating a host of cellular
signaling proteins, including those in the signaling
pathways of signal transducer and activator of tran-
scription 3 (STAT3), MEK/ERK, mammalian target
of rapamycin (mTOR) and phosphoinositide 3 kinase
(PI3K)/Akt [Amin and Lai, 2007; Chiarle ez al. 2008;
Palmer er al. 2009; Inghirami and Pileri, 2011]. The
activation of these pathways results in increased cell
proliferation and resistance to apoptosis.

The NPM-ALK/STAT3 signaling axis

One of the better characterized pathways deregu-
lated by NPM-ALK is that of STAT3 (Figure 2).
It has been shown that NPM-ALK promotes the
tyrosine phosphorylation of STAT?3 on one of its
tyrosine residues, Y705, which is critical for the
dimerization and activation of STAT3 [Zamo
et al. 2002; Zhang et al. 2002]. Generally, acti-
vated STAT3 proteins migrate to the nucleus,
where they function as transcription factors in
the regulation of a large number of genes [Levy
and Darnell, 2002]. STAT?3 activation, as evi-
denced by the expression of phospho-STAT3
and the nuclear localization of the STAT3 protein
detectable by immunohistochemistry, is indeed a
marker consistently expressed by ALK+ALCL
tumors [Zamo et al. 2002; Zhang et al. 2002;
Khoury ez al. 2003]. Inhibition of STAT?3 using a
dominant negative construct was shown to induce
effective apoptosis and cell-cycle arrest in
ALK+ALCL cell lines [Amin ez al. 2004]. The
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Figure 2. ALK, anaplastic lymphoma kinase; IL, interleukin; NPM, nucleophosmin; STAT3, signal transducer

and activator of transcription 3.

importance of STAT3 in ALK+ALCL is further
highlighted by the study published by Chiarle
and colleagues, in which STAT3 was shown to
be required in the setting of NPM-ALK-induced
lymphomagensis [Chiarle ez al. 2005]. Constitutive
activation of STAT?3 is associated with the upreg-
ulation of many proteins associated with cell pro-
liferation and survival [Zamo ez al. 2002; Amin
et al. 2004; Chiarle et al. 2005; Piva et al. 2006,
2010; Anastasov et al. 2010; Zhang er al. 2011a],
and this appears to be true for other cancer cell
types in which STAT3 is constitutively active.

Additional studies of how STAT?3 promotes the
tumorigenesis of ALK+ALCL have revealed novel
insights. One example is the observation that
STAT?3 functionally interacts with DNA methyl-
transferases, and thereby promotes promoter
hypermethylation and gene silencing [Zhang ez al.
2005, 2011b]. One gene is SHPI1, which encodes
a tyrosine phosphatase that negatively regulates
the STAT?3 signaling pathway [Zhang er al. 2005;
Han er al. 2006a, 2006b; Honorat er al. 2006].
Previous studies have shown that SHP1 promoter
methylation and loss of SHP1 expression are
indeed frequently observed in ALK+ALCL cell
lines and tumors [Khoury ez al. 2004]. Functional
studies have supported that loss of SHPI is
pathogenetically important in ALK+ALCL, as
restoration of SHP1 by gene transfection inhib-
its the growth of these cells [Han er al. 2006a;
Hegazy et al. 2010]. Interestingly, restoration of

SHP1 not only dampens the level of STAT?3 acti-
vation, it also promotes proteosomal degradation
of NPM-ALK [Han et al. 2006a]. Thus, through
silencing SHP1 expression, the NPM-ALK/
STAT?3 signaling axis is sustained and enhanced.

Accumulating evidence supports that constitutive
activation of STAT3 in ALK+ALCL is multifac-
torial, a concept that was first brought forward by
Zhang and colleagues [Zhang ez al. 2002]. Further
support for this concept came when it was found
that JAK3, a tyrosine kinase that normally relays
cytokine stimulation to STAT3 activation, is con-
stitutively activated in ALK+ALCL cell lines and
tumors [Zamo er al. 2002; Amin ez al. 2003; Lai
et al. 2005]. In ALK+ALCL cells, JAK3 coimmu-
noprecipitates with NPM-ALK and STAT3, and
it appears to directly enhance the tyrosine phos-
phorylation/activation status of both proteins
[Amin ez al. 2003]. In this same study, small inter-
fering RNA (siRNA) knockdown or pharmaco-
logic inhibition of JAK3 resulted in significant
apoptosis in ALK+ALCL cells, supporting the
notion that JAK3 is biologically important in this
lymphoma.

Since the JAK proteins are normally activated via
cytokine stimulation, the finding of JAK3 activa-
tion in ALK+ALCL cells raises the possibility
that cytokine stimulation may contribute to the
activation status of NPM-ALK and STAT3, and
thus, the tumorigenecity of ALK+ALCL. JAK3 is
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activated by interleukins of the interleukin (IL)-2
common Y chain family (IL-2Ry), which includes
IL-2, 114, IL-7, IL-9, IL.15 and IL-21 [Witthuhn
et al. 1994;Yin et al. 1995; Asao et al. 2001; Habib
et al. 2002]. Our research team demonstrated that
ALK+ALCL cell lines produce both IL-9 and
IL-21 [Qiu et al. 2006; Dien Bard er al. 2009].
Moreover, we provided evidence that these two
cytokines promote tumorigenesis by activating
JAK3/STAT3 signaling via an autocrine stimula-
tory loop. In keeping with our conclusion that
IL-9 is important in the context of NPM-ALK-
driven lymphomagenesis, overexpression of
NPM-ALK in IL-9 transgenic mice was found to
induce lymphoma formation [Lange ez al. 2003].

Intriguingly, in a recently published study, it was
reported that STAT3 promotes the binding of DNA
methyltransferases to the IL-2Ry promoter so as to
repress the expression of IL-2Ry [Zhang et al. 2011D].
These findings certainly challenge the notion that
IL-9 and IL-21 autocrine stimulatory loops con-
tribute to the pathogenesis of ALK+ALCL, as the
signaling of these two cytokines is IL-2Ry depend-
ent [Kimura er al. 1995; Asao er al. 2001; Habib
et al. 2002]. While this discrepancy cannot be fully
explained without further experiments, one possi-
bility may be related to the use of different cell
clones of ALK+ALCL cell lines by different labo-
ratories. The finding by Zhang and colleagues that
stimulation with IL-2, IL-9 and IL-15 did not
stimulate STAT?3 even in ALK+ALCL cells trans-
fected with the IL-2Ry gene suggests that these cell
clones are intrinsically insensitive to these cytokines
[Zhang ez al. 2011b].

In addition to IL-9 and IL-21, our group found
that IL-22 also contributes to STAT?3 activation in
ALK+ALCL cells [Dien Bard ez al. 2008]. In con-
trast to the signaling of IL-9 and IL-21, IL-22
signaling is independent of IL-2Ry. Unlike the
receptors for IL-9 and IL-21, IL-22R1 (which is
one of the subunits of the IL-22 receptor) is absent
in normal lymphocytes [Wolk ez al. 2010]. Thus,
the expression of IL-22R1 on the cytoplasmic
membrane of ALK+ALCL cells is an aberrant
event. Results from i virro studies support that
IL-22 signaling contributes to the pathogenesis of
ALK+ALCL, as inhibition of the signaling of this
pathway using either IL-22 neutralizing antibodies
or naturally occurring IL-22 decoy receptors (e.g.
IL-22BP) decreased STAT?3 activation and signifi-
cantly inhibited cell growth and colony formation in
soft agar; opposite biological effects were observed
when recombinant IT-22 was added to ALK+ALCL

cells [Dien Bard er al. 2008]. Interestingly, we also
found that the aberrant expression of IL-22R1 is
directly attributed to NPM-ALK, as gene transfec-
tion of NPM-ALK ¢cDNA into Jurkat cells induced
IL-22R1 expression. Thus, NPM-ALK can convert
an ‘IL-22—unresponsive’ phenotype to an ‘IL.-22-
responsive’ phenotype. The functional relation-
ship among NPM-ALK, STAT3 and IL-22
signaling also illustrates an excellent example by
which NPM-ALK contributes to STAT?3 activa-
tion via an alternative pathway.

Most recently, our laboratories described yet
another mechanism by which STAT3 activation
can be enhanced in ALK+ALCL.We found that f3
catenin, a transcriptional factor and the down-
stream mediator of the Wnt canonical pathway, is
constitutively active in ALK+ALCL cells [Anand
et al. 2011]. Downregulation of  catenin using
siRNA resulted in a marked reduction in the
STAT3 levels and activated/phosphorylated
STAT?3. While NPM-ALK did not regulate the
protein level, nuclear localization or tyrosine phos-
phorylation of f catenin in ALK+ALCL cells, it
upregulated B-catenin transcriptional activity via a
yet-to-be defined mechanism. These observations
regarding the relationship between [ catenin and
NPM-ALK are in contrast with that between
catenin and BCR-ABL, an oncogenic tyrosine
kinase expressed in chronic myeloid leukemia. In
these cells, BCR-ABL contributes to the stabiliza-
tion of  catenin by increasing its tyrosine phospho-
rylation, nuclear translocation and transcriptional
activity [Coluccia ez al. 2007].

In normal cells, f catenin is inhibited by glycogen
synthase kinase 3 (GSK3), which phosphoryl-
ates [} catenin at multiple serine/threonine residues
and thereby promotes its proteosomal degradation
[Jope and Johnson, 2004]. GSK3 itself can be
inhibited by the PI3K/Akt and the Wnt canonical
pathways [Manoukian and Woodgett, 2002].
Specifically, inactivation of GSK3 is mediated via
the phosphorylation of its serine 9 residue. Upon
inactivation, its inhibitory effect on B catenin is
released, and P catenin is allowed to accumulate
and translocate to the nucleus, where it upregu-
lates the transcription of multiple genes that pro-
mote cell growth. In a recent report, it has been
shown that NPM-ALK promotes the phospho-
rylation of GSK3p on serine 9, likely through
PI3K/Akt signaling [McDonnell er al. 2011].
This study further demonstrated that inhibition
of GSK3p allowed its substrates, Mcll and
CDC25A, to accumulate in ALK+ALCL cells.
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Considering the role of active GSK3 in target-
ing B catenin for degradation, we believe that
these results correlate well with our findings
regarding the constitutive activation of f§ catenin
in ALK+ALCL cells.

It has been shown that STAT?3 activation contrib-
utes to the growth of ALK+ALCL cells by upregu-
lating a large number of genes promoting cell-cycle
progression and inhibiting apoptosis, and these
details have been summarized previously [Amin
and Lai, 2007; Chiarle ez al. 2008; Palmer et al.
2009; Inghirami and Pileri, 2011]. More recent
studies have revealed that the mechanisms by which
STAT3 mediates the oncogenic effects of NPM-
ALK are more diverse than originally thought. In
this regard, the interaction between STAT3 and
DNA methytransferases leads to gene silencing of
SHP1 as was discussed earlier. STAT3-mediated
epigenetic silencing is also responsible for the loss
of T-cell signaling molecules, including CD3eg,
ZAP70, LAT and SLP76, all of which are impor-
tant in determining T-cell identity and T-cell recep-
tor signaling [Ambrogio ez al. 2009]. A recent paper
has revealed that STAT?3 binds to the promoter of
hypoxia-induced factor 1o (HIF1a) and upregu-
lates HIFla expression in ALK+ALCL cells
[Marzec et al. 2011]. This finding suggests that
HIF1la could represent an important mechanism
by which STAT?3 exerts its oncogenic effects in
ALK+AILCL, as HIF1a is known to be involved in
tumor growth, angiogenesis, invasiveness, metasta-
sis and drug resistance in other types of malignancy
[Majmundar ez al. 2010; Rohwer and Cramer,
2011]. The same research group also reported that
STAT3 in ALK+ALCL upregulates the mRNA
and protein expression of CD274 (PD-L1,B7-H1),
which is a cell-surface protein implicated in immu-
nosuppression [Marzec er al. 2008]. To be dis-
cussed below, STAT3 has been shown to modulate
the expression of specific microRNAs (miRNAs)
in this type of lymphoma.

Our laboratories have recently published that
STAT?3 substantially upregulates Twistl, a protein
well known for its role in promoting epithelial mes-
enchymal transition and the metastatic potential of
solid tumors [Yang er al. 2004]. We found that
ALK+ALCL cell lines and tumors consistently
express a high level of Twistl; in contrast, normal T
cells do not have detectable Twistl. Results from
our in vitro invasion assays support that Twistl
contributes to the invasiveness of ALK+ALCL
cells, and this biological response correlated with
the activation of Akt and downregulation of p66Shc

[Zhang er al. 2012]. Importantly, the knockdown
of Twistl expression in ALK+ALCL results in
increased sensitivity to PF-2341066 (Crizotinib;
Pfizer, New York, NY)), which is a US Food and
Drug Administration approved ALK inhibitor.

Most recently, our group has found that the
NPM-ALK/STAT?3 signaling axis strongly upreg-
ulates the Sox-2 (sex-determining region Y-box-
2) transcription factor (Gelebart er al. 2012). The
significance of this finding is underlined by the
fact that the major function of Sox-2 in normal
cells is to promote self-renewal and pluripotency
of embryonic stem cells [Niwa er al. 2000; Chew
et al. 2005]. Furthermore, Sox-2 represents one
of the few transcription factors involved in the
reprogramming and conversion of terminally dif-
ferentiated fibroblasts into inducible pluripotent
stem cells [Park ez al. 2008; Okita and Yamanaka,
2010]. Using confocal microscopy, the expression
of the Sox-2 protein was detectable in virtually all
of the cells in the two ALK+ALCL cell lines tested.
However, the transcriptional activity of Sox-2
appears to be restricted to a relatively small subset
of cells. Importantly, the subset with active Sox-2
activity was more tumorigenic and invasive than
cells without Sox2 activity. While the biological
role of Sox-2 in ALK+ALCL still needs to be fur-
ther examined, Sox-2 represents the latest mem-
ber of downstream targets of the NPM-ALK/
STAT?3 axis.

Mass spectrometry studies: identifying

novel pathways that mediate
NPM-ALK-mediated tumorigenesis

Thus far, we have discussed the role of STAT?3 as
a key mediator for NPM-ALK-induced tumori-
genesis. However, to fully understand the patho-
biology of NPM-ALK, several laboratories
including ours have performed extensive mass
spectrometry studies to profile proteins that are
physically bound to NPM-ALK [Crockett et al.
2004; Galietta et al. 2007;Wu ez al. 2009]. Results
from these studies have proven to be highly useful
in unveiling novel oncogenic signaling functions of
NPM-ALK. One example is the identification of
MSH2 as an NPM-ALK-binding protein [Wu
eral. 2009]. MSH2 is a protein known to be pivotal
for DNA mismatch repair (MMR). Specifically,
MSH2 heterodimerizes with MSH6 (known as
MutSa) or MSH3 (as known as MutSp), to detect
single base mismatches and small insertion—dele-
tion loops [Li, 2008]. Once the MSH2 heterodi-
mers bind to the site of DNA error, a second

http://tah.sagepub.com
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MMR heterodimer consisting of MutL orthologs
is recruited (e.g. MLH1ePMS2), followed by the
recruitment of additional proteins that mediate
the removal of the erroneous DNA bases, using
the unaffected strand as a template to resynthe-
size the DNA [Li, 2008]. Cells lacking MSH?2 can
form neither MutSa nor MutSf, and are com-
pletely deficient in MMR function [Reitmair ez al.
1995; Andrew et al. 1998; Edelmann and
Edelmann, 2004]. Failure of MMR function, such
as in the loss of MSH2, results in a mutator phe-
notype and subsequent tumorigenesis [Reitmair
et al. 1995]. The importance of MMR function to
tumor suppression has been characterized most
extensively in Lynch syndrome, an early onset can-
cer syndrome affecting a heterogeneous group of
tissues (e.g. colon, endometrium, urothelium). In
addition, acquired inactivation of MMR contrib-
utes to a proportion of sporadic cancers [Coleman
and Tsongalis, 2001]. Pertinent to this review, the
congenital loss of MMR function through the
inheritance of two mutated copies of a gene encod-
ing a MMR protein, including MSH2, is associ-
ated with the development of lymphoid cancer
presenting in childhood [Felton ez al. 2007].

Based on this background, the finding that MSH2,
but not its normal binding partners, MSH3 and
MSHG6, binds to NPM-ALK led us to hypothesize
that NPM-ALK may interfere with MMR, by vir-
tue of sequestrating MSH2 away from MSH?3 and
MSHBG6. In support of this hypothesis, we found that
gene transfection of NPM-ALK cDNA into GP293
cells indeed significantly impaired MMR, as meas-
ured by 6-thioguanine sensitivity [Young et al.
2011]. Furthermore, site-directed mutagenesis of
tyrosine 191 on NPM-ALK, significantly disrupted
NPM-ALK*MSH?2 binding and partially restored
6-thioguanine sensitivity. Lastly, we also found that
NPM-ALK promoted tyrosine phosphorylation of
MSH2, which might be a critical step for its func-
tional interference of MSH2 and MMR function.
While further experiments are needed to under-
stand this phenomenon more completely, MSH2
represents a novel target of NPM-ALK, and inter-
ference of the MMR represents a novel oncogenic
function of this fusion protein. Interestingly, it has
been reported that another oncogenic tyrosine
kinase, BCR-ABL, can interfere with MMR
vitro [Stoklosa et al. 2008]. It is tempting to specu-
late that BCR-ABL may also interact with MSH2
in a similar manner as NPM-ALK.

Mass spectrometry data have also revealed an
interaction between NPM-ALK and various heat

shock proteins (Hsps) [Crockett et al. 2004;
Boccalatte ez al. 2009;Wu et al. 2009]. Most stud-
ies regarding Hsps in the context of NPM-ALK
pathobiology have been focused on Hsp90, which is
a molecular chaperone that plays a critical role in
helping proteins, termed clients, fold correctly. There
are a multitude of Hsp90 clients in cells and they
include protein kinases, transcription factors and
chromatin remodeling factors (reviewed by Taipale
and colleagues and Trepel and colleagues) [Taipale
et al. 2010;Trepel et al. 2010]. A number of tyrosine
kinases critical in oncogenesis including Bcr-Abl [An
et al. 2000], Her2/Neu [Citri er al. 2002], Flt3
[Minami er al. 2002] and Raf-1 [Stancato et al
1993] are known Hsp90 clients. Moreover, the inhi-
bition of Hsp90 with benzoquinone ansamycin
drugs, such as herbimycin A, geldanamycin and
related compounds such as 17-allylamino,17-dem-
ethoxygeldanamycin (17-AAG) impairs the activity
of these kinases [Okabe ez al. 1992; Stancato et al.
1993; Miller et al. 1994; Schulte er al. 1995;An ez al.
2000; Naoe et al. 2001; Citri ez al. 2002; Minami ez al.
2002]. These drugs bind the adenosine triphosphate
binding amino-terminus of Hsp90 and interfere with
client protein interaction, which ultimately results in
client protein degradation [Holzbeierlein ez al. 2010].
Several studies have implicated NPM-ALK as an
important Hsp90 client.

Treatment of ALK+ALCL cell lines with Hsp90
inhibitors resulted in decreased NPM-ALK
expression, and this is most likely due to the tar-
geting of this protein for proteasomal degradation
[Bonvini er al. 2002; Georgakis er al. 2006].
Previous work by Bonvini and colleagues demon-
strated that disruption of the interaction between
NPM-ALK and Hsp90, as a result of 17-AAG
treatment, correlated with an increase in the asso-
ciation of the Hsp70 chaperone protein with
NPM-ALK [Bonvini er al. 2004]. Hsp70 com-
plexes with the CHIP E3 ubiquitin ligase, and
Hsp70/CHIP complexes targeted NPM-ALK for
proteasomal degradation in 17-AAG-treated cells
[Bonvini ez al. 2004]. Furthermore, the treatment of
ALK+ALCL cell lines with 17-AAG results in cell
cycle arrest in G/G, and an increase in apoptosis
[Georgakis ez al. 2006]. It should be noted that the
biological effect of Hsp90 inhibition in ALK+ALCL
is likely not exclusively due to inhibition of NPM-
ALK, as Hsp90 has many client proteins. For
example, Hsp90 has also been shown to be impor-
tant for regulating the activity of matrix metallopro-
teinase 9 in ALK+ALCL and allowing these cells
to invade through matri-gel [Lagarrigue er al
2010]. Our group has also recently shown that the
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Hsp90 co-chaperone, cyclophilin 40, is regulated by
NPM-ALK signaling and promotes the viability of
ALK+ ALCL cell lines [Pearson ez al. 2012].

In view of the fact that NPM-ALK is a constitu-
tively active tyrosine kinase, identifying proteins
whose phosphorylation status is influenced by
NPM-ALK would be expected to provide insights
into the pathobiology of this oncoprotein. To that
end, mass spectrometry studies were performed
by several laboratories, including ours, focusing
on the phosphoproteomic changes induced by
NPM-ALK [Rush ez al. 2005; Boccalatte er al.
2009;Wu et al. 2010]. In order to optimize the sen-
sitivity and specificity of our assay, we employed an
approach combining sequential affinity purifica-
tion of phosphopeptides and liquid chromatogra-
phy-tandem mass spectrometry. We identified a
large number of phosphoproteins that were differ-
entially expressed in lysates of GP293 cells trans-
fected with NPM-ALK compared with GP293
cells transfected with a kinase-dead NPM-ALK
[Wu ez al. 2010]. Specifically, 506 phosphoproteins
(617 phosphopeptides and 767 phosphorylation
sites) were identified. Our method was designed to
purify all phosphopeptides, and thus, we were able
to detect a large number of serine/threonine phos-
phorylated proteins [Wu ez al. 2010].

Our phosphoproteomic studies have revealed sev-
eral other pathways that were not previously
known to be regulated by NPM-ALK. For
instance, we found evidence of tyrosine phospho-
rylation of multiple proteins in the tumor necrosis
factor (TNF) signaling pathway. Using western
blotting, we validated that the induction of the
tyrosine phosphorylation of several TNF pathway
signaling molecules by NPM-ALK, including
RIP, TRAP1 and FAF1 [Wu ez al. 2010]. In sup-
port of their functional importance in this type of
lymphoma, we knocked down the expression of
TRAPI1 using siRNA, and found that this treat-
ment significantly sensitized ALK+ALCL cell
lines to TRAIL- and doxorubicin-induced apopto-
sis. We also found that NPM-ALK induced the
phosphorylation of multiple proteins in the ubig-
uitin—proteasome degradation pathway, including
proteasome activator 28 subunit y (PSME3) [Wu
et al. 2010]. These findings echo results from a pre-
vious mass spectrometry study we performed, in
which we found that NPM-ALK associates with at
least six E3 ubiquitin ligases [Wu er al. 2009].

Interestingly, NPM-ALK itself showed evidence
of serine phosphorylation [Wang et al 2011].

Using tandem affinity purification mass spectrome-
try, we found evidence of phosphorylation of three
serine residues of NPM-ALK (serine 135, 164 and
497) when ectopically expressed in GP293 cells.
Phosphorylation of these residues is functionally
important, as site-directed mutagenesis of these
sites led to a significant reduction in the tumori-
genecity of NPM-ALK in this experimental
model. Thus, although the oncogenic activity of
NPM-ALK is dependent on its tyrosine autophos-
phorylation, phosphorylation of its serine resi-
dues appears to enhance tumorigenic potential.
While we have confirmed that NPM-ALK in
ALK+ALCL tumors is serine phosphorylated, it
remains to be determined whether NPM-ALK in
tumors is actually phosphorylated on the same
serine residues (i.e. serine 135, 164 and 497) as in
ALK+ALCL cell lines.

The regulation of miRNAs in ALK+ALCL
miRNAs are small (~20 nt) nonprotein-coding
RNAs that regulate diverse cellular functions.
These molecules bind the 3’ untranslated region
of mRNAs, usually resulting in either transla-
tional repression or degradation of the targeted
mRNA [Fabian ez al. 2010]. miRNAs are appre-
ciated to play an important role in many can-
cers [Kasinski and Slack, 2011], and this
includes ALK+ALCL. A recent study has even
demonstrated that NPM-ALK itself is targeted
by miRNA 96 [Vishwamitra er al. 2012]. In
addition, several studies have demonstrated
that NPM-ALK signaling represses or promotes
the expression of miRNAs that influence the
cellular phenotype and pathogenesis of ALK+
ALCL.

In a study by Desjobert and colleagues, the repres-
sion of miR-29a was found to be dependent on
NPM-ALK activity and STAT?3, and this repres-
sion is likely mediated by the epigenetic silencing
of miR-29a [Desjobert ez al. 2011].The importance
of miR-29a repression in ALK+ALCL was demon-
strated by experiments showing that ectopic expres-
sion of this miRNA in ALK+ ALCL cell lines
resulted in decreased protein levels of the antiapop-
totic protein, Mcl-1, a miR-29a target. Decreased
Mcl-1 expression correlated with an increased sen-
sitivity of cells to doxorubicin. This study also
showed that immunocompromised mice injected
with miR-29a-expressing Karpas 299 cells formed
smaller tumors that were more apoptotic than
tumors formed in mice injected with Karpas 299
cells expressing a control miRNA.
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Several other miRNAs are repressed by NPM-
ALK and STAT?3 signaling in ALK+ALCL. This
includes miR-21 and miR-219, which in this
lymphoma target DNA methyltransferase 1
[Zhang er al. 2011b] and the proliferation pro-
moting receptor ICOS [Zhang er al. 2011a],
respectively. Dejean and colleagues demonstrated
that miR-16 was significantly downregulated in
cells isolated from the lymph nodes of mice
expressing an inducible NPM-ALK or TPM3-
ALK transgene compared with cells isolated from
mice in which the transgene was not induced
[Dejean er al. 2011]. Surprisingly, however, this
group found that treatment of TPM3-ALK-
expressing mouse embryo fibroblasts with
Crizotinib did not increase miR-16 expression
and even slightly decreased miR-16 levels. This
raises the question as to whether this miRNA is
indeed regulated by NPM-ALK. Regardless, the
overexpression of miR-16 was found to decrease
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 [Dejean ez al. 2011].
Moreover, miR-16 injection in the tumors of
nude mice was also found to decrease tumor
growth i vivo [Dejean et al. 2011]. miR-101 was
also found to be downregulated in ALK+ALCL
cell lines, but whether this miRNA is regulated
by NPM-ALK signaling was not examined
[Merkel ez al. 2010]. The forced expression of
miR-101 in ALK+ALCL cell lines was found to
result in an increased number of cells arrested in
G1 as well as an increase in apoptosis. These phe-
notypes are likely a result of the downregulation
of the miR-101 targets, the serine/threonine
kinase mTOR and the prosurvival protein Mcl-1
[Merkel ez al. 2010].

NPM-ALK signaling also leads to the upregula-
tion of severalimportant miRNAsin ALK+ALCL.
For example, miR-135b was found to be highly
expressed in ALK+ALCL cell lines and patient
samples [Lawrie er al. 2008; Matsuyama ez al.
2011], and its expression was NPM-ALK and
STAT3 dependent [Matsuyama et al. 2011].
Matsuyama and colleagues further showed that
miR-135b targets the FOXO1 transcription fac-
tor in ALK+ALCL cell lines, which is critical as
FOXO1 can promote the expression of the cell
cycle inhibitors p21 and p27. Moreover, this
group showed that miR-135b is responsible for
IL-17 production in this lymphoma, conferring a
“Th17-like’ immunophenotype to tumor cells.

Future directions

Since the discovery of the NPM-ALK fusion pro-
tein in 1994, significant progress has been made
with respect to our understanding of the onco-
genic impact and properties of NPM-ALK.
Nevertheless, a number of questions remain to be
addressed. For instance, the functional impor-
tance of serine/threonine phosphorylation of
NPM-ALK needs to be further clarified. It is also
unclear as to whether the pathogenesis of pediatric
ALK+ALCL cases is similar to that involved in
adult cases. Lastly, as more cancer types are found
to possess other ALK translocations as well as
ALK mutations, it has yet to be fully established
whether we can extrapolate what we have learned
from the studies of NPM-ALK in ALK+ALCL to
these malignancies.
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