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Fig. 2. Aberrant activation of ALK in human cancers. (a) Ligand-dependent physiological activation of wild-type ALK. (b) Fusion ALK kinases
found in anaplastic large cell lymphoma (ALCL) and non-small-cell lung cancer (Lung Ca), such as NPM-ALK and EML4-ALK, self-dimerize
through their N-terminal domains derived from fusion partners, leading to their transphosphorylation and constitutive activation of the kinase.
In a subset of neuroblastoma, aberrant activation of ALK occurs by gene amplification (c) or somatic/germline mutations (d). Activated ALK
transmits constitutive signals through downstream pathways, which is thought to be important for tumorigenesis. IMT indicates inflammatory

myofibroblastic tumor.

using transgenic mouse models with ALK fusion genes; mice
carrying NPM-ALK or EMI4-ALK transgenes under Vav or
CD4, or surfactant protein C promoter develop aggressive
lymphoma or adenocarcinoma of the lung, respectively.®*°"
The aberrant kinase activity of these ALK-fusion proteins is
thought to be caused by transphosphorylation upon self-dimer-
ization through their N-terminal domain derived from the
fusion partners. Mutations or deletions of the dimerization
domain of NPM-ALK and EML4-ALK result in loss of the
transforming capacity of the fusion kinases.>>*”) The constitu-
tive active fusion kinases transmit signals through activation of
a variety of signal transducers, including PLCy, PI3K/AKT,
STAT3 and RAS.(>7

In neuroblastoma, on the other hand, aberrant activation of
ALK kinase is caused by gene amplification®” or muta-
tions. "' Thus, ALK represents a unique type of oncogenic
kinase, in that it is deregulated either by gene fusions, or
by gene amplification or mutations, depending on the tumor
type.

Biological consequences of ALK mutations

Most reported ALK mutations occurred within the kinase
domain, in which three highly conserved amino acid positions,
F1174, F1245 and R1275, were predominantly affected, sug-
gesting their functional importance for the regulation of kinase
activity "' (Figs 3,4). The F1174 residue is located at the
end of the Cal helix and corresponds to equivalent positions
mutated in EGFR (V769) and ERBB2 (V769), while the
F1245 lies in the catalytic domain and corresponds to the
L833 residue of EGFR, a mutation of which is reported to be
associated with gefitinib resistance in lung cancer (Fig. 5).1%
The R1275 position lies within the activation loop and is
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invariably changed to glutamine, and amino acid substitution
at this position to a positively charged one would displace the
loop to positions that permit autoghosphorylation and autoacti-
vation of the kinase (Fig. 5).°*%) However, the distributions
of these mutations were different between sporadic cases and
familial cases; R1275 mutations are commonly found in both
sporadic and familial cases, while no germline mutations involv-
ing the F1174 or F1245 position have been reported.”'~'¥
Because not all mutant ALK carriers develop neuroblastoma
(i.e. incomplete penetrance), a germline ALK mutation is not
fully oncogenic and additional genetic events are thought to
be required for neuroblastoma development. ALK mutations
tend to be associated with advanced diseases and also with
MYCN amplification in sporadic neuroblastoma cases,
a]though the trend was not clear for germline ALK muta-
tions,("-19

When expressed in NIH3T3 cells, the predominant kinase
domain mutant (F1174L) and a juxtamembrane mutant
(K1062M) are shown to have transforming capacity; mutant-
transduced cells display increased colony formation in soft
agar and tumor generation in nude mice, whereas the mutant
kinases show increased autophosphorylation and in vitro
kinase activity compared with wild-type ALK.""¥ In addition,
when introduced into an IL-3-dependent cell line, BaF3, the
two major kinase domain mutants (F1174L and R1275Q), ren-
der the cell line independent of IL-3."® Expression of the
F1174L mutant in NIH3T3 and Ba/F3 cells leads to constitu-
tive activation of the downstream signaling pathways of the
ALK kinase, as demonstrated by increased levels of phosphor-
ylated ERK1/2, STAT3 and AKT."*!'® These functional and
biochemical studies together indicate that these ALK mutants
are actually oncogenic and could be responsible for the patho-
genesis of neuroblastoma.

doi: 10.1111/j.1349-7006.2010.01825.x
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Fig. 3. Frequency and distribution of ALK mutations reported in familial and sporadic cases of neuroblastoma.t'’-"42" | ocations of somatic and
germline mutations of ALK in each case or family are depicted by filled and open arrows, respectively. The exact positions and amino acids
involved are indicated on the top, where the number of reported mutations is indicated in parenthesis.

HUMAN ALK

HUMAN LTK . .
HUMAN INSR . ASVMKGETCHHVVR. .
HUMAN IGFLR .ASVMKEENCHHVVR. .

1245
HUMAN ALK . .EENHETHRDIAARN. .
HUMAN LTK . .EENHEIHRDIAARN. .
HUMAN INSR . .NAKKFVHRDLAARN. .
HUMAN IGF1R .NANKEVHRDLAARN. .
1275

HUMAN ALK ...GDFGMARDIYRASY. .
HUMAN LTK . .GDFGMARDIYRASY. .
HUMAN INSR . .GDFGMTRDIYETDY. .
HUMAN IGF1R ...GDFGMTRDIYETDY..

Fig. 4. Alignment of amino acids of ALK among different species.
Conserved amino-acids among different insulin receptor family
kinases are shown by gray boxes and the mutated positions are
shown in red.

Effects of ALK inhibition on ALK fusion kinases

The critical role of ALK mutations in neuroblastoma develop-
ment is further supported by the experiments using inhibition of
mutant ALK. Tumor suppressive effects of ALK inhibition have
been well documented in NPM-ALK-positive ALCL and
EMIA-ALK-positive NSCLC. NVP-TAE684 is a highly potent
and selective small molecule ALK inhibitor, which blocks the
growth of ALCL-derived cell lines with very low ICsq values
between 2 and 10 nM.”” NVP-TAE684 treatment of ALCL-
derived cell lines induces rapid and sustained inhibition of
phosphorylation of NPM-ALK and its downstream signaling,
leading to cell cycle arrest and apoptosis.”” NVP-TAE684 also
induces varying degrees of growth suppression in EML4-ALK-
bearing lung cancer cell lines, including NCI-H3112, NCI-
H2228 and DFCI032.77" PF-2341066 was another compound,
which was initially identified as an orally available c-Met inhibi-
tor in biochemical enzymatic screens, but was subsequently
found to show selective inhibition of ALK.”*"® It is highly
selective for both ALK and c-Met kinases, being almost 20-fold

Ogawa et al.
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Fig. 5. A 3-D structure of the kinase domain of ALK kinase predicted
from that solved for IGF-1R, where the positions of three major
mutations are indicated by light blue spheres. Activation and catalytic
loops are depicted by red and pink wires.

selective for ALK and c-Met compared with 120 other kina-
ses.”® PF-2341066 inhibited cell growth of NPM-ALK-posi-
tive ALCL-derived cell lines, as well as EML4-ALK-positive
NSCLC-derived cell lines with decreased downstream signaling
pathways, although their IC5Q7 values were significantly higher
than those of NVP-TAE684."!7? Recently, Soda et al. gener-
ated transgenic mice, in which the EML4-ALK-transgene was
selectively expressed in the developing lung under the surfac-
tant protein C promoter.®" All mice developed multiple lung
adenocarcinomas soon after birth, which were successfully
treated with a 2,4-pyrimidinediamine derivative that specifically
inhibits ALK kinase.®" These observations strongly support
that aberrant ALK activity of ALK-fusion proteins is central to
the development of ALCL and NSCLC.
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Effects of ALK inhibition on ALK-mutated neuroblastoma
cell lines

In neuroblastoma, the predominant mechanism of ALK activa-
tion should be some conformational change caused by a point
mutation typically involving the kinase domain, which poten-
tially affects the kinetics of ALK inhibitors on the mutated
kinase. However, as long as major ALK mutants are concerned,
their kinase activity seems to be successfully inhibited by the
currently available ALK inhibitors. Ba/F3 cells transduced with
the F1174L or R1275Q ALK mutant were effectively killed by
NVP-TAE684 or PF-2341066, whereas the cells transduced
with a constitutive active FLT3 mutant or wild-type ALK were
not."® Thus, both compounds specifically inhibit the kinase
activity of these ALK mutants, although the inhibition is more
efficient for F1174F than for R1275Q. In fact, many, if not all,
neuroblastoma cell lines carrying mutated or amplified ALK
alleles are shown to be sensitive to these ALK inhibitors.!'*!>7!
Interestingly, the sensitivity of some neuroblastoma cell lines to
small molecule ALK inhibitors was recognized prior to the dis-
covery of ALK mutations in neuroblastoma. McDermott et al.
tested more than 600 cancer cell lines for their sensitivity to
NVP-TAE684 and/or PF-2341066 and found that neuroblas-
toma cell lines, as well as cell lines derived from ALCL and
lung cancer, frequently show sensitivity to these inhibitors.”"
The dependence of ALK-mutated neuroblastoma to ALK inhibi-
tion is further confirmed by ALK knockdown experiments;
shRNA-mediated knockdown of ALK in ALK-mutated neuro-
blastoma cell lines results in the suppression of cell growth,
indicating that the major effect of ALK inhibitors on ALK-
mutated neuroblastoma cell lines are mediated by their activity
on ALK rather than off-target effects on other kinases.

As mentioned above, the sensitivity of ALK-mutated neuro-
blastoma cell lines to ALK inhibitors seems to substantially
differ among cell lines, depending on the type of ALK muta-
tions. The F1174L mutant seems to be more sensitive to
NVP-TAE684 than the R1275Q mutant."® Some ALK-
mutated cell lines were resistant to ALK inhibition; SMS—
KCNR harbors the R1275Q mutation, but was not killed by
NVP-TAE684 or shRNA, indicating that this cell line acquired
some additional mutations, escaping from its dependence on
ALK signaling.

Concluding remarks

Genetic analyses of neuroblastoma have revealed that aberrant
activation of ALK kinase in human cancer is not only caused by
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gene fusions but also by gene amplification or germline/somatic
mutations. However, probably the most significant impact of the
discovery of ALK mutations in neuroblastoma would be the pos-
sibility of successful treatment of ALK-mutated neuroblastoma
with small molecule ALK-inhibitors, which are now under
development in several pharmaceutical companies. Because
ALK expression is restricted to develo_Ping neural tissues and
ALK-deficient mice develop normally,”” mutated ALK is likely
to be a plausible therapeutic target. Although the enthusiasm for
ALK-targeted therapy for advanced neuroblastoma seems to be
too early at this moment, an encouraging result was reported
from.a clinical trial of crizotinib (PF-2341066) for NSCLC car-
rying the EML4-ALK fusion gene. A total of 50 patients were
evaluable for response, where 64% of the overall response rate
and 90% of the disease control rate were obtained”* with mini-
mum adverse reactions. Nevertheless, the result in NSCLC is
not easily translated into neuroblastoma cases. For example,
while some ALK mutants are shown to be inhibited by the avail-
able ALK inhibitors in vitro, the impact of different mutation
types on the action of inhibitors should be further evaluated. The
effect of frequent co-existence of MYCN amplification with
ALK mutations on sensitivity to ALK inhibitors is still elusive,
although a cell line, KELLY, which carries both the F1174L
mutation and MYCN amplification, was reported to be sensitive
to NVP-TAE684."*"") Finally, the role of ALK inhibitors in
ALK-non-mutated neuroblastoma is another interest. Some neu-
roblastoma cell lines (NBEBC1 and NB1771) were shown to be
sensitive to shRNA-mediated ALK knockdown, even though
they were reported to have no mutated ALK alleles."" Interest-
ingly, ALK is phosphorylated in these cell lines at lower levels.
Considering the frequent expression of ALK in neuroblastoma
cells, it may be postulated that regardless of its mutation status,
ALK play a positive role during the initiation and promotion of
neuroblastoma, even though established tumors may or may not
depend on the ALK activity. Clearly, much more work is
required before the clinical role of ALK inhibitors in the treat-
ment of advanced neuroblastoma is established.
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Philadelphia chromosome-negative my-
eloproliferative neoplasms (MPNs) includ-
ing polycythemia vera, essential thrombo-
cythemia, and primary myelofibrosis
show an inherent tendency for transfor-
mation into leukemia (MPN-blast phase),
which is hypothesized to be accompa-
nied by acquisition of additional genomic
lesions. We, therefore, examined chromo-
somal abnormalities by high-resolution
single nucleotide polymorphism (SNP) ar-
ray in 88 MPN patients, as well as 71 cases
with MPN-blast phase, and correlated

these findings with their clinical parame-
ters. Frequent genomic alterations were
found in MPN after leukemic transforma-
tion with up to 3-fold more genomic
changes per sample compared with
samples in chronic phase (P < .001). We
identified commonly altered regions in-
volved in disease progression including
not only established targets (ETV6, TP53,
and RUNX1)but also new candidate genes
on 7q, 16q, 19p, and 21q. Moreover, tri-
somy 8 or amplification of 8q24 (MYC)
was almost exclusively detected in

JAK2V617F- cases with MPN-blast phase.
Remarkably, copy number-neutral loss of
heterozygosity (CNN-LOH) on either 7q or
9p including homozygous JAK2V617F
was related to decreased survival after
leukemic transformation (P = .01 and
P = .016, respectively). Our high-density
SNP-array analysis of MPN genomes in
the chronic compared with leukemic stage
identified novel target genes and pro-
vided prognostic insights associated with
the evolution to leukemia. (Blood. 2010;

Introduction

115(14):2882-2890)

Philadelphia chromosome-negative myeloproliferative neoplasms
(MPNSs) including polycythemia vera (PV), essential thrombocyto-
sis (ET), and primary myelofibrosis (PMF) are defined as clonal
hematopoietic stem cell disorders and characterized by increased
proliferation of terminally differentiated myeloid cells. The ty-
rosine kinase JAK? is directly linked to the pathogenesis of MPN
with the identification of JAK2V6I7F as a recurring gain-of-
function mutation.'? Almost all cases with PV, and roughly 50% of
patients with ET and PMF, carry this specific mutation localized on
chromosome 9p24.

The long-term outcome of patients with acute myeloid leukemia
(AML) secondary to MPN, myelodysplastic syndrome (MDS), or
treatment with cytotoxic agents is relatively poor compared with

patients with de novo AML. Patients with de novo and secondary
AML have a similar spectrum of cytogenetic abnormalities, but the
occurrence of cytogenetic changes associated with unfavorable risk
such as 5q—, —7/7q—, trisomy 8, or complex karyotype is higher
in secondary AML.>* However, so far only a small number of
studies with limited number of cases have explored the chromo-
somal alterations and/or clinical markers associated with accelera-
tion to blast phase of patients with MPN.

Previously, we developed the copy number analyzer for
Affymetrix GeneChip (CNAG) program and the new algorithm
allele-specific copy number analysis using anonymous references
(AsCNAR).5¢ These techniques in combination with high-density
single nucleotide polymorphism (SNP) array provide a robust and
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Table 1. Clinical features of MPN/MPN-blast phase cases (unmatched and matched)

Unmatched MPN Unmatched MPN-blast phase Matched MPN Matched MPN-blast phase

All cases, no. (%) 77 (56) 60 (44) 11 (50) 11 (50)
MPN diagnosis no. (%)

PV samples 21 (27) 17 (28) 2(18) 2(18)

ET samples 31 (40) 18 (30) 1(09) 1(09)

PMF samples 25 (33) 25 (42) 8 (73) 8(73)
Sex, M:F

PV samples 1:2 1:1 thal 11

ET samples 1:2 1:1 0:1 0:1

PMF samples 21 21 21 2:1
Mean age at diagnosis, y, = SD*

PV 57 £5 68 5 = =

ET 59 £ 6 69 =7 —_ —

PMF 57 +6 65+ 9 59+9 657
Mean blast count in bone marrow, + SD, no. (%)*

PV samples <5% 70 = 20 — —_

ET samples < 5% 66 = 23 = —

PMF samples < 5% 70 £ 21 <5% 66 + 24
JAK2V617F (+) no. (%)

PV samples 21/21 (100) 14/17 (82)% 2/2 (100) 1/2 (50)

ET samples 18/31 (58) 6/18 (33) 0/1(0) 0/1(0)

PMF samples 16/25 (64) 12/25 (48) 5/8 (62.5) 4/8 (50)
c-MPL mutation positive, no. (%)

PV samples 1/21 (5)t 0/17 (0) 0/2 (0) 0/2 (0)

ET samples 0/31 (0) 1/18 (6) 0/1 (0) 0/1 (0)

PMF samples 3/25 (12) 2/25 (8) 1/8 (12.5) 1/8 (12.5)

MPN indicates myeloproliferative neoplasm; PV, polycythemia vera; ET, essential thrombocytosis; M, male; F, female; and PMF, primary myelofibrosis.
*Data are available for 27 unmatched MPN (10 PV, 10 ET, and 7 PMF) and 54 unmatched MPN-blast phase (15 PV, 18 ET, and 21 PMF) cases, and 8 matched MPN (PMF)

cases.

1This c-MPL mutation in a PV patient has already been validated and reported by Kawamata et al.8
}Significantly fewer cases with JAK2V617F in blast phase vs chronic phase (P=.045).

detailed approach to detect large and small copy number changes,
as well as copy number-neutral loss of heterozygosity (CNN-
LOH). To obtain a comprehensive profile of genomic alterations
associated with leukemic transformation in MPN, we applied this
interrogational method and performed a systemic analysis of
159 samples obtained from patients either in chronic phase or blast
phase of MPN.

Methods

Patients and clinical samples

In total, samples from 148 patients were analyzed by SNP-array. One
hundred fifty-nine samples were obtained, of which 88 (55%) were diag-
nosed with MPN in chronic phase (23 PV, 32 ET, 33 PMF) and 71 (45%),
with MPN in blast phase (19 PV, 19 ET, 33 PMF). Diagnosis was based on
the World Health Organization criteria,” and an overview of patients,
including clinical data, is given in Table 1. This study received institutional
review board approval from the Cedars-Sinai Medical Center, and informed
consent was obtained from all patients in accordance with the Declaration
of Helsinki. Given the relatively high incidence of homozygous JAK2VI7F
patients diagnosed with ET (3/18 in chronic phase, 2/6 in blast phase),
which is usually lower for this disorder,? we suggest that at least some cases
diagnosed with ET may have been incorrect.

Samples were provided by (1) Department of Hematology, Mayo Clinic
(n = 35); (2) Brigham and Women’s Hospital, Harvard University, School
of Medicine (n = 46); (3) Department of Hematology, Archet Hospital
(n = 44); (4) MLL Munich Leukemia Laboratory, (n = 14); (5) Division of
Hematology-Oncology, Chang Gung Memorial Hospital (n = 14); and
(6) Division of Hematology, Sheba Medical Center and Sackler School of
Medicine, Tel-Aviv University (n = 6).
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SNP-Chip analysis

A total of 159 tumor specimens (MPN and/or MPN-blast phase) were
analyzed on GeneChip SNP genotyping microarrays (GeneChip Mapping
50K and/or 250K arrays; Affymetrix) as described previously.>® After
appropriate normalization of mean array intensities, signal ratios were
calculated between tumors and anonymous normal references in an
allele-specific manner. Genome-wide determination of allele-specific copy
numbers (AsCNs) and detection of CNN-LOH at each SNP were inferred
from the observed signal ratios based on the hidden Markov model using
CNAG/AsCNAR algorithms (http://www.genome.umin.jp).>¢ For cluster-
ing of patient samples with regard to the status of copy number changes, as
well as CNN-LOH, CNAG-Graph software (Tokyo University) was used.
Size, position, and location of genes were identified with the University of
California, Santa Cruz (UCSC) Genome Browser (http://genome.ucsc.
edu)'’ and Ensemble Genome Browser (http://www.ensembl.org).!! Germline
copy number changes previously described as copy number variants at Database
of Genomic Variants (http:/projects.tcag.ca/variation)'? and UCSC Genome
Browser were excluded. SNP-array data used in this study are available in the
Gene Expression Omnibus (GEO) database under accession number GSE19647.13

Comparison of 50K versus 250K SNP-Chip analysis in MPN
chronic phase

SNP-array analysis of 46 of our MPN samples (10 PV, 20 ET, 16 PMF;
kindly provided by D.G.G. at Brigham and Women’s Hospital, Harvard
University) has already been reported by our group.® At that time, only 50K
arrays were available, whereas later in this study, the 250K arrays were
accessible and used to analyze additionally 42 MPN and 71 MPN-blast
phase samples. Because no significant differences in either number of
deletions, duplications/amplifications, or CNN-LOH per case were found as
analyzed by the 50K compared with 250K array (supplemental Table 1,
available on the Blood website; see the Supplemental Materials link at the
top of the online article), we combined the analysis of both platforms in our
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results. Supplemental Table 2 lists all individual samples and the array that
was used.

Cytogenetics

Routine cytogenetic analysis with conventional banding techniques was
performed in 35 of 88 MPN (10/23 PV, 10/32 ET, 15/33 PMF) and 63 of
71 MPN-blast phase (15/19 PV, 18/19 ET, 30/33 PMF) cases according to
standard procedures as previously described.!* No routine fluorescent in
situ hybridization (FISH) panel was applied, but in some cases, however,
FISH analysis was performed to supplement conventional cytogenetic
analysis (supplemental Table 2).

Allele-specific PCR for JAK2V617F mutation

For the detection of JAK2V617F, allele-specific polymerase chain reaction
(PCR) was performed according to the previously reported method. 'S

Direct mutation screening

Primers were designed to amplify and sequence coding exons and splice
junctions of the following genes: TET2, ¢-CBL, TP53, and RUNXI. We
screened only the 11 matched samples that showed genomic changes in the
particular gene regions. Primer details are available from the corresponding
author (N.H.T.).

We evaluated all MPN and MPN-blast phase patients with 1pCNN-
LOH for the MPLW515 mutation (exon 10) by direct sequencing. If no
mutation was detected in this cohort, we also screened the other coding
exons of the c-MPL gene previously shown to be mutated in MPN.#

Validation of acquired genomic copy number changes
including CNN-LOH

To confirm the somatic origin of genomic copy number changes, quantita-
tive genomic real-time (QG RT)-PCR was performed on the genomic DNA
from the hybridized MPN and matched MPN-blast phase samples accord-
ing to the calculation method described by Weksberg et al.!® For example,
we used primers for the RUNXI gene (21q22.12; supplemental Figure 1A)
as well as TET2 gene (4q24; data not shown) and a random region on
chromosome 21q21.1 and 4p15.1, respectively, as a reference in patient 121.

Detection of acquired CNN-LOH was also validated by QG RT-PCR
and subsequently by nucleotide sequencing. Three SNP sequences (rs919275,
rs10854117, and rs10854117) on chromosome 19p in case 36 at diagnosis
of PV, as well as at leukemic transformation, were determined (supplemen-
tal Figure 1B). The genomic region of each SNP site was amplified, and
products were purified and sequenced (supplemental Figure 1C). In
addition, we confirmed loss of CNN-LOH on 9p after leukemic transforma-
tion in matched case 120 using SNP sequences rs3858029, rs1360461, and
rs10818814 on chromosome 9 (data not shown).

Homozygous deletions of CUTLI and SH2B2 (case 138) as well as
PIG-A (case 121) in both MPN and/or MPN-blast phase samples were also
confirmed by QG RT-PCR (supplemental Figure 2). Primers for these
experiments will be provided upon request.

Statistical analysis

Wilcoxon rank sum tests were used to assess differences in continuous
variables, and categoric variables were assessed using chi-square tests, all
with a significance level of a = .05. The methods of estimations included
the standard deviation (+ SD) of the sampling distribution. Asterisks
shown in the figures indicate significant differences of experimental groups
in comparison with the corresponding control condition (*P < .05;
*¥P < 001). Survival analysis was performed using the Kaplan-Meier
method, and survival curves were compared using the log-rank test.

Results

Lower frequency of JAK2V617F and 9p alterations after
leukemic transformation

In the present study, we examined 159 samples (88 MPN and 71 MPN-

blast phase) from a total of 148 patients. An overview of the clinica150
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features of matched and unmatched cases including sex, age, leukemic
blast infiltration, and mutational status (JAK2V617F, ¢-MPL) is pro-
vided in Table 1. The sex ratio of male and female patients in chronic
phase was 1:2 for PV and ET, whereas after transformation, the ratio
was balanced with 1:1. For PMF patients, the male-to-female ratio was
2:1 in both MPN chronic and blast phase. _

Overall, the incidence of JAK2V617F was almost 20% less in
the blast phase compared with the chronic phase for both the
matched and unmatched MPN cases (unmatched cases: P < .05;
Figure 1A). Cases that were negative for JAK2V617F were also
exclusively negative for 9p duplication, trisomy 9, or 9pCNN-LOH
in the chronic as well as leukemic stage of MPN. 9pCNN-LOH was
noted approximately 3 to 4 times more often than 9p duplication
and/or trisomy 9 in JAK2V617Ft MPN cases during either the
chronic or blast phase (Figure 1A), but the frequency of 9pCNN-
LOH was significantly less in the blast crisis compared with the
chronic phase of unmatched PMF and PV patients (supplemental
Table 3). In contrast, unmatched ET cases had about the same
frequency of 9pCNN-LOH in the chronic phase versus the blast
phase of the disease. Furthermore, in the analysis of the 11 matched
MPN cases, 7 were positive for JAK2V617F (64%), 4 had 9p
CNN-LOH (37%), and 1 had 9p duplication (9%) at first diagnosis
(Figure 1A). In comparison, 2 of these patients were JAK2V617F*
with either trisomy 9 or 9pCNN-LOH during their chronic phase
(1 PV, 1 PMF), but no longer had detectable JAK2V617F with a
normal chromosome 9 after leukemic evolution (Figure 1B).

JAK2V617F mutational status had no impact on time to
transformation or survival

In the evaluation of clinical data for MPN-blast phase patients, no
significant correlation was noted between the prevalence of
JAK2V6I7F at transformation and either age, percentage of
leukemic blast cells in the marrow, or pretreatment with alkylating
agents and/or hydroxyurea (data not shown). Moreover, we found
no statistical association between either time to leukemic transfor-
mation or overall survival and the JAK2V617F status at transforma-
tion in PV, ET, or PMF patients. The overall survival of MPN-blast
phase patients with JAK2V617F versus blast phase patients without
this mutation is provided in Figure 2A (P = .6). In addition, with
respect to the comparably low frequency of MPLWS515-positive
MPN-blast phase patients (6%), we noted no impact of the c-MPL
mutational status on either time to transformation (data not shown)
or the overall survival in MPN patients who underwent leukemic
transformation (P = .5; Figure 2B).

However, regardless of the mutational status of MPN-blast
phase patients, we noted that the time from diagnosis of MPN to
leukemic transformation was significantly shorter in those with
pre-existing PMF (median, 58 months) compared with patients
with either prior PV (median, 98 months) or ET (median,
110 months; P = .01). This earlier transformation resulted in a
decreased overall survival from the time of diagnosis of the
underlying MPN in leukemic patients with preceding PMF patients
compared with preceding PV or ET (P = .02; Figure 2C), which is
congruent with previously published results.!?

Increased number of additional genomic changes after
leukemic transformation

Altogether, a relatively low number of genomic alterations was
found by SNP-array analysis in the chronic phase of the MPN
samples (Figure 3A). In contrast, 2 to 3 times more abnormalities
per sample were detected after leukemic evolution in both matched
and unmatched cases with MPN (both P < .001; Figure 3A). We
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subgroups are shown in supplemental Table 3. (B) CNAG software represents duplication (red) and CNN-LOH (green) on 9p detected in 11 patients with matched samples
(chronic MPN vs MPN-blast phase). In addition, allele-specific PCR for the detection of JAK2V617F was performed in these samples. Arrows indicate 2 MPN patients who were
initially positive for JAK2V617F in association with 9p imbalances; leukemic transformation was accompanied with loss of JAK2V617F and a normal chromosome 9.
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transformation, and (C) the underlying type of MPN.
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found no statistical relationship between the JAK2V617F status and
the number of genomic changes in matched as well as unmatched
samples (data not shown). However, samples from ET patients had
fewer copy number changes than those from either PV or PMF
patients in the chronic phase, which was highly significant in the
unmatched cases (P < .001; Figure 3A, supplemental Figure 3A).
After leukemic transformation, a similar number of SNP-array
changes occurred in cases with prior ET compared with those with
pre-existing PV and PMF (unmatched cases: P = .59). Statistical
evaluation of the matched samples divided into each subentity was
not possible because of the small number of cases (Figure 3Aii and
supplemental Figure 3B). A subanalysis of the number of either
deletions, duplications/amplifications, or CNN-LOH per case,
matched and unmatched, is shown in supplemental Figure 3.
Compared with the cytogenetic data, SNP-array analysis de-
tected more than 2-fold of additional chromosomal changes in the
MPN samples of either chronic or blast phase, whereas SNP-array
practically captured all cytogenetic abnormalities (Figure 3B).

Candidate genes involved in leukemic transformation of MPN
patients

SNP-chip analysis detected several additionally altered regions in
patients after leukemic evolution compared with the MPN chronic
phase in both unmatched (Figure 4; supplemental Figure 4) and
matched (Figure 5A) cases. The altered regions included chromo-
some 8q (MYC), 12p (ETV6), 17p (TP53), and 21q (RUNXI),
which are already known to be involved in leukemogenesis.'8-22
Trisomy 8 was detected in 12% of unmatched and 9% of matched
cases in MPN-blast phase; interestingly, almost all these samples
were negative for JAK2V617F. PMF patient 148, who was also
JAK2V617F~, showed amplification of 8q24.21 in blast crisis
involving the MYC gene. MPN-blast phase patients with trisomy
8 did not show an inferior outcome compared with cases without
this abnormality (P = .11; data not shown).

In 20% of unmatched cases in MPN-blast phase, deletions
(12%) or CNN-LOH (8%) occurred on chromosome 17 including
TP53 at p13.1. Deletions on the short arm of chromosome 17 were
detected significantly often in MPN-blast phase patients who
received prior treatment with hydroxyurea with or without the
addition of alkylating agents (P = .035, Table 2). Supplemental
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Figure 3. Genomic alterations per MPN patient in chronic versus
blast phase. (A) Mean of SNP-array alterations per patient in MPN
versus MPN-blast phase with (i) unmatched samples and (i) matched
samples (= SD); **P < .001. (B) Mean of SNP-array aberrations
compared with cytogenetic alterations per patient in chronic versus
blast phase with (i) unmatched samples and (i) matched samples
(= SD).
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Table 4 indicates pretreatment (hydroxyurea and/or alkylating
agents) of 47 MPN-blast phase patients and their individual
SNP-array findings. Deletion or CNN-LOH on 17p in unmatched
blast phase cases was associated with either complex karyotype or
isochromosome 17 (P = .01), and significantly decreased survival
(with 17p deletion: P =.012; with 17p CNN-LOH: P = .018).
One of the 11 matched MPN samples (case 120) acquired a 17p
deletion at diagnosis of blast phase (Figure 5A), resulting in a
hemizygous mutant 7P53 (M133K; Figure 5Bi).

On chromosome 21, SNP-chip analysis revealed either dele-
tions or CNN-LOH in 8% of unmatched cases in MPN-blast phase
involving the transcription factor RUNXI at q22.12. Patient 121
acquired a small deletion of that locus in the Jeukemic sample (Figure
5A) associated with a mutation of the Runt domain of the RUNXI gene
on the remaining allele (Q392Stop codon; Figure 5Bii).

Deletion or CNN-LOH on 4q24 spanning the TET2 gene was
detected in 6% of unmatched blast phase cases and 1% in chronic
phase. One TET2 mutation was found by nucleotide sequencing in
the matched MPN samples. JAK2V617F~ case 121 had no
genomicimbalances on 4q at diagnosis of PMF, but acquired a
microdeletion (1 Mbp) on 4q24 (TET2) after leukemic evolution
1 year later (Figure 5A). The remaining allele had a TET2
frameshift mutation (N486T; Figure 5Biii), and the mutation was
absent in the matched PMF sample.

CNN-LOH involving 11g23.3, which has been shown to be
strongly associated with ¢-CBL mutations,® had an even lower
frequency, with only 2% of unmatched MPN cases in either chronic
phase or blast crisis. The JAK2V6I7F~ patient 132 had 11q
CNN-LOH with a homozygous ¢-CBL missense mutation (Y371H)
in the MPN-blast phase sample. Both the CNN-LOH and the
mutation were absent in the corresponding chronic phase, 2 years
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Figure 4. Overview of gains and losses detected by CNAG software. Indicated
are the most common altered regions in unmatched MPN-blast phase patients
(n = 60; right-sided cytobands) compared with unmatched MPN patients (n = 77;
left-sided cytobands). Each line represents 1 sample with either deletion (blue),
duplication/amplification (red), or CNN-LOH (green). Candidate genes of the minimal
altered regions are highlighted by arrows.
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before disease progression (Figure S5A-Biv).

Besides these already well-known targets, SNP-array analysis
detected commonly altered regions on chromosomes 1, 7, 16, 19,
and 21 encompassing potentially new candidate genes involved in
MPN transformation. These imbalances were either absent or at
least very infrequent in the chronic phase of the disease (Figures
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Figure 5. Gains and losses in matched MPN samples A #36 #37 #90 #120 #121 #122 #126 #131 #132 #133 #1138
and mutational analysis. (A) Most commonly altered © - ® -
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ated with acquired deletion at 22g22.1, which was not 2 :: oy ‘
present in the MPN phase of case 121. (iii) Hemizygous § sal™ L 5 L oot
TET2 mutation detected in MPN-blast phase sample of g ’ ;-- e e '“ - mm e
case 121 associated with acquired cryptic deletion on 2 we - B b3
424, which was not present in the MPN phase of o :;E = - =
case 121. (iv) Homozygous c-CBL mutation detected in . - f- 1
MPN-blast phase sample of case 132 associated with ::: = o5 | it
] = | 1 ]

acquired 11q CNN-LOH, which was not present in the hided -
MPN phase of case 132. e =

e ™ -

iz W &S i - =

EGain BLoss fCNN-LOH
B T *
1 ARCHAGRTGTTITG AACAAGAIGTTITTG i ARGCCCAGBGG LAAGCGTLG GG
PMF (#121) SAML (#121)
RUNXT, Q392Stop codon, CAG->TAG
n CTGTGARCAGGA GTGTG ACAGGA v @ TTATAETG c.‘w’rt:g_;_crc

PMF #121)

& 'l-ﬁk

PMF (#32) SAML (#32)

SAML (#121)

TET2, N48BT, frameshift AAC->ACA

4 and 5A, supplemental Figure 4). Ten percent of unmatched and
18% of matched MPN-blast phase cases had either duplication/
amplification or CNN-LOH on 19p. The commonly involved
region spanned a small locus (2 Mbp) at 19p13.2, where, among
others, the genes PINI, ICAM1, and CDC37, which have been
associated with carcinogenesis, are located.?*26 In addition, the
minimal region (1.8 Mbp) of amplifications/duplications/trisomy
on chromosome 21 detected in 8% of unmatched and 9% matched

Table 2. Pretreatment in 47 MPN-blast phase cases and frequency
of 17p and 7q deletions

Pretreatment

Hydroxyurea - + -

Alkylating agents - = + +
SNP-array alteration (17p vs 7q)

No del(17)(p), no del(7(q) 17 16 0 1
del(7)(q) 2 2 2 2
del(17)(p) 0 4* 0 k4
del(17)(p) and del(7)(q) 0 0 0 0

Numbers of blast-phase patients are presented.

MPN indicates myeloproliferative neoplasm; and SNP, single nucleotide polymor-
phism.

*A total of 5 cases with del(17)(p) pretreated with hydroxyurea (P = .035).

e e e ) e o 0

¢-CBL, Y371H, missense TAC->CAC

MPN-blast phase samples harbored the oncogenic transcription
regulator ERG (q22.2).

Complete or partial deletion (—7/7q—), as well as CNN-
LOH of the long arm of chromosome 7, was one of the most
common abnormalities detected by SNP-array analysis in up to
25% of unmatched and 27% matched samples evolved in the
blast phase. SNP-array also revealed 3 unmatched cases (32, 87,
and 116) with a heterozygous microdeletion encompassing the
7922.1 locus, which was not detectable by cytogenetic analysis.
Moreover, case 138 with 7qCNN-LOH had a homozygous
deletion on 7q22.1 in both the matched MPN and MPN-blast
phase samples (supplemental Figure 2A). The minimally deleted
region spanned a small region of 0.88 Mbp at 7q22.1 covering
only 2 target genes, CUTLI/ and SH2B2. The homozygous
deletion of these genes in patient 138 was confirmed by QG
RT-PCR (supplemental Figure 2B). Deletions of the long
arm of chromosome 7 were found more often in MPN-blast
phase patients pretreated with hydroxyurea and/or alkylating
agents, but the findings were not statistically significant (P = .2;
Table 2).

Also worth mentioning, 1 microdeletion encompassing the

3 chromosome X-linked PIG-A gene occurred in male patient 121 at
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Figure 6. Survival analysis in MPN-blast phase. (A) Survival from the time of
diagnosis of blast phase in transformed MPN patients with normal chromosome
7 (normal 7q) compared with either monosomy 7 (—7)/deletion of 7q (7q—) or
7qCNN-LOH. (B) Survival from the time of diagnosis of blast phase in transformed
MPN patients with homozygous JAK2V617F* associated with 9pCNN-LOH com-
pared with either heterozygous JAK2V617F* with 9p duplication/trisomy 9 or no
abnormality, or patients without the mutation (JAK2 wild type). Median survival
(months) and the case numbers for each group (transformed PV, ET, or PMF) are
listed in supplemental Table 5.

leukemic transformation (supplemental Figure 2C). This patient
had a normal chromosome X in his chronic phase of PMFE.

CNN-LOH is a marker of poor survival in MPN patients after
leukemic evolution

SNP-array technology provides efficient and effective detection of
segmental CNN-LOH. In the present study, the most prominent
regions for CNN-LOH besides chromosome 9p (JAK2) were on
7q and 17p (TP53) in patients with MPN-blast phase. In marked
contrast to CNN-LOH on 9p, CNN-LOH on 7q or 17p almost never
occurred in the chronic phase of the disorder in matched and
unmatched samples. As mentioned previously, cases with CNN-
LOH and/or deletion of 17p were associated with either complex
karyotype or isochromosome 17 and decreased survival.

As also expected, survival in the MPN-blast phase was signifi-
cantly decreased in patients with —7/7q— (median, 3.75 months)
compared with those without chromosome 7 alterations (median,
9 months; P = .008). In addition, the unbalanced translocation,
der(1;7)(q10;p10), a nonrandom chromosomal abnormality rarely
found in AML, was detected by SNP-chip and FISH in 7% of
unmatched samples after leukemic evolution and was also associ-
ated with an inferior outcome compared with patients without
chromosome 7 imbalances (P = .014). Strikingly, survival contin-
ued to be significantly decreased in MPN-blast phase, when cases
with only 7qCNN-LOH were compared with those with a normal
7q (P = .01; Figure 6A; supplemental Table 5).

The JAK2V617F mutational status in terms of heterozygosity or
homozygosity appeared to have no influence on the duration to
leukemic evolution. Regardless of the underlying MPN subgroup,
no statistical difference in the time to leukemic transformation was
found comparing JAK2V617F* patients with normal chromo-
some 9 to mutant positive blast phase patients with either 9p

duplication/trisomy 9 (P = .28) or 9pCNN-LOH (P = .21). ln-54
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stead, we found that homozygous JAK2V617F had an impact on
survival after MPN transformation. Blast phase patients with
9pCNN-LOH resulting in a homozygous JAK2 mutation had a
worse outcome (median, 4 months) compared with JAK2V617F*
MPN-blast phase patients with either 9p duplication/trisomy
9 (median, 7.5 months) or no abnormality on 9p (median, 9 months),
as well as patients without JAK2V6I7F (median, 7 months,
P = .016; Figure 6B; supplemental Table 5). Homozygous
JAK2V617F in association with CNN-LOH diagnosed at leukemic
transformation was independent of known risk factors such as 59—,
—7/7q—, or complex karyotype (P > .05).

Discussion

Oncogenic JAK2 signaling is an important event in MPN.'?
Recently, we and others showed that homozygosity for JAK2V617F
is closely related to chromosome 9pCNN-LOH in MPN pa-
tients.639 However, the transformation process of MPN to MPN-
blast phase is not well understood.

Recent findings suggested that transition from heterozygosity to
homozygosity for JAK2V617F is associated with a hyperprolifera-
tive disease profile and may be important for disease progression,
at least from PV to secondary myelofibrosis.?” Moreover, Barosi et
al showed in a longitudinal prospective study that the presence of a
JAK2V617F hematopoietic clone was significantly associated with
leukemic transformation in PMF.28 This is in contrast to our present
findings showing that not only the mutational status of JAK2V617F,
but also 9pCNN-LOH with homozygous JAK2V617F, had no
impact on the time to leukemic transformation in patients with
MPN-blast phase. In addition, 2 of the 11 matched MPN samples,
initially positive for JAK2V617F with either trisomy 9 or 9pCNN-
LOH, became negative for these abnormalities after leukemic
transformation. Although only tested in unpaired samples, PMF
and PV samples also showed a significantly smaller number of both
JAK2V617F* and 9pCNN-LOH in the blast phase compared with
the chronic phase. Interestingly, and also contrary to the previously
cited studies, Tefferi et al noted a significant association between a
low JAK2V617F allelic burden and evolution to blast phase in a
large cohort of PMF patients.? Even though these data are not
completely congruent with our findings, the results of Tefferi et al
and our results point to the coexistence of a more dominant
JAK2V617F-negative clone with a higher propensity to undergo
clonal evolution. This is congruent with recent studies indicating
that JAK2V617F* MPN can result in JAK2V617F~ MPN-blast
phase.33! But still, some of our matched cases with JAK2V617F*
had no change in abnormalities including JAK2 mutational status
as well as 9pCNN-LOH, allowing the existence of a common
pre-JAK2V617F clone. Taken together, the presence of JAK2V617F
appears not to be a prerequisite for leukemic transformation of
MPN, suggesting that additional genetic events are required for full
transformation.

SNP-array analysis was able to capture practically all cytoge-
netic abnormalities and to uncover additional lesions with poten-
tially important clinical implications. The number of genomic
alterations was more than 2 to 3 times greater in the blast phase as
in the chronic phase of matched and unmatched cases with MPN.
Noticeably, ET patients had fewer alterations in their chronic phase
samples compared with the PV and PMF cases, whereas the
number was comparable in all 3 MPN subgroups after their
transformation. Being aware of the increased number of new
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genomic changes enables investigators to focus on the identifica-
tion of causative genes associated with the evolution of MPN to
leukemia.

Commonly altered regions in blast crisis samples were detected
on chromosomes 8, 12, 17, and 21 encompassing MYC, ETV6,
TP53, and RUNX]I, respectively, which are already known to be
involved in the development of de novo and secondary AML.18-22
Gain of chromosomal material at 8§24.21 was almost exclusively
found in JAK2V617F~ samples, suggesting that increased activity
of MYC might allow selection of clones that do not require the
JAK?2 gain-of-function mutation. Furthermore, deletion of 17p
(TP53) was significantly associated with prior exposure to hydroxy-
urea as well as a complex karyotype in samples with MPN-blast
crisis, which is in accordance with recent results.323? Interestingly,
not only deletion, but also 17pCNN-LOH, was associated with a
complex karyotype, a poor prognostic marker in myeloid
malignancies.

In addition, regions on chromosomes 1q, 7q, 16q, 19p, and 21q
were frequently altered in the evolution to the leukemic phase and
may harbor promising new candidate genes. Abnormalities involv-
ing chromosome 7 are frequently detectable in de novo and
secondary AML,*%7 and preceding studies have found a critical
breakpoint region involving a locus at centromeric band 7q22,
whereas the telomeric breakpoint varies from q32 to q36. Interest-
ingly, the minimal deleted region in our cohort was located at
7q22.1 encompassing only 2 promising target genes, SH2B2 (previ-
ously named APS) and CUTLI. SH2B2 regulates and enhances
JAK2-mediated cellular responses,* and the CUTLI gene encodes
for a CUT family member of the homeodomain proteins that can
repress the expression of developmentally regulated myeloid
genes.> Moreover, genome-wide inspection for minimal regions of
duplications/amplifications and CNN-LOH revealed several inter-
esting genes, such as PINI, ICAM1, and CDC37 on 19p as well as
ERG on 21q. Whereas the latter 3 targets have been shown to
possess potential progrowth activity in de novo AML and/or
MDS,?52640 PIN] is known to be overexpressed in a variety of
cancers and may act as an oncogene via promotion of cell cycle
progression and proliferation.?*

Mutations of the c¢-CBL gene are tightly associated with
11gCNN-LOH and are commonly diagnosed in patients with
chronic myelomonocytic leukemia.?3#!*2 Although MPN shares clinical
as well as hematologic features with chronic myelomonocytic leukemia,
we detected 11qgCNN-LOH only in a minority of our study population,
suggesting that c-CBL mutations are rare events leading to transforma-
tion of chronic MPN to leukemic blast phase.

In contrast to recent findings showing frequent LOH on 4q associ-
ated with TET2 mutations in patients diagnosed with MDS/MPN,* we
detected CNN-LOH or deletions at 4q24 (TET2) only in a minority of
our patients in the chronic as well as blast phase of MPN. Nevertheless,
our study was not sufficient to explore these findings in more detail and
make conclusions on tumor suppressor TET2 and its potential role in
leukemic transformation.

However, with regard to the variety of detected allelic imbal-
ances, we suggest that no single candidate gene or molecular
pathway is sufficient and necessary to cause transformation of
chronic MPN to blast phase. Like de novo AML, MPN-blast phase
appears to be a heterogeneous disease prone to have evolved
multiple mechanisms to provide a proliferative advantage to the
abnormal leukemic clone.

CNN-LOH involving chromosomal regions that are also fre-
quently affected by deletions may have prognostic implications

similar to the deletions visible by karyotyping. In our study,55
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prognostic evaluation was based mainly on SNP-array data from
blast phase samples without the incorporation of SNP-array results
from the matched chronic phase. Moreover, we implied the
survival and clinical outcome only of MPN patients who under-
went leukemic transformation, without comparison with survival
and outcome in untransformed chronic phase. However, as expected,
blast phase patients with loss of chromosomal material on 7q showed
poor survival, because this is known to be predictive for rapid
progression and poor response in AML therapy.*>3” MPN-blast phase
patients with cytogenetically undetectable 7qCNN-LOH had compa-
rable survival rates to those with —7/7q— in their leukemic cells, which
is in accordance with previously published data.*

In addition, 9pCNN-LOH with homozygous JAK2 mutation
was also linked to an inferior outcome in MPN-blast crisis in
comparison with patients with either heterozygous JAK2V617F or
wild-type JAK2. In contrast to LOH on 17p, the prognostic impact
of 9pCNN-LOH was independent of established risk factors such
as —7/7q—, 5q—, or complex karyotype. Although JAK2V617F in
association with 9pCNN-LOH appeared to have no impact on the
time to MPN transformation, we suggest that the homozygous
driver mutation in combination with additional newly acquired
aberrations in terms of a second hit may have an implication on the
clinical course of MPN-blast phase patients.

In conclusion, high-density SNP-array technology allowed
precise identification of chromosomal aberrations, including CNN-
LOH, and complemented conventional cytogenetic techniques in
patients with chronic and transformed MPN. Our analysis provided
prognostic details to further improve clinical prognosis, as well as
novel interesting candidate genes potentially involved in the
transformation of MPN.
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Abstract

¢-CBL encodes a 120-kDa protein involved in intracellular signal transduction in a wide variety of cell
types. Recently, frequent mutations of ¢-CBL have been reported in myeloid neoplasms showing both
myelodysplastic and myeloproliferative features, in which most mutations are present in a homozygous
state, as a result of allelic conversion in 11q. c-CBL has ubiquitin E3 ligase activity for a wide variety of
tyrosine kinases, and thereby, negatively regulates tyrosine kinase signaling. Accordingly, c-CBL seems to
have tumor suppressor functions, loss of which promotes tumorigenesis. On the other hand, once mu-
tated, it is converted to an oncogenic protein and commits to myeloid leukemogenesis through a kind of
gain of function causing aberrant signal transduction. The inhibition of mutant CBL protein or signaling
pathways that it activates would have a role in therapeutics of myeloid neoplasms with CBL mutations.

Clin Cancer Res; 16(15); 3825-31. ©2010 AACR.

Background

¢-CBL proto-oncogene is a cellular counterpart of a viral
oncogene, v-CBL, isolated from a transforming retrovirus
that causes B-cell lymphoma and myeloid neoplasms in
mice (1). c-CBL is recognized as a 120-kDa cytoplasmic
protein rapidly phosphorylated after cytokine stimulation.
Interacting with a broad spectrum of signaling and cyto-
skeletal molecules as a multi-adaptor protein as well as
an E3 ubiquitin ligase, c-CBL is thought to be involved
in intracellular signaling (2, 3). Although ¢-CBL was first
identified through its oncogenic versions in mice, its role
in human carcinogenesis has been elusive until recently,
when frequent mutations of ¢-CBL have been reported
in a subset of myeloid neoplasms (4-10). Mutations of
¢-CBL are found in a variety of myeloid neoplasms, includ-
ing acute myeloid leukemia and myelodysplastic syn-
dromes (4-7, 10, 11), but they are most frequent in those
subtypes of myeloid neoplasms that are now grouped into
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myelodysplastic-myeloproliferative neoplasms (MDS-
MPN) in the World Health Organization classification
(12). MDS-MPN include chronic myelomonocytic leuke-
mia (CMML), juvenile myelomonocytic leukemia (JMML),
and atypical chronic myeloid leukemia (aCML). c-CBL
mutations are found in 5% of aCML (8) and up to 15%
of JMML (9, 13, 14) and CMML (7, 10). They originate
from immature hematopoietic progenitors and are com-
monly characterized by the production of dysplastic blood
cells and myeloproliferative features (12, 15). Mutations
seem to be somatic in most adult cases, but germline mu-
tations were reported in some JMML cases in children (9).
A conspicuous genetic feature of ¢-CBL mutations in these
myeloid neoplasms is that mutations are homozygous in
most cases, as a result of an allelic conversion of 11q arms
that leads to duplication of the mutated parental copy of
11q and loss of the remaining wild-type allele, or “unipa-
rental” disomy of the 11q arms. Mutations rarely accom-
pany deletions of the wild-type allele (7-10), indicating
the gain-of-function nature of the mutations rather than
a simple loss-of-function (see below).

In mammals, three CBL homologs, c-CBL, CBL-b, and
CBL-¢, existand are grouped into the CBL family of proteins
(2, 3). All three homologs have a conserved N-terminal do-
main [tyrosine kinase-binding (TKB) domain], for their
binding to phosphorylated tyrosine kinases, and a RING
finger domain, as well as an intervening linker sequence.
c-CBL and CBL-b, but not CBL-c, have extended C-terminal
structures, including a proline-rich domain, a ubiquitin-
associated-leucine zipper motif at the C terminus, and
several tyrosine residues that are phosphorylated upon cy-
tokine and/or growth factor stimulation (Fig. 1). The TKB
domain consists of a four-helix bundle, a Ca**-binding EF
hand, and a variant Src homology 2 (SH2) domain (16),
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Fig. 1. Structure of CBL family proteins. Domain structures of CBL family proteins are depicted. Major tyrosine phosphorylation sites in c-CBL are
indicated. Molecular interactions of c-CBL with cytokine receptors and other signaling molecules are also shown on top.

through which ¢-CBL binds to a phosphotyrosine-containing
residue within a variety of activated tyrosine kinases.
The spectrum of tyrosine kinases with which ¢-CBL can in-
teract is thought to be determined by these N-terminal
structures and includes receptor tyrosine kinases (RTK),
such as epidermal growth factor receptor (EGFR; refs.
17-19), platelet-derived growth factor receptor (PDGFR;
refs. 20-22), insulin-receptor (23, 24), c-Kit (25, 26),
and FLT3 (5, 27), as well as non-RTKs (JAK2, ZAP70,
and Syk; ref. 28). After being targeted to activated tyrosine
kinases, c-CBL initiates a series of interactions with a vari-
ety of molecules as a multi-adaptor protein to transmit sig-
nals (Fig. 2A). First, c-CBL itself is phosphorylated at
multiple tyrosine residues, to which a number of signaling
molecules, including Vav (Y700; ref. 29), Crk/CrkL (Y700
and Y774; refs. 30-34), and the p85 subunit of PI3 kinase
(Y731; refs. 35, 36) are recruited. The proline-rich domain
provides binding sites for a variety of Src homology 3
(SH3)-containing proteins, including Grb2 (17, 18, 26,
32, 37-39) and NCK (40, 41), Src family tyrosine kinases
(Fyn and Src; refs. 42-44), as well as CAP and CIN85 (45,
46). Grb2 constitutively binds to ¢-CBL in unstimulated
cells, playing a role in recruitment of c-CBL to phosphor-
ylated RTKs when cells are stimulated with their ligands.
Src family kinases are responsible for phosphorylation of
c-CBL on RTK stimulation. The long list of molecules mak-
ing direct or indirect interactions with c-CBL is found in an
excellent review (3), and the list is still growing. The com-
plexity of molecular interactions of CBL comprises “the
CBL interactome” and provides the basis for the diverse
biological functions of c-CBL. Among these, the most ex-
tensively studied is its function as a negative regulator of
tyrosine kinase signaling.

The negative regulation of tyrosine kinases by c-CBL was
first implicated through genetic studies in Caenorhabditis
elegans, in which the ¢-CBL ortholog, sli-1, was shown to

be upstream of RAS (let-60) and Grb2 (sem5), and to sup-
press vulval induction that depends on let23, the ortho-
log of EGFR (47). Later, it was molecularly shown in
mammalian cells that the negative regulation involves
multi-ubiquitinylation of RTKs (21, 48, 49). c-CBL has
E3 ubiquitin ligase activity, which is mediated by the
linker-RING finger domains (50). c-CBL recruits E2 ubi-
quitin conjugating enzymes and ubiquitin monomers at
the linker-RING finger interface and multi-ubiquitinylates
the activated RTKs (Fig. 2A, upper panel). Depending on
the multi-ubiquitinylation of the kinases, the kinase-c-
CBL complexes are directed to endocytosis for subsequent
degradation at lysosomes and/or proteasomes, or for re-
cycling (21, 48, 49), which, in either case, limits kinase
signals. Although multi-ubiquitinylation is critical for these
reactions to occur, two ¢-CBL-bound adaptor molecules,
CIN85 and CD2AP, mediate the endocytosis (45, 46).
The negative regulatory roles of c-CBL in tyrosine kinase
signaling suggest that the protein could have an anti-
oncogenic function. In fact, ¢-CBL null mice have an en-
larged thymus, expanded hematopoietic progenitor pools,
splenomegaly with extramedullary hematopoiesis, as well
as increased repopulating capacity of their bone marrow
cells (10, 51-53). Blastic transformation of chronic mye-
logeneous leukemia in a ber/abl-transgenic model is accel-
erated in the ¢-CBL null background (10). Finally, ¢-CBL
null mice developed invasive cancers with complete pene-
trance.” Combined, these observations support that c-CBL
can act as a tumor Suppressor.

In contrast to the tumor suppressor function of the wild-
type c-CBL, when transduced into NIH3T3 cells, c-CBL
mutants isolated from human and murine neoplasms, as
well as v-CBL, show clear transforming capacity in terms of

2 Unpublished data.
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anchorage-independent growth in soft agar and tumor
generation in nude mice (10, 54). Bone marrow cells
transduced with mutant ¢-CBL (R420Q and 70Z mutants)
generate generalized mastocytosis, a myeloproliferative
disease, and myeloid leukemia in lethally irradiated mice
with long latency but high penetrance (55). The trans-
forming activity of mutant c-CBL seems to be mediated
by alteration of the E3 ubiquitin ligase activity. Except
for rare mutations causing a premature truncation of the
TKB domain, most ¢-CBL mutations in myeloid neo-
plasms are missense changes at highly conserved amino-
acid positions within the linker and RING finger domains,
or involve splice-site sequences, leading to amino acid de-

3 =

Signals

letions within these domains. Although the E3 ubiquitin
ligase activity primarily depends on the RING finger do-
main, the intact linker sequence, which tightly packs with
the TKB domain as well as with the E2 ligase, is also consid-
ered to be essential for efficient ubiquitinylation to occur
(56). The crystal structure of the c-CBL/UBCH7 complex
suggests that Y371 is important for the integrity of the
linker-TKB interface (56). Thus, tumor-derived ¢-CBL muta-
tions are expected to affect the E3 ubiquitin ligase activity.
In fact, linker-RING finger mutations found in myeloid
neoplasms, as well as other artificially introduced muta-
tions within these domains, were shown to have compro-
mised E3 ubiquitin ligase activity (5, 8, 10, 54). Moreover,

- 11qUPD(#) cells

Normalcels ~ MDS/MPN
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Fig. 2. Putative mechanism of gain of function of c-CBL mutants. A, after cytokine (growth factor) stimulation, RTKs are phosphorylated, to which c-CBL
or CBL-b binds to ubiquitinate the receptors, while participating in signal transduction. Ubiquitinated RTKs are then subjected to degradation or recycling.
On the other hand, when mutant c-CBL binds to the activated RTKs, downregulation of the RTKs is compromised, leading to prolonged signaling.

B, putative mechanisms of the gain of function of c-CBL mutants; the CBL-b-inhibition model (red line) and the mechanism mediated by positive regulatory
functions of c-CBL (blue line). C, in the CBL-b-inhibition model, a c-CBL mutant inhibits the E3 ubiquitin ligase activity of both c-CBL and CBL-b. In
the heterozygous state, the inhibitory action of the c-CBL mutant is largely titrated out by three intact copies of ¢-CBL and CBL-b, leading to only modest
increase in sensitivity to cytokines, as compared with the normal state (middle panel). When the mutant allele is duplicated by an allelic conversion in 11q,
the mutant protein expressed from the two mutated alleles can effectively inhibit the remaining enzymatic activity from CBL-b (right panel).
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these c-CBL mutants strongly inhibit the E3 ligase activity
of wild-type c-CBL, indicating that linker-RING finger
mutants act in a dominant negative manner against
wild-type c-CBL (10). This finding is expected because a
simple loss-of-function would not explain the dominant
effect of c-CBL mutant on transforming activity in NIH3T3
cells expressing wild-type ¢-CBL. Interestingly, this inhibi-
tory effect does not seem to depend on dimerization with
the wild-type c-CBL, but on intact binding to phosphory-
lated tyrosine kinases, because a G306E mutation
abolishes oncogenic capacity of these c-CBL mutants.'®
Thus, when overexpressed in EGFR-transduced NIH3T3
cells, mutant c-CBL inhibits ubiquitinylation of EGFR,
leading to prolonged activation of the receptor after EGF
stimulation. Similarly, transduction of c-CBL mutants into
hematopoietic cell lines results in prolonged activation of
c-Kit, FLT3, and Jak2 kinases after stimulation with either
their ligands or interleukin 3 (IL-3; Fig. 2A, lower panel;
refs. 10, 55). Murine hematopoietic progenitors trans-
duced with tumor-derived c-CBL mutants show increased
cell survival in the presence of stem cell factor, similar to
those from ¢-CBL null mice (10). Unexpectedly, however,
the effect of these c-CBL mutants becomes much more
prominent in the ¢-CBL null background, in which these
c-CBL mutants induce exaggerated survival or even prolif-
erative responses to stem cell factor. Moreover, the aug-
mented proliferative and/or survival responses of mutant
c-CBL-transduced cells are also found for a broader spec-
trum of cytokines, including thrombopoietin, IL-3, and
FLT3 ligand (10). These effects of ¢-CBL mutants found
in the ¢-CBL null background are not explained by either
a simple loss of ¢-CBL functions or inhibition of wild-type
c-CBL, but should be interpreted as true gain of function.
Of particular interest, the gain of function of mutant c-CBL
is lost in large part by the presence of either wild-type
¢-CBL allele or cotransduction of wild-type ¢-CBL. The gain
of function becomes apparent in the ¢-CBL null back-
ground, explaining the observation that ¢-CBL mutations
are found in a homozygous state with loss of the wild-type
¢-CBL in most cases (7-10).

Currently, the exact mechanism of the gain of function
of ¢-CBL mutants is unclear. A possible mechanism is in-
hibition of CBL homologs (Fig. 2B, red arrow) and/or
CBL-intrinsic positive regulatory machinery (Fig. 2B, blue
arrow). Because the hypersensitive response to cytokines
in mutant ¢-CBL-transduced cells is markedly diminished
by wild-type ¢-CBL, it is mediated by inhibition of “CBL-
like” activity still present in ¢-CBL null cells, most likely
CBL-b. Mutant ¢-CBL also inhibits E3 ubiquitin ligase ac-
tivity of CBL-b, which is expressed in hematopoietic pro-
genitor cells (10). ¢-CBL/CBL-b double knockout T cells
show exaggerated proliferative response to anti-CD3 stim-
ulation and prolonged T-cell receptor signaling, as com-
pared with ¢-CBL or CBL-b single knockout T cells (57).

'% Unpublished data.

According to this model, two mutant c-CBL alleles could
functionally titrate out two wild-type CBL-b alleles, where-
as one mutant ¢-CBL allele might not be sufficient to over-
come one wild-type c-CBL plus two wild-type CBL-b alleles
(Fig. 2C).

Another possible mechanism of the gain of function of
mutated c-CBL is related to its function as a multi-adaptor,
which is implicated in positive regulatory functions in
signal transduction (Fig. 2B, blue arrow). As an adaptor
protein, kinase-bound c-CBL recruits a number of mole-
cules involved in signal transductions and cytoskeletal
regulations. For examples, upon either IL-4 or granulocyte
colony-stimulating factor stimulation, c-CBL is tyrosine-
phosphorylated and binds to the p85 subunit of phosphoi-
nositide 3 kinase (PI3K) to transmit mitogenic and/or
survival signals (58, 59). Similarly, CBL was shown to reg-
ulate integrin-mediated cell adhesion, spreading, and
migration in a PI3K-dependent manner (60, 61). CBL
promotes activation of MAP kinases after stimulation of
Met tyrosine kinase through binding to Crk (62). c-CBL is
one of the downstream substrates and/or effectors of Src
kinase signaling, necessary for bone resorption and osteo-
clast migration (63). It is also involved in cytoskeletal reg-
ulation via activation of Racl or Cdc42, and R-RAS (64).
In the face of loss of negative regulatory functions due to
compromised E3 ubiquitin ligase activity, the intrinsic role
in positive signaling of c-CBL protein could be unmasked
as gain of function (Fig. 2B). This model could explain the
observation that ¢-CBL mutations were much more fre-
quent than CBL-b mutations in MDS-MPN, because both
proteins clearly have different functionalities, as evident
from the different phenotypes of their knockout mice
(51, 52, 65).

Clinical-Translational Advances

Gene mutations in signal transduction pathways are a
common feature of MPN. Deregulated kinase activity
caused by ber-abl and mutated JAK2 is a hallmark of chron-
ic myelocytic leukemia and classical myeloproliferative
disorders, including polycythemia vera, essential throm-
bocythemia, and primary myelofibrosis (66). Genes for
RTKs, such as PDGFRs (PDGFRA/B) and fibroblast growth
factor receptors (FGFR) are also recurrent targets of gene
fusions in hypereosinophilic syndrome (PDGFRA) and
subsets of CMML (FGFR; ref. 67). Finally, gene mutations
commonly involving RAS pathway genes, including NF-1,
RAS, and PTPN11, occur in more than 70% of CMML
cases, responsible for their hypersensitivity to granulo-
cyte-macrophage colony-stimulating factor (15, 67).
The recent finding of frequent ¢-CBL mutations in the
MDS-MPD subgroup revealed a novel mechanism for
excessive cell signaling through deregulated kinase activity
in MPN, especially MDS-MPN subtypes, and also provided
an insight into the therapeutics of ¢-CBL-mutated myeloid
neoplasms.

Because ¢-CBL mutations induce excessive tyrosine
kinase signaling, use of tyrosine kinase inhibitors could be
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a logical approach to the control of ¢-CBL-mutated neo-
plasms. However, the broad spectrum of ¢-CBL-regulated
tyrosine kinases may preclude the efficacy of selective kinase
inhibitors, whereas the use of pan-kinase inhibitors would
increase a risk of the development of unacceptable adverse
effects. Otherwise, identification of functionally relevant
kinases regulated by mutated ¢-CBL would enable efficient
targeting of such inhibition. Alternatively, the downstream
signaling pathways, including JAK/STAT, PI3K, as well as
RAS/extracellular signal-regulated kinase (ERK) signalings,
are also potential therapeutic targets for inhibition with
low molecular-weight compounds.

Given the gain-of-function nature of ¢-CBL mutants,
inhibition of these mutant proteins would be a more
reasonable approach, regardless of the exact mechanism
of the gain-of function. Because the oncogenic action of
mutant c-CBL proteins depends on their intact binding
to target kinases, inhibition of this binding would be a
potential approach, especially when the inhibition could
be specifically directed to mutant c-CBL, but be saved for
CBL-b. Recently, piceatannol, a naturally occurring phe-
nol stilbenenoid, was shown to induce loss of the CBL
family of proteins including mutant CBL (70Z mutant;
ref. 68). Piceatannol was initially isolated as an antileu-
kemic agent from a domesticated oilseed and was shown
to inhibit a broad spectrum of tyrosine kinases including
Sky, Src, Lck, and FAK, as well as some serine-threonine
kinases (69-72). It also induces selective loss of CBL-
associated proteins; levels of PDGFRp, c-Abl, and EGFR
are reduced by piceatannol treatment, whereas those
of ¢-Src, Lyn, Syk, and Grb2 are unaffected (68). The mo-
lecular mechanism that underlies piceatannol-induced
CBL loss is still unclear. It does not depend on protea-
some, lysosome, and caspase activation, but rather on
reactive oxygen species, which seems to be distinct from
the mechanism of inhibition of kinase activities (68).
Although piceatannol shows a broad spectrum of biolog-
ical activity as an anti-inflammatory, antihistamine, and
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