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1. ABSTRACT

Ourcurrentunderstanding of oncogenicAnaplastic
Lymphoma Kinase (ALK)-induced lymphomagenesis has
relied for over 20 years on multiple and complementary
studies performed on various experimental models,
encompassing ALK oncogene expressing cells, their
grafts into immune-compromised mice, the generation
of genetically engineered mouse models (GEMMs) and,
when available, the use of patient samples from Anaplastic
Large Cell Lymphoma (ALCL) tumour banks. Of note, and
to our knowledge, no ALK-positive ALCL 3D culture system
has been described so far. In this review, we will first outline
how these different cell and mouse models were designed,
and what key findings they revealed (or confirmed) towards
oncogenic ALK-induced lymphomagenesis. Secondly,
we will discuss how recent and revolutionary advances
in genetic engineering technology are likely to complete
our understanding of ALK-related diseases in an effort to
improve current therapeutic approaches.

2. INTRODUCTION

The discovery of the
encoding

t(2;5)(p23;935)
Nucleophosmin-Anaplastic  Lymphoma
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Kinase (NPM-ALK) some 20 years ago signalled the
start of considerable research efforts to determine
the mechanism(s) by which this aberrantly expressed
protein might induce lymphoma development (1). In
the intervening period, oncogenic forms of ALK have
been implicated in many further forms of cancer and
activated by a variety of mechanisms, some still to
be elucidated (2). Indeed, the common presence
of activated ALK/ALK fusion proteins in many
malignancies begs the question as to whether there
are common underlying mechanisms and/or tissue-
specific effects. In this regard the development of
model systems has been instrumental to our research
efforts as it has been to cancer research in general
although, as with most model systems there remain
many caveats particularly when considering the
tumour as a mini-organ with its own blood supply,
stroma and inflammatory milieu to name but a few
assets. In this review we will discuss our current
understanding on the biology of ALCL as gleaned from
model systems generated to mimic some aspects of
ALCL.



Models of NPM-ALK induced lymphomagenesis

3. CONFIRMATION OF THE ONCOGENIC
POTENTIAL OF NPM-ALK

3.1. In vitro studies

The first port of call for many studies into
mechanisms of oncogenesis commence with cell line
model systems, either those created from patient-
derived tumours or exogenously expressed oncogenes
in established cell lines. An extensive literature on in
vitro ALK-oncogene signalling has been carried out
using cell line models that were and still are useful for
the biochemical analysis of the classical and newly
proposed cancer hallmarks (2, 3). Initial studies sought
to confirm the oncogenic potential of the newly identified
NPM-ALK protein by expressing it in rat1a fibroblasts
and IL3-dependent BaF3 B-cells. In both cases features
of transformation were observed including anchorage-
independent growth, foci formation and in the latter
case independence from |IL3-mediated signalling (4, 5).
However, ALCL is a T-cell malignancy and therefore whilst
it had been shown that NPM-ALK was able to induce
some of the hallmarks of cancer in vitro, its relevance
to T-cell biology was lacking. In this regard, effects of
exogenous expression in the Jurkat T-cell leukaemia line
was investigated but given that this cell line is already
transformed, data were less informative and more
restricted to understanding the signalling pathways that
could be activated by NPM-ALK in a T-cell context (6).
More recently, NPM-ALK expressing cell lines have been
established from lentivirally transduced primary human
mature CD4" T-cells (7). These have been reported to
faithfully mimic key ALCL characteristics (increased cell
volume and biomarker expression (CD30, Ki-67) as well
as expression of immunosuppressive molecules (IL-10,
PD-L1, STAT3/mTORC1 signalling activation)) (7).
ALK oncogene mediated transformation of these cells
relies, at least in part, on the use of the pre-existing IL-2
dependent signalling pathway (8). Importantly, this study
demonstrates that the ALK oncogene is able to transform
the cell type that is considered its cell of origin, i.e.
normal T lymphocytes, thus providing the first cell system
allowing in vitro studies both on ALK oncogene-mediated
early mechanisms of lymphoma development and on
the effects of early (new and/or combined) therapeutic
interventions (9). However, all these cellular models
more or less have limitations: as just described, they do
not exactly recapitulate the T cell lineage characteristics
of ALK-positive ALCL (except in the latter case) which
also compromises their use for studying early stages of
lymphomagenesis and disease progression mechanisms.
In addition, all models remain in vitro experimental
tools which obviously do not recapitulate the impacts
of environmental factors known to influence tumour
development and response to therapy (tumour and
stromal cell interactions, immune system contribution,
angiogenesis etc.). Thus, over the years and as in many
others cancer studies (10), the mouse has emerged
as the model organism of choice to study ALK-induced

tumorigenesis including transgenic mouse models as
well as murine chimeras and xenotransplantation models
(human cell lines or patient material transplanted in most
cases sub-cutaneously into immune deficient mice).

3.2. In vivo studies

The generation of murine chimeras whereby
bone marrow is transduced to express the oncogene of
interest before transplantation into irradiated recipient
mice is often the first step towards providing evidence of in
vivo oncogenic potential. Indeed, the oncogenic potential
of NPM-ALK in vivo was first shown in such a system
whereby murine bone marrow cultures in the presence
of stem cell factor and IL6, were retrovirally transduced
to express NPM-ALK before implantation into irradiated
recipient mice (11). Perhaps not surprisingly (due to the
B-cell skew in culture conditions), these mice developed
B-lymphoid malignancies but nonetheless provided
the first in vivo evidence of the oncogenic potential of
NPM-ALK. Many other murine models have since been
generated confirming the in vivo oncogenic potential of
NPM-ALK and these are discussed further below.

4. DISSECTING NPM-ALK SIGNALLING
PATHWAYS

The large majority of studies have used a
combination of cell lines including patient-derived
established cell lines to examine the oncogenic effects
of NPM-ALK, in particular with a view to the signalling
pathways in which it is involved and/or activated (12)
(these have been reviewed extensively elsewhere and
will not be discussed here (2, 13)). The most highly cited
ALCL cell lines in use include Karpas-299, SUDHL-1,
SUP-M2, SR786 and DEL all available from tissue banks
and largely retrospectively identified as being ALK™ ALCL
(see Table 1) (14). However, these are generally isolated
from patients with advanced and/or aggressive disease
and together with serial propagation in vitro over many
years, the inherent (epi)genetics are less likely to mimic
those observed in the original tumour (15). For example,
the Karpas-299 cell line has a deletion of PTEN as well
as mutation of TP53 and it is not clear whether these
additional genetic changes were present in the original
tumour or gained through in vitro serial propagation (16).
Moreover, their culture within different media and serum
conditions, according to empirical use in any given
laboratory, are likely to induce many cellular drifts that
could potentially change their behaviour and response to
any given insult. Therefore, whilst these cell lines have
provided the workhouses for biochemical studies into
NPM-ALK activity, these data must be interpreted with
caution and backed-up in additional model systems.
In this regard, a number of murine models have been
utilised to assess the biochemical pathways driving
tumour growth in tumours arising de novo. In particular,
the roles of signalling proteins such as STAT3 and JNK
have been confirmed in murine models (17-19).
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Table 1. A non-exhaustive list of models used to investigate the biology of NPM-ALK induced lymphoma

SR-786, COST, PIO, L82, KI-KJ, JB6, TS (variant of
SUDHL-1 carrying a tet-inducible shRNA against ALK),
ALK™ : FEPD, Mac-1, Mac-2a, Mac-2B, JK

Model system Examples Key findings Refs
Cell lines engineered to BaF3, Rat1a, MEFs, NIH3T3, 32D, Jurkat, 293TRex Tet | Growth factor independence, (4-6, 37, 64-73)
express NPM-ALK ON, MEF Tet OFF anchorage-independent growth, foci
formation
Patient-derived cell lines ALK": Karpas-299, SUDHL-1, DEL, SUP-M2, Many NPM-ALK signalling pathways, (14, 69, 74-88)

NPM-ALK signalosome

Primary T-cells transformed
by NPM-ALK

Human peripheral blood derived CD4" T-cells

First evidence of NPM-ALK induced
transformation of mature human T-cells

(7. 8)

deficient mice, patient derived primary tumours

GEMMs CD4/NPM-ALK, VAV/NPM-ALK, CD2/NPM-ALK, LCK/ |Proof of the oncogenic potential of (17, 18, 23, 24, 29)
NPM-ALK, EuSRa-tTA/Tet-O-NPM-ALK NPM-ALK in the lymphoid compartment

Chimeras Retroviral transduction of murine bone marrow from Proof of the oncogenic potential of (11, 20, 21, 28)
wild-type, Cre or other transgenic lines with NPM-ALK | NPM-ALK in the lymphoid compartment
followed by implantation into irradiated recipients

Xenografts ALCL cell lines implanted sub-cutaneously into immune | Therapy and tumour heterogeneity (33, 35, 36, 38-40,

studies

43, 54, 89, 90)

immune deficient mice

implanted sub-cutaneously or intra-peritoneally into

NPM-ALK: Nucleophosmin-Anaplastic Lymphoma Kinase

5. ELUCIDATING MECHANISMS OF
TRANSFORMATIONANDTHECELLOFORIGIN

5.1. Role of murine chimeras

Since the initial study of Kuefer et al described
above (11), refinements of the chimeric system have
been made in an attempt to produce a murine mimic
of ALCL. In particular, tweaking of the system has
been partially successful in recapitulating ALCL in
vivo; transduction of IL9 transgenic mouse (which are
predisposed to thymic T-cell lymphomas) bone marrow
before implantation into recipient mice resulted in mice
developing some T-lymphoblastic lymphomas (T-LBL)
but also plasmacytomas and plasmablastic diffuse large
B-cell lymphomas (20); the multiplicity of infection (MOI)
has also been shown to impact on disease phenotype
with high levels (>5) resulting in the rapid development of
polyclonal histiocytic disease and low MOI (<0.005) in later
onset monoclonal B-lymphoid malignancies (21); use of
bone marrow from cre reporter transgenic mice such as
Lysozyme M-cre and Granzyme B-cre transduced with a
Lox-STOP-Lox-NPM-ALK encoding vector implanted into
recipient mice led to histiocytic malignancies and T-LBL/
histiocytic disease respectively (22). This latter system
has the potential to result in a murine mimic of ALCL
dependent on promoter driven-Cre usage and it remains
to be seen the effects of driving NPM-ALK expression
specifically in T-cells as has been carried out with limited
success for various transgenic mice (17, 18, 23, 24).
Regardless, the major caveat of using such a model
system is the requirement to generate new mice from
scratch for each experiment and hence the propensity for

inter-experiment variability although one might argue that
this might more closely resemble the heterogeneity of the
human patient population.

5.2. Role of transgenic mouse models

Whilst chimeric models have been informative in
proving the oncogenic potential of NPM-ALK in vivo they
have also divulged the promiscuity of NPM-ALK suggesting
that in order to develop a malignancy in mice resembling
human ALCL, that expression must be targeted to the
T-cell compartment. This is exemplified by findings in one
of the first described transgenic NPM-ALK expressing
mouse models whereby expression was targeted to the
haemopoietic compartment by driving expression from
the pan-haemopoietic vav promoter (18, 25). Utility of this
promoter essentially enabled lineage screening for that
preferentially transformed by NPM-ALK and in keeping
with the large majority of chimeric model systems, the
predominant phenotype was that of a B-cell lymphoma,
in particular plasmacytoma (18). However, even with use
of a T-cell specific promoter, namely the minimal CD4
promoter, plasmacytomas also developed in transgenic
mice suggesting either some promoter leakage or cell
fate decisions guided by NPM-ALK expression (17). This
was also apparent in NPM-ALK transgenic mice whereby
expression was directed by the T-cell specific CD2 promoter
yet mice developed B-lymphoid malignancies (24).
Regardless, the CD4/NPM-ALK transgenic line remains to
date the best transgenic model for use in future studies, in
particular the N16 line (which develops thymic lymphomas in
greater than 90% of mice) and emphasises the importance
of promoter choice when generating GEMMs (17).
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In all of these systems a true mimic of ALCL has
remained elusive suggesting that either NPM-ALK must
be expressed at a particular stage in T-cell ontogeny and/
or that other events shape the final cell surface phenotype.
In regard to the former, use of the T-cell specific Ick
proximal promoter also led to T-LBL development but
with a disease so aggressive that a transgenic line could
not be established again suggesting that expression at
early stages in T-cell ontogeny is not conducive to the
development of ALCL (23). Whereas in evidence of the
latter scenario, ALCL has been associated with infectious
agents varying from insect bites (ALK positive) to breast
implants (ALK negative) suggestive of the aetiology of this
disease and consistent with a mature T-cell origin (26, 27).
Therefore, future efforts might need to concentrate on
directing NPM-ALK expression to mature post-thymic
T-cells and examining the effects of T-cell stimulation
on lymphoma development. However, mice are not
men and what can happen in mice does not necessarily
correlate with what actually happens in humans although
mature peripheral T-cell lymphomas in mice expressing
NPM-ALK has been achieved following elimination of
clonal competition: Newrzela et al recently reported that
chimeric mice in which NPM-ALK is expressed in mature
T-cells isolated from the spleens and lymph nodes of the
T-cell receptor (TCR) transgenic mouse line OTI, before
implantation into recipient mice, developed mature
peripheral nodal T-cell lymphomas whereas mature
T-cells from wild-type mice (also expressing NPM-ALK)
or NPM-ALK expressing OTI T-cells co-transplanted
with polyclonal wild-type T-cells could not. These data
suggest that the polyclonal nature of wild-type T-cells is
not permissive for lymphoma development whereas the
OTI-derived T-cells expressing a clonal TCR (specifically
recognising ovalbumin peptides) are (28). These data
suggest that mature T-cells can be transformed by NPM-
ALK to develop a disease more closely mimicking ALCL
in keeping with the in vitro studies of Zhang et al (7).

Based on this literature, it clearly appears
that essentially all chimeric/transgenic mouse models
recapitulate only some features of human ALCL
malignancies and that none of them precisely mimic
the human disease. This statement could be explained
first by the fact that the human ALCL stem cell has not
yet been identified, thus making it difficult to identify the
specific stage of T-cell ontogeny to genetically manipulate
to reproduce ALCL; second the choice of promoter for
expressing the ALK oncogene has been problematic for
several research groups and has resulted in the diverse
B-cell or immature T-cell lymphomas, as described
above; third, ectopic expression of NPM-ALK does not
use the endogenous promoter, is initiated from randomly
integrated sites, and leaves intact both copies of each
translocation participating gene (the one encoding ALK
and the one encoding the dimerization partner). Thus, the
tumour level of expression of the fusion protein and the
heterozygosity of the translocation participating genes

are not reproduced. Finally, chimeric models also suffer
from intra-experimental variability and the requirement to
generate a new set of mice with each experiment. We
are now able to circumvent those caveats as explained
below.

6. INVESTIGATING NOVEL THERAPEUTIC
TARGETS AND FUTURE TREATMENT
STRATEGIES

6.1. Genetically Engineered Mouse Models
(GEMMSs)

Tumours addicted to defined oncogenic events
provide excellent model systems to investigate the
effects of inhibiting said activity towards the therapy of the
associated disease. Given the precedent set by Bcr-Abl
and Imatinib, it was obvious that therapies targeting NPM-
ALK might provide future therapeutic opportunities. A
variety of in vitro studies, inhibiting NPM-ALK expression
and activity through use of reagents as diverse as siRNA
to small molecule inhibitors, have proven this potential
and transgenic murine models have provided further
evidence (reviewed extensively elsewhere). In particular,
a transgenic model for ALK lymphomagenesis with
inducible gene expression provided proof of principle (29).
George Delsol’s group used the tetracycline system (Tet
OFF version) to conditionally express the ALK oncogene
in the hematopoietic lineage, using the Eu promoter
previously reported in other systems to give rise to
either B or T cell lymphoma (29-32). Not surprisingly, the
preferential transformation of B-cells was observed in
fitting with previous GEMMs as described above; tumours
were blocked at the pro-B/pre-B-1 stage of differentiation,
arising within a three-week latency but importantly were
reversible upon doxycycline administration (and hence
ALK silencing), thus confirming the role of the ALK
oncogene in tumour maintenance and supportive of the
use of ALK inhibitors as therapeutics (29).

Other studies have utilised GEMMs to illustrate
therapeutic strategies in principle. Of note, a study by
Chiarle et al showed that by back-crossing the CD4/
NPM-ALK line to STAT3 knockout mice that the tumour
incidence was severely reduced suggesting STAT3 as a
therapeutic target although these findings remain to be
translated to the clinic (19). Another noteworthy study
that has successfully translated to clinical application
from findings in murine models is the utility of PDGFR
inhibitors, specifically Imatinib (33). In this study a human
patient with ALCL refractory to existing available therapies
was successfully treated with Imatinib and remains in
complete clinical remission (personal communication
Prof. L Kenner and (34)). Refined GEMMs more closely
mimicking ALCL may provide useful in the future for
assessing the efficacy of ALK inhibitors and other novel
reagents. However, a number of xenograft systems
have also proven useful in this regard, mostly cell line
xenografts but increasingly PDX as well.
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6.2. Cell line xenografts

Engraftment of the different cell models
described above into immune-compromised mice were
and still are widely performed for two main purposes:
Demonstration of the oncogenic properties of the cell
models as well as the ease and rapidity of generation
of an in vivo model to test the efficiencies of ALK cancer
therapeutics. However, these model systems are limited
by the sub-cutaneous location of tumours as well as the
lack of a bona fide tumour microenvironment devoid of
any inflammatory component. Regardless, they have
been used extensively to examine the therapeutic
potential of small molecule inhibitors including not only
ALK inhibitors but also those affecting pathways activated
by NPM-ALK (35-40). Traditionally, a xenograft of just
one cell line representing the entire disease spectrum is
employed as proof of principle that the novel compound
will have therapeutic efficacy. However, it is well known
that many drugs fail early in clinical trials because of the
heterogeneity of the patient population. Hence, there has
been a gradual move towards PDX as a model system
although in the case of ALCL this is slightly hampered by
the relative rarity of this disease.

6.3. Patient-derived xenografts (PDX)

PDX are based on the “culturing”, maintenance
and propagation of tumours directly isolated from the
patient in immune-compromised mice. PDX models
present the notable advantage to both recapitulate
expression and genetic profiles of primary tumours as
well as to respond to known therapeutics in a similar
fashion to the primary tumour (41). The first reports of
PDX models of ALCL were reported in 1995 and 1999
by Marshall Kadin’s group (42, 43). Their studies showed
that ALCL PDX closely resemble the primary tumour in
histopathology and could be used to test the efficacy of
CD30 targeted immunotherapy (44). These initial studies
have been repeated to assess the efficacy of other
therapies for example ALK inhibitors and undoubtedly
more will follow (43, 45). However, we must point out
here that the latency period to develop tumours in PDX
can vary between 2 and 12 months and that the most
successful tumour engraftments originate classically
from high grade tumours at late stages of tumour
development, which is not ideal for studying early stages
of tumorigenesis. Thus, PDX models are good tools
for drug screening and preclinical studies, but less so
for basic cancer research. In addition they do not fully
recapitulate the patient tumour in that the mouse host
is immune-deficient and the tumours are often sub-
cutaneous rather than nodal as is the case for ALCL.

7. THE FUTURE OF ALCL MODEL SYSTEMS

7.1. Refinement of existing model systems
Whilst as a community we have made

considerable progress in understanding the role of NPM-

ALK and other ALK oncogenes towards the pathogenesis

of cancer there still remain many unanswered questions.
Of note, the natural progression of ALK-induced ALCL
has not been elucidated and the question remains as
to why in human patients we observe a peripheral T-cell
lymphoma that has proven difficult to model in vivo. There
are many possibilities, some more obvious than others
but at its very heart we have not yet developed a mouse
in which the exact genetic events are copied, in particular
with the generation of the t(2;5)(p23;g35) is not only the
gain of the NPM-ALK fusion gene but also a reduction of
ALK and NPM gene dosage to 1 copy. Given that ALK
appears to be a neural specific protein, this reduction in
gene dosage is not likely to have an effect on lymphoid
malignancies but given the ubiquitous expression and
function of NPM this may be of significance (46-48).
However, as a counter-argument, the presence of
a large variety of ALK fusion proteins suggests that
NPM heterozygosity is not of importance and this was
backed up in an in vitro study whereby the importance
of NPM was resigned to its ability to induce dimerization
and hence autophosphorylation of NPM-ALK (48). In
addition, a murine study in which NPM-ALK transgenic
mice were back-crossed onto an NPM heterozygous
background which did not result in any change in disease
latency supports this theory although one might argue
that the NPM-ALK GEMM of choice (CD2/NPM-ALK)
did not sufficiently mimic human ALCL (49, 50). Hence,
this remains to be explored further perhaps using model
systems as detailed below.

Equally compelling is our lack of knowledge as
to the true cell of origin for this malignancy and the events
that shape the presenting disease phenotype, i.e. mature
T-cells in some cases appearing of a cytotoxic phenotype
and in others a helper CD4-expressing T-cell, Treg, Th17
or ‘null’ cell (9, 51, 52). However, many of these features
that presume this array of T-cell subset phenotypes have
been attributed to NPM-ALK activity perhaps independent
of the cell of origin. For example, it has been shown that
NPM-ALK can induce cellular production of cytotoxic
proteins, IL17 and FoxP3 expression (51-53). Hence, it
is possible that the cell of origin is a common precursor
T-cell and in evidence a recent study has indicated that
ALCL cancer stem cells (CSC) may well have origins in
early thymic progenitors (54). If this is the case, then it is
clear, at least in mouse models that other events must
dictate the disease phenotype as expression of NPM-
ALK in immature T-cells in mice leads predominantly to
lymphoblastic lymphoma as discussed above, whereas
expression in mature T-cells in the absence of polyclonal
competition in vivo gives rise to peripheral T-cell
lymphoma (28).

7.2. New technologies

Despite significant progress, a true murine
mimic of ALCL, particularly a GEMM remains elusive but
as technologies evolve as does our understanding of this
disease, itis highly likely that model systems will improve to
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become more informative. Zinc-Finger Nucleases (ZFNs),
Transcription Activator-Like Effector Nucleases (TALENS)
and Clustered Regulatory Interspaced Short Palindromic
Repeats (CRISPR) / CRISPR-associated (Cas) systems
are currently redefining the boundaries of genome
engineering (55). ZFNs and TALENs are engineered
nucleases composed of sequence-specific DNA-binding
domains fused to a non-specific DNA cleavage module (56).
The DNA binding domain can be customized at will, thus
allowing the recognition and subsequent cleavage of any
DNA sequence. CRISPR/Cas are programmable RNA-
guided DNA endonucleases, that have multiplexed gene
disruption capabilities (57). The precise DNA double strand
breaks induced by either one of these three DNAnucleases,
then stimulate classical DNA repair mechanisms (NHEJ or
HDR) (58). Thus, programmable DNA breaks could create,
de novo, at the exact endogenous loci, a translocation-
associated oncogene. Most importantly, proof of principle
of this powerful technology (notably TALENS) in genome
editing has been reported for the de novo creation of the
NPM-ALK translocation in two different cell settings: Jurkat
T cells and RPE-1 cells (retinal pigment epithelial cells) (59).
Thus, it is tempting to speculate that de novo creation of
the NPM-ALK oncogene either in its natural target cell, in
human induced-pluripotent stem cells (iPS), or in mouse
blastocysts, hold the promise to lead to the generation
of the most accurate model for ALK-positive ALCL. It is
equally possible that other established technologies such
as the ‘translocator mouse’ system developed in the lab of
Terry Rabbitts might provide a source of GEMM mimics of
ALCL (60). Alternatively, other model systems might provide
better mimics of ALCL, for example zebrafish models are
more commonly in use for the study of tumorigenesis, more
recently models of T-LBL have been described (61).

8. CONCLUSIONS

We believe a new era for ALCL personalized
medicine is coming, taking advantage of both the
generation and use of PDX and GEMM models
(closely mimicking ALCL pathology) and their potential
enrolment in co-clinical trials (62) (as previously reported
for EML4-ALK NSCLC (63)). Indeed, this real-time
“GEMMs-to-human” transition allows the concurrent
integration of murine and human data, thereby allowing
better, personalized and timely clinical decisions to be
made (41). In the particular field of ALCL, like in other
types of cancers, this will considerably facilitate and
improve both drug development and patient health care
management. Thus, in the coming years, it is likely that
the use of ALCL mouse models will evolve from the
classical study of the oncogenic ALK lymphomagenesis
process to more clinically oriented applications.

9. ACKNOWLEDGEMENTS

We apologise to all those authors whose
work we have been unable to cite due to size

241

constraints and would like to thank Dr Cyril Broccardo
(CRCT, Inserm UMR1037), for helpful discussion. SG is
supported by funding from the French National Research
Agency-Young Researcher (ANR-JCJC). SDT is a
Leukaemia and Lymphoma Research Senior Lecturer.
The present review was concerted inside the European
Research Initiative of ALK-related malignancies (ERIA)
(http://www.erialcl.net).

10. REFERENCES

1. S. W. Morris, M. N. Kirstein, M. B. Valentine,
K. G. Dittmer, D. N. Shapiro, D. L. Saltman
and A. T. Look: Fusion of a kinase gene, ALK,
to a nucleolar protein gene, NPM, in non-
Hodgkin’s lymphoma. Science, 263(5151),
1281-4 (1994)

DOI: 10.1126/science.8122112

B. Hallberg and R. H. Palmer: Mechanistic
insight into ALK receptor tyrosine kinase
in human cancer biology. Nat Rev Cancer,
13(10), 685-700 (2013)
DOI: 10.1038/nrc3580

D. Hanahan and R. A. Weinberg: Hallmarks
of cancer: the next generation. Cell, 144(5),
646-74 (2011)

A. Wellmann, V. Doseeva, W. Butscher,
M. Raffeld, P. Fukushima, M. Stetler-
Stevenson and K. Gardner: The activated
anaplasticlymphoma kinase increases cellular
proliferation and oncogene up-regulation in
rat 1a fibroblasts. Faseb J, 11(12), 965-72
(1997)

R. Y. Bai, P. Dieter, C. Peschel, S. W. Morris
and J. Duyster: Nucleophosmin-anaplastic
lymphoma kinase of large-cell anaplastic
lymphoma is a constitutively active tyrosine
kinase that utilizes phospholipase C-gamma
to mediate its mitogenicity. Mol Cell Biol,
18(12), 6951-61 (1998)

C. Greenland, C. Touriol, G. Chevillard, S. W.
Morris, R. Bai, J. Duyster, G. Delsol and M.
Allouche: Expression of the oncogenic NPM-
ALK chimeric protein in human lymphoid
T-cells inhibits drug-induced, but not Fas-
induced apoptosis. Oncogene, 20(50), 7386-
97 (2001)

DOI: 10.1038/sj.onc.1204870

Q. Zhang, F. Wei, H. Y. Wang, X. Liu, D. Roy,
Q. B. Xiong, S. Jiang, A. Medvec, G. Danet-
Desnoyers, C. Watt, E. Tomczak, M. Kalos, J.
L. Riley and M. A. Wasik: The potent oncogene

© 1996-2015


http://dx.doi.org/10.1126/science.8122112
http://dx.doi.org/10.1038/nrc3580
http://dx.doi.org/10.1038/sj.onc.1204870

Models of NPM-ALK induced lymphomagenesis

10.

1.

12.

13.

14.

15.

NPM-ALK mediates malignant transformation
of normal human CD4(+) T lymphocytes. Am
J Pathol, 183(6), 1971-80 (2013)

DOI: 10.1016/j.ajpath.2013.08.030

M. Marzec, K. Halasa, X. Liu, H. Y. Wang, M.
Cheng, D. Baldwin, J. W. Tobias, S. J. Schuster,
A. Woetmann, Q. Zhang, S. D. Turner,
N. Odum and M. A. Wasik: Malignant
transformation of CD4+ T lymphocytes
mediated by oncogenic kinase NPM/ALK
recapitulates IL-2-induced cell signaling and
gene expression reprogramming. J Immunol,
191(12), 6200-7 (2013)

DOI: 10.4049/jimmunol.1300744

L. Krenacs, A. Wellmann, L. Sorbara, A. W.
Himmelmann, E. Bagdi, E. S. Jaffe and M.
Raffeld: Cytotoxic cell antigen expression in
anaplastic large cell lymphomas of T- and null-
cell type and Hodgkin’s disease: evidence for
distinct cellular origin. Blood, 89(3), 980-9 (1997)

W. T. Khaled and P. Liu: Cancer mouse
models: past, present and future. Semin Cell
Dev Biol, 27, 54-60 (2014)

DOI: 10.1016/j.semcdb.2014.04.003

M. U. Kuefer, A. T. Look, K. Pulford, F. G.
Behm, P. K. Pattengale, D. Y. Mason and S.
W. Morris: Retrovirus-mediated gene transfer
of NPM-ALK causes lymphoid malignancy in
mice. Blood, 90(8), 2901-10 (1997)

S. D. Turner and D. R. Alexander: Fusion
tyrosine kinase mediated signalling pathways
in the transformation of haematopoietic cells.
Leukemia, 20(4), 572-82 (2006)
DOI:2404125 [pii]10.1038/sj.leu.2404125

R. Chiarle, C. Voena, C. Ambrogio, R. Piva
and G. Inghirami: The anaplastic lymphoma
kinase in the pathogenesis of cancer. Nat Rev
Cancer, 8(1), 11-23 (2008)

DOI: nrc2291 [pii] 10.1038/nrc2291

W. G. Dirks, M. Zaborski, K. Jager, C. Challier,
M. Shiota, H. Quentmeier and H. G. Drexler:
The (2;5)(p23;g35) translocation in cell lines
derived from malignant lymphomas: absence
of t(2;5) in Hodgkin-analogous cell lines.
Leukemia, 10(1), 142-9 (1996)

A. Ertel, A. Verghese, S. W. Byers, M. Ochs
and A. Tozeren: Pathway-specific differences
between tumor cell lines and normal and
tumor tissue cells. Mol Cancer, 5(1), 55 (2006)
DOI: 10.1186/1476-4598-5-55
DOI: 10.1186/1476-4598-5-55

242

16.

17.

18.

19.

20.

21.

22.

F. Turturro, A. Y. Frist, M. D. Arnold, P. Seth and
K. Pulford: Biochemical differences between
SUDHL-1 and KARPAS 299 cells derived from
t(2;5)-positive anaplastic large cell lymphoma
are responsible for the different sensitivity
to the antiproliferative effect of p27(Kip1).
Oncogene, 20(33), 4466-75 (2001)

DOI: 10.1038/sj.onc.1204582

R. Chiarle, J. Z. Gong, |. Guasparri, A. Pesci,
J. Cai, J. Liu, W. J. Simmons, G. Dhall, J.
Howes, R. Piva and G. Inghirami: NPM-ALK
transgenic mice spontaneously develop T-cell
lymphomas and plasma cell tumors. Blood,
101(5), 1919-27 (2003)

DOI: 10.1182/blood-2002-05-1343

S. D. Turner, R. Tooze, K. Maclennan and D. R.
Alexander: Vav-promoter regulated oncogenic
fusion protein NPM-ALK in transgenic mice
causes B-cell ymphomas with hyperactive Jun
kinase. Oncogene, 22(49), 7750-61 (2003)
DOI: 10.1038/sj.0nc.1207048

R. Chiarle, W. J. Simmons, H. Cai, G. Dhall,
A. Zamo, R. Raz, J. G. Karras, D. E. Levy
and G. Inghirami: Stat3 is required for ALK-
mediated lymphomagenesis and provides a
possible therapeutic target. Nat Med, 11(6),
623-9 (2005)

DOI: nm1249 [pii] 10.1038/nm1249

K. Lange, W. Uckert, T. Blankenstein,
R. Nadrowitz, C. Bittner, J. C. Renauld,
J. van Snick, A. C. Feller and H. Merz:
Overexpression of NPM-ALK induces
different types of malignant lymphomas in
IL-9 transgenic mice. Oncogene, 22(4), 517-
27 (2003)

DOI: 10.1038/sj.0nc.1206076

C. Miething, R. Grundler, F. Fend, J. Hoepfl,
C. Mugler, C. von Schilling, S. W. Morris, C.
Peschel and J. Duyster: The oncogenic fusion
protein nucleophosmin-anaplastic lymphoma
kinase (NPM-ALK) induces two distinct
malignant phenotypes in a murine retroviral
transplantation model. Oncogene, 22(30),
4642-7 (2003)

DOI: 10.1038/sj.onc.1206575

R. G. C. Miething, C. Mugler, C. Peschel
and J. Duyster: A new method of retroviral
lineage specific expression utilizing the Cre/
Lox system induces T-lymphoid malignancy
in a mouse model of ALCL. Blood, 104, 248
(2005)

© 1996-2015


http://dx.doi.org/10.1016/j.ajpath.2013.08.030
http://dx.doi.org/10.4049/jimmunol.1300744
http://dx.doi.org/10.1016/j.semcdb.2014.04.003
http://dx.doi.org/10.1186/1476-4598-5-55
http://dx.doi.org/10.1038/sj.onc.1204582
http://dx.doi.org/10.1182/blood-2002-05-1343
http://dx.doi.org/10.1038/sj.onc.1207048
http://dx.doi.org/10.1038/sj.onc.1206076
http://dx.doi.org/10.1038/sj.onc.1206575

Models of NPM-ALK induced lymphomagenesis

23.

24.

25.

26.

27.

28.

20.

30.

31.

R. Jager, J. Hahne, A. Jacob, A. Egert,
J. Schenkel, N. Wernert, H. Schorle and
A. Wellmann: Mice transgenic for NPM-ALK
develop non-Hodgkin lymphomas. Anticancer
Res, 25(5), 3191-6 (2005)

S. D. Turner, H. Merz, D. Yeung and
D. R. Alexander: CD2 promoter regulated
nucleophosmin-anaplastic lymphoma kinase in
transgenic mice causes B lymphoid malignancy.
Anticancer Res, 26(5A), 3275-9 (2006)

S. Ogilvy, D. Metcalf, L. Gibson, M. L. Bath,
A. W. Harris and J. M. Adams: Promoter
elements of vav drive transgene expression
in vivo throughout the hematopoietic
compartment. Blood, 94(6), 1855-63 (1999)

L. Lamant, S. Pileri, E. Sabattini, L. Brugieres,
E. S. Jaffe and G. Delsol: Cutaneous
presentation of ALK-positive anaplastic
large cell lymphoma following insect bites:
evidence for an association in five cases.
Haematologica, 95(3), 449-55 (2010)

DOI: 10.3324/haematol.2009.015024

D. de Jong, W. L. Vasmel, J. P. de Boer, G.
Verhave, E. Barbe, M. K. Casparie and F. E.
van Leeuwen: Anaplastic large-cell lymphoma
in women with breast implants. JAMA,
300(17), 2030-5 (2008)

DOI: 10.1001/jama.2008.585

S. Newrzela, N. Al-Ghaili, T. Heinrich, M.
Petkova, S. Hartmann, B. Rengstl, A. Kumar, H.
M. Jack, S. Gerdes, |. Roeder, M. L. Hansmann
and D. von Laer: T-cell receptor diversity
prevents T-cell lymphoma development.
Leukemia, 26(12), 2499-507 (2012)

DOI: 10.1038/leu.2012.142

S. Giuriato, M. Foisseau, E. Dejean, D. W.
Felsher, T. Al Saati, C. Demur, A. Ragab,
A. Kruczynski, C. Schiff, G. Delsol and F.
Meggetto: Conditional TPM3-ALK and NPM-
ALK transgenic mice develop reversible ALK-
positive early B-cell lymphomal/leukemia.
Blood, 115(20), 4061-70 (2010)
DOI:  blood-2008-06-163386
blood-2008-06-163386

J. M. Adams and S. Cory: Transgenic models
for haemopoietic malignancies. Biochim
Biophys Acta, 1072(1), 9-31 (1991)

J. M. Adams, A. W. Harris, D. L. Vaux, W.
S. Alexander, H. Rosenbaum, S. P. Klinken,
A. Strasser, M. L. Bath, J. McNeall and

[pii]10.1182/

243

32.

33.

34.

35.

36.

37.

38.

S. Cory: The transgenic window on lymphoid
malignancy. Princess Takamatsu Symp, 20,
297-309 (1989)

D. W. Felsher and J. M. Bishop: Reversible
tumorigenesis by MYC in hematopoietic
lineages. Mol Cell, 4(2), 199-207 (1999)
DOI: 10.1016/S1097-2765(00)80367-6

D. Laimer, Dolznig, H., Kollmann, K., Vesely,
P.W., Schlederer, M., Merkel, O., Schiefer,
A., Hassler, M.R., Heider, S., Amenitsch, L.,
Thallinger, C., Staber, P.B., Simonitsch-Klupp,
l., Artaker, M., Lagger, S., Turner, S.D., Pileri,
S., Piccaluga, P.P., Valent, P., Messana, K.,
Landra, I., Weichhart, T., Knapp, S., Shehata,
M., Todaro, M., Sexl, V., Hofler, G., Piva, R.,
Medico, E., Riggeri, B.A., Cheng, M., Eferl,
R., Egger, G., Penninger, J.M., Jaeger, U.,
Moriggl, R., Inghirami, G. and Kenner, L. :
Identification of PDGFR blockade as a rational
and highly effective therapy for NPM-ALK
driven lymphomas. Nature Medicine (2012)
DOI: 10.1038/nm.2966

S. D. Turner: Inimitable Imatinib: the range of
targeted tumours expands to include T-cell
lymphoma. Leukemia, 27(4), 759 (2013)

DOI: 10.1038/leu.2012.304

J. G. Christensen, H. Y. Zou, M. E. Arango,
Q. Li, J. H. Lee, S. R. McDonnell, S.
Yamazaki, G. R. Alton, B. Mroczkowski and
G. Los: Cytoreductive antitumor activity of
PF-2341066, a novel inhibitor of anaplastic
lymphoma kinase and c-Met, in experimental
models of anaplastic large-cell lymphoma.
Mol Cancer Ther, 6(12 Pt 1), 3314-22 (2007)
DOI: 6/12/3314[pii]10.1158/1535-7163.
MCT-07-0365

S. K. George, D. Vishwamitra, R. Manshouri,
P. Shi and H. M. Amin: The ALK inhibitor
ASP3026 eradicates NPM-ALK(+) T-cell
anaplastic large-cell lymphoma in vitro and
in a systemic xenograft lymphoma model.
Oncotarget (2014)

Q. Zhang, P. N. Raghunath, L. Xue, M.
Majewski, D. F. Carpentieri, N. Odum, S.
Morris, T. Skorski and M. A. Wasik: Multilevel
dysregulation of STAT3 activation in
anaplastic lymphoma kinase-positive T/null-
cell lymphoma. J Immunol, 168(1), 466-74
(2002)

DOI: 10.4049/jimmunol.168.1.466

M. Nieborowska-Skorska, A. Slupianek, L.

© 1996-2015


http://dx.doi.org/10.3324/haematol.2009.015024
http://dx.doi.org/10.1001/jama.2008.585
http://dx.doi.org/10.1038/leu.2012.142
http://dx.doi.org/10.1016/S1097-2765%2800%2980367-6
http://dx.doi.org/10.1038/nm.2966
http://dx.doi.org/10.1038/leu.2012.304
http://dx.doi.org/10.4049/jimmunol.168.1.466

Models of NPM-ALK induced lymphomagenesis

39.

40.

41.

42.

43.

44.

45.

Xue, Q. Zhang, P. N. Raghunath, G. Hoser, M.
A. Wasik, S. W. Morris and T. Skorski: Role of
signal transducer and activator of transcription
5 in nucleophosmin/ anaplastic lymphoma
kinase-mediated malignant transformation of
lymphoid cells. Cancer Res, 61(17), 6517-23
(2001)

A. Slupianek, M. Nieborowska-Skorska, G.
Hoser, A. Morrione, M. Majewski, L. Xue,
S. W. Morris, M. A. Wasik and T. Skorski: Role
of phosphatidylinositol 3-kinase-Akt pathway
in  nucleophosmin/anaplastic  lymphoma
kinase-mediated lymphomagenesis. Cancer
Res, 61(5), 2194-9 (2001)

A. M. Coluccia, S. Perego, L. Cleris, R. H.
Gunby, L. Passoni, E. Marchesi, F. Formelli
and C. Gambacorti-Passerini: Bcl-XL down-
regulation suppresses the tumorigenic
potential of NPM/ALK in vitro and in vivo.
Blood, 103(7), 2787-94 (2004)

DOI: 10.1182/blood-2003-09-3144

P. Malaney, S. V. Nicosia and V. Dave: One
mouse, one patient paradigm: New avatars
of personalized cancer therapy. Cancer Lett,
344(1), 1-12 (2014)

DOI: 10.1016/j.canlet.2013.10.010

L. Pasqualucci, M. Wasik, B. A. Teicher,
L. Flenghi, A. Bolognesi, F. Stirpe, L.
Polito, B. Falini and M. E. Kadin: Antitumor
activity of anti-CD30 immunotoxin (Ber-H2/
saporin) in vitro and in severe combined
immunodeficiency disease mice xenografted
with human CD30+ anaplastic large-cell
lymphoma. Blood, 85(8), 2139-46 (1995)

W. Pfeifer, E. Levi, T. Petrogiannis-Haliotis, L.
Lehmann, Z. Wang and M. E. Kadin: A murine
xenograft model for human CD30+ anaplastic
large cell lymphoma. Successful growth
inhibition with an anti-CD30 antibody (HeFi-
1). Am J Pathol, 155(4), 1353-9 (1999)

DOI: 10.1016/S0002-9440(10)65237-6

K. V. Foyil and N. L. Bartlett: Brentuximab
vedotin and crizotinib in anaplastic large-cell
lymphoma. Cancer J, 18(5), 450-6 (2012)
DOI: 10.1097/PP0O.0b013e31826aef4a

M. Cheng, M. R. Quail, D. E. Gingrich, G. R.
Ott, L. Lu, W. Wan, M. S. Albom, T. S. Angeles,
L. D. Aimone, F. Cristofani, R. Machiorlatti, C.
Abele, M. A. Ator, B. D. Dorsey, G. Inghirami
and B. A. Ruggeri: CEP-28122, a highly
potent and selective orally active inhibitor of

244

46.

47.

48.

49.

50.

51.

52.

53.

anaplastic lymphoma kinase with antitumor
activity in experimental models of human
cancers. Mol Cancer Ther, 11(3), 670-9 (2012)
DOI: 10.1158/1535-7163.MCT-11-0776

K. Pulford, L. Lamant, E. Espinos, Q. Jiang,
L. Xue, F. Turturro, G. Delsol and S. W. Morris:
The emerging normal and disease-related
roles of anaplastic lymphoma kinase. Cell Mol
Life Sci, 61(23), 2939-53 (2004)

DOI: 10.1007/s00018-004-4275-9

T. lwahara, J. Fujimoto, D. Wen, R. Cupples,
N. Bucay, T. Arakawa, S. Mori, B. Ratzkin and
T. Yamamoto: Molecular characterization of
ALK, a receptor tyrosine kinase expressed
specifically in the nervous system. Oncogene,
14(4), 439-49 (1997)

DOI: 10.1038/sj.onc.1200849

D. Bischof, K. Pulford, D. Y. Mason and
S. W. Morris: Role of the nucleophosmin (NPM)
portion of the non-Hodgkin’s lymphoma-
associated NPM-anaplastic lymphoma kinase
fusion protein in oncogenesis. Mol Cell Biol,
17(4), 2312-25 (1997)

F. K. McDuff, C. E. Hook, R. M. Tooze,
B. J. Huntlyy, P. P. Pandolfi and S. D.
Turner: Determining the contribution of
NPM1 heterozygosity to NPM-ALK-induced
lymphomagenesis. Lab Invest, 91(9), 1298-
303 (2011)

DOI: 10.1038/labinvest.2011.96

J. Duyster, R. Y. Bai and S. W. Morris:
Translocations involving anaplastic lymphoma
kinase (ALK). Oncogene, 20(40), 5623-37
(2001)

DOI: 10.1038/sj.onc.1204594

M. Kasprzycka, M. Marzec, X. Liu, Q. Zhang
and M. A. Wasik: Nucleophosmin/anaplastic
lymphoma kinase (NPM/ALK) oncoprotein
induces the T regulatory cell phenotype by
activating STAT3. Proc Natl Acad Sci U S A,
103(26), 9964-9 (2006)

H. Matsuyama, H. I. Suzuki, H. Nishimori,
M. Noguchi, T. Yao, N. Komatsu, H. Mano,
K. Sugimoto and K. Miyazono: miR-135b
mediates NPM-ALK-driven oncogenicity and
renders IL-17-producing immunophenotype
to anaplastic large cell lymphoma. Blood,
118(26), 6881-92 (2011)

J. D. Pearson, J. Lee, J. T. Bacani, R. Lai
and R. J. Ingham: NPM-ALK and the JunB

© 1996-2015


http://dx.doi.org/10.1182/blood-2003-09-3144
http://dx.doi.org/10.1016/j.canlet.2013.10.010
http://dx.doi.org/10.1016/S0002-9440%2810%2965237-6
http://dx.doi.org/10.1097/PPO.0b013e31826aef4a
http://dx.doi.org/10.1158/1535-7163.MCT-11-0776
http://dx.doi.org/10.1007/s00018-004-4275-9
http://dx.doi.org/10.1038/sj.onc.1200849
http://dx.doi.org/10.1038/labinvest.2011.96
http://dx.doi.org/10.1038/sj.onc.1204594

Models of NPM-ALK induced lymphomagenesis

54.

55.

56.

57.

58.

59.

60.

61.

transcription factor regulate the expression
of cytotoxic molecules in ALK-positive,
anaplastic large cell lymphoma. Int J Clin Exp
Pathol, 4(2), 124-33 (2011)

N. Moti, T. Malcolm, R. Hamoudi, S. Mian,
G. Garland, C. E. Hook, G. A. Burke, M. A.
Wasik, O. Merkel, L. Kenner, E. Laurenti, J.
E. Dick and S. D. Turner: Anaplastic large cell
lymphoma-propagating cells are detectable
by side population analysis and possess an
expression profile reflective of a primitive
origin. Oncogene (2014)

T. Gaj, C. A. Gersbach and C. F. Barbas,
3rd: ZFN, TALEN, and CRISPR/Cas-based
methods for genome engineering. Trends
Biotechnol, 31(7), 397-405 (2013)

F. D. Umnov, E. J. Rebar, M. C. Holmes,
H. S. Zhang and P. D. Gregory: Genome
editing with engineered zinc finger nucleases.
Nat Rev Genet, 11(9), 636-46 (2010)

L. Cong, F.A. Ran, D. Cox, S. Lin, R. Barretto,
N. Habib, P. D. Hsu, X. Wu, W. Jiang, L. A.
Marraffini and F. Zhang: Multiplex genome
engineering using CRISPR/Cas systems.
Science, 339(6121), 819-23 (2013

C. Wyman and R. Kanaar: DNA double-strand
break repair: all's well that ends well. Annu
Rev Genet, 40, 363-83 (2006)

M. Piganeau, H. Ghezraoui, A. De Cian,
L. Guittat, M. Tomishima, L. Perrouault, O.
Rene, G. E. Katibah, L. Zhang, M. C. Holmes,
Y. Doyon, J. P. Concordet, C. Giovannangeli,
M. Jasin and E. Brunet: Cancer translocations
in human cells induced by zinc finger and
TALE nucleases. Genome Res, 23(7), 1182-
93 (2013)

T. H. Rabbitts, A. Appert, G. Chung, E. C.
Collins, L. Drynan, A. Forster, M. N. Lobato,
M. P. McCormack, R. Pannell, A. Spandidos,
M. R. Stocks, T. Tanaka and E. Tse: Mouse
models of human chromosomal translocations
and approaches to cancer therapy. Blood
Cells Mol Dis, 27(1), 249-59 (2001)

A. Gutierrez, R. Grebliunaite, H. Feng, E.
Kozakewich, S. Zhu, F. Guo, E. Payne, M.
Mansour, S. E. Dahlberg, D. S. Neuberg, J.
den Hertog, E. V. Prochownik, J. R. Testa,
M. Harris, J. P. Kanki and A. T. Look: Pten
mediates Myc oncogene dependence in a
conditional zebrafish model of T cell acute

245

62.

63.

64.

65.

66.

67.

68.

69.

lymphoblastic leukemia. J Exp Med, 208(8),
1595-603 (2011)

C. Nardella, A. Lunardi, A. Patnaik, L. C.
Cantley and P. P. Pandolfi: The APL paradigm
and the “co-clinical trial” project. Cancer
Discov, 1(2), 108-16 (2011)

S. A. Hayes, A. L. Hudson, S. J. Clarke, M.
P. Molloy and V. M. Howell: From mice to
men: GEMMs as trial patients for new NSCLC
therapies. Semin Cell Dev Biol, 27, 118-27 (2014)

J. Fujimoto, M. Shiota, T. Iwahara, N.
Seki, H. Satoh, S. Mori and T. Yamamoto:
Characterization of the transforming activity
of p80, a hyperphosphorylated protein in a
Ki-1 lymphoma cell line with chromosomal
translocation t(2;5). Proc Natl Acad Sci U S A,
93(9), 4181-6 (1996)

F. K. McDuff and S. D. Turner: Aberrant
Anaplastic Lymphoma Kinase Activity Induces
a p53 and Rb-Dependent Senescence-Like
Arrest in the Absence of Detectable p53
Stabilization. PLoS One, 6(3), e17854 (2011)

R.Y.Bai, T. Ouyang, C. Miething, S. W. Morris,
C. Peschel and J. Duyster: Nucleophosmin-
anaplastic lymphoma kinase associated
with  anaplastic  large-cell lymphoma
activates the phosphatidylinositol 3-kinase/
Akt antiapoptotic signaling pathway. Blood,
96(13), 4319-27 (2000)

D. Cussac, C. Greenland, S. Roche, R. Y. Bai,
J. Duyster, S. W. Morris, G. Delsol, M. Allouche
and B. Payrastre: Nucleophosmin-anaplastic
lymphoma kinase of anaplastic large-cell
lymphoma recruits, activates, and uses
pp60c-src to mediate its mitogenicity. Blood,
103(4), 1464-71 (2004)

S. R. McDonnell, S. R. Hwang, V. Basrur, K. P.
Conlon, D. Fermin, E. Wey, C. Murga-Zamalloa,
Z.Zeng, Y. Zu, K. S. Elenitoba-Johnson and M.
S. Lim: NPM-ALK signals through glycogen
synthase kinase 3beta to promote oncogenesis.
Oncogene, 31(32), 3733-40 (2012)

C. Ambrogio, C. Voena, A. D. Manazza,
R. Piva, L. Riera, L. Barberis, C. Costa, G.
Tarone, P. Defilippi, E. Hirsch, E. Boeri Erba,
S. Mohammed, O. N. Jensen, G. Palestro, G.
Inghirami and R. Chiarle: p130Cas mediates
the transforming properties of the anaplastic
lymphoma kinase. Blood, 106(12), 3907-16
(2005)

© 1996-2015



Models of NPM-ALK induced lymphomagenesis

70.

71.

72.

73.

74.

76.

77.

P. Martinelli, P. Bonetti, C. Sironi, G. Pruneri,
C. Fumagalli, P. R. Raviele, S. Volorio, S.
Pileri, R. Chiarle, F. K. McDuff, B. K. Tusi,
S. D. Turner, G. Inghirami, P. G. Pelicci and
E. Colombo: The Ilymphoma-associated
NPM-ALK oncogene elicits a p16INK4a/
pRb-dependent tumor-suppressive pathway.
Blood, 117(24), 6617-26 (2011)

S. D. Turner, D. Yeung, K. Hadfield, S. J. Cook
and D. R. Alexander: The NPM-ALK tyrosine
kinase mimics TCR signalling pathways,
inducing NFAT and AP-1 by RAS-dependent
mechanisms. Cell Signal, 19(4), 740-7 (2007)

L. CQuintanilla-Martinez, S. Pittaluga, C.
Miething, M. Klier, M. Rudelius, T. Davies-
Hill, N. Anastasov, A. Martinez, A. Vivero, J.
Duyster, E. S. Jaffe, F. Fend and M. Raffeld:
NPM-ALK-dependent expression of the
transcription factor CCAAT/enhancer binding
protein beta in ALK-positive anaplastic large
cell lymphoma. Blood, 108(6), 2029-36 (2006)

S. Giuriato, N. Faumont, E. Bousquet, M.
Foisseau, A. Bibonne, M. Moreau, T. Al Saati,
D. W. Felsher, G. Delsol and F. Meggetto:
Development of a conditional bioluminescent
transplant model for TPM3-ALK-induced
tumorigenesis as a tool to validate ALK-
dependent cancer targeted therapy. Cancer
Biol Ther, 6(8), 1318-23 (2007)

M. M. Duplantier, L. Lamant, F. Sabourdy, A.
de Reynies, G. Delsol and E. Espinos: Serpin
A1 is overexpressed in ALK+ anaplastic large
cell lymphoma and its expression correlates
with extranodal dissemination. Leukemia,
20(10), 1848-54 (2006) 75. S. Barbey, J.
Goguseyv, H. Mouly, O. Le Pelletier, W. Smith,
S. Richard, J. Soulie and C. Nezelof: DEL cell
line: a “malignant histiocytosis” CD30+ t(5;6)
(935;p21) cell line. Int J Cancer, 45(3), 546-53
(1990)

I. J. Su, S. P. Balk and M. E. Kadin: Molecular
basis for the aberrant expression of T cell
antigens in postthymic T cell malignancies.
Am J Pathol, 132(2), 192-8 (1988)

R. Morgan, S. D. Smith, B. K. Hecht, V.
Christy, J. D. Mellentin, R. Warnke and M. L.
Cleary: Lack of involvement of the c-fms and
N-myc genes by chromosomal translocation
t(2;5)(p23;935) common to malignancies with
features of so-called malignant histiocytosis.
Blood, 73(8), 2155-64 (1989)

246

78.

79.

80.

81.

82.

83.

84.

85.

A. L. Epstein and H. S. Kaplan: Biology
of the human malignant lymphomas. I
Establishment in continuous cell culture and
heterotransplantation of diffuse histiocytic
lymphomas. Cancer, 34(6), 1851-72 (1974)

H. Merz, K. Lange, T. Gaiser, A. Muller, U.
Kapp, C. Bittner, S. Harder, R. Siebert, M.
Bentz, T. Binder, V. Diehl and A. C. Feller:
Characterization of a novel human anaplastic
large cell lymphoma cell line tumorigenic in
SCID mice. Leuk Lymphoma, 43(1), 165-72
(2002)

M. Shimakage, T. Dezawa, S. Tamura, T.
Tabata, N. Aoyagi, M. Koike, H. Inoue, M.
Yutsudo, A. Hakura and N. lkegami: A Ki-1-
positive cell line expressing Epstein-Barr virus
antigens, established from a child with Ki-1-
positive lymphoma. Intervirology, 36(4), 215-
24 (1993)

P. Fischer, E. Nacheva, D. Y. Mason, P. D.
Sherrington, C. Hoyle, F. G. Hayhoe and A.
Karpas: A Ki-1 (CD30)-positive human cell
line (Karpas 299) established from a high-
grade non-Hodgkin’s lymphoma, showing a
2;5 translocation and rearrangement of the
T-cell receptor beta-chain gene. Blood, 72(1),
234-40 (1988)

A. del Mistro, A. Leszl, R. Bertorelle, M. L.
Calabro, M. Panozzo, C. Menin, E. D’Andrea
and L. Chieco-Bianchi: A CD30-positive T cell
line established from an aggressive anaplastic
large cell lymphoma, originally diagnosed as
Hodgkin’s disease. Leukemia, 8(7), 1214-9
(1994)

L. Lamant, E. Espinos, M. Duplantier, N.
Dastugue, A. Robert, M. Allouche, J. Ragab,
P. Brousset, C. Villalva, R. D. Gascoyne, T.
Al Saati and G. Delsol: Establishment of a
novel anaplastic large-cell lymphoma-cell line
(COST) from a ‘small-cell variant’ of ALCL.
Leukemia, 18(10), 1693-8 (2004)

J. Willers, R. Dummer, W. Kempf, T. Kundig,
G. Burg and M. E. Kadin: Proliferation of
CD30+ T-helper 2 lymphoma cells can be
inhibited by CD30 receptor cross-linking with
recombinant CD30 ligand. Clin Cancer Res,
9(7), 2744-54 (2003)

T. H. Davis, C. C. Morton, R. Miller-Cassman,
S. P. Balk and M. E. Kadin: Hodgkin’s disease,
lymphomatoid papulosis, and cutaneous
T-cell lymphoma derived from a common

© 1996-2015



Models of NPM-ALK induced lymphomagenesis

T-cell clone. N Engl J Med, 326(17), 1115-22
(1992)

86. G. Ott, T. Katzenberger, R. Siebert, J. F.
DeCoteau, J. A. Fletcher, J. H. Knoll, J.
Kalla, A. Rosenwald, M. M. Ott, K. Weber-
Matthiesen, M. E. Kadin and H. K. Muller-
Hermelink: Chromosomal abnormalities in
nodal and extranodal CD30+ anaplastic
large cell lymphomas: infrequent detection of
the t(2;5) in extranodal lymphomas. Genes
Chromosomes Cancer, 22(2), 114-21 (1998)

87. W. P. Schiemann, W. M. Pfeifer, E. Levi, M.
E. Kadin and H. F. Lodish: A deletion in the
gene for transforming growth factor beta
type | receptor abolishes growth regulation
by transforming growth factor beta in a
cutaneous T-cell lymphoma. Blood, 94(8),
2854-61 (1999)

88. D. K. Crockett, Z. Lin, K. S. Elenitoba-
Johnson and M. S. Lim: Identification of NPM-
ALK interacting proteins by tandem mass
spectrometry. Oncogene, 23(15), 2617-29
(2004)

89. A.V. Galkin, J. S. Melnick, S. Kim, T. L. Hood,
N. Li, L. Li, G. Xia, R. Steensma, G. Chopiuk,
J. Jiang, Y. Wan, P. Ding, Y. Liu, F. Sun, P.
G. Schultz, N. S. Gray and M. Warmuth:
Identification of NVP-TAE684, a potent,
selective, and efficacious inhibitor of NPM-
ALK. Proc Natl Acad Sci U S A, 104(1), 270-5

(2007)
90. A. Colomba, S. Giuriato, E. Dejean,
K. Thornber, G. Delsol, H. Tronchere,

F. Meggetto, B. Payrastre and F. Gaits-
lacovoni: Inhibition of Rac controls NPM-
ALK-dependent lymphoma development and
dissemination. Blood Cancer J, 1(6), e21
(2011)

Abbreviations: ALCL, Anaplastic Large Cell
Lymphoma; NPM, Nucleophosmin; ALK, Anaplastic
Lymphoma Kinase; TCR, T-cell receptor; GEMMs,
Genetically Engineered Mouse Models; PDX,
Patient Derived Xenografts; CSC, Cancer Stem
Cells; iPS, induced pluripotent stem cells; MOI,
Multiplicity of Infection; T-LBL, T-Lymphoblastic
Lymphoma; ZFN, Zinc Finger Nucleases; RPE-1,
retinal pigment epithelial cells; TALEN, Transcription
Factor Activator-Like Effector Nucleases; CRISPR,
Clustered Interspaced Short Palindrome Repeats;
cas, CRISPR-Associated Systems.

247

Key Words: ALCL, NPM-ALK, Mouse models,
Cancer models, In vitro cancer models, Review

Send correspondence to: Suzanne Turner,
Division of Molecular Histopathology, Department
of Pathology, University of Cambridge, Lab
Block Level 3, Box 231, Addenbrooke’s Hospital,
Cambridge CB20QQ, UK, Tel: 44-0-1223-762655,
Fax: 44-0-1223-586670, E-mail: sdt36@cam.ac.uk

© 1996-2015


mailto:sdt36@cam.ac

