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Molecular Testing in Chronic Myelogenous Leukemia:
Diagnosis, Monitoring, and Resistance

Adam Bagg, University of Pennsylvania, Philadelphia, PA

Introduction

Chronic myelogenous leukemia (CML), the first neoplasm in humans to be associated with a single,
specific, acquired genetic lesion, is one of the best-understood myeloproliferative disorders at the
molecular level. It comprises ~20% of all adult leukemias and is diagnosed at a median age of
approximately 50 years. The discase originates from the transformation of a hematopoietic stem cell with
resultant expanding myelopoiesis that characteristically evolves through three phases when untreated: 1) a
chronic phase of four to five years duration manifest by myeloid hyperplasia with circulating
granulocytes that are present in all stages of maturation; 2) an accelerated phase of shorter duration during
which myeloid elements begin to lose the ability to differentiate; and 3) inevitably, a blast phase of acute
leukemia of myeloid (70%) or lymphoid (30%) phenotype.

The reciprocal t(9;22)(q34:q11) translocation is identified as the initial transforming event in the
development of CML, although some data suggest that it may be preceded by clonal hematopoiesis. The

translocation yields a shortened 22 called the (Ph) With the
translocation, two dmmu genes BCR and ABLI are fused. BCR encodes a cytoplasmic protein with
oligomerization, s kinase, and GTPase-a domains. It appears that the BCR

protein acts as a tumor suppressor in the WNT signaling pathway, and it also functions in the cellular
trafficking of growth factor receptors. ABLI encodes a non-receptor tyrosine kinase normally localized to
the nucleus, plasma membrane and cytoskeleton. The resultant chimeric gene and fusion transcript yield
a fusion protein with constitutively increased tyrosine kinase activity that is now translocated (at a cellular
level) from its primary nuclear location to the cytoplasm, and which then phosphorylates a variety of
cellular substrates. The result is growth factor independent proliferation, decreased apoptosis, defective
adhesion and genomic instability in the transformed cells, with the latter likely to be mechanistic in the
metamorphosis from stable or chronic phase CML.

The 1(9:22) translocation can involve several different breakpoints in the BCR and ABLI genes
resulting in different chimeric fusion proteins that confer somewhat specific clinicopathologic features
and highlight the fact that this translocation is not pathognomonic for CML. These breakpoints are

by traditional karyotyping and can only be jated using molecular techniques.
For all fusions, most of ABLI is juxtaposed to variable 5’ portions of BCR. Whereas the breakpoint
involving ABLI is relatively conscrved, usually arising in the intron before exon 2 (a2), the breakpoints
involving BCR are more variable.

BCR breakpoints arising in the major breakpoint cluster region (M-ber) occur cither after exon 13
(13 or b2) or exon 14 (e14 or b3). Fusion transcripts involving the M-ber encode a p210 fusion protein
and are present in the vast majority (~99%) of patients with CML as well as in ~40% of adult and ~10%
of pediatric patients with 1(9:22)-positive precursor B-cell acute lymphoblastic leukemia (ALL). In
contrast, breakpoints in the minor breakpoint cluster region (m-ber) are more 5” in location, occurring
after exon 1 (e1). Breakpoints involving the m-ber, which ultimately result in a smaller (p190) fusion
protein with enhanced transforming potential, are rarely present in CML. The m-ber breakpoints and
fusion transeripts are present in ~60% of adult and ~90% of pediatric patients with 1(9:22)-positive
precursor-B-ALL. Overall, the presence of t(9:22) is quite common in adult patients with ALL (~25%
ALL), but relatively less common in pediatric patients (~5% ALL). Infrequently, an extreme 3°

validates the implementation of targeted therapy with tyrosine kinase inhibitors (such as imatinib), while
identification of the type of fusion transcript that is specific to the neoplastic clone may be important for
subsequent monitoring.  Although the majority of patients with CML possess the ¢13a2 (b2a2) or el4a2
(b3a2) transcript, identification of the ela2 or e19a2 forms may explain unusual hematologic phenotypes.

Thus, detection of the most common BCR breakpoints (el, e13, and e14) and the common (a2) as
well as variant (a3) breakpoints involving ABL1 can be accomplished with two parallel conventional RT-
PCR assays that use BCR-exon 1/4BLI-exon 3 and BCR-exon 13/4BL1I-exon 3 primers. An independent
RT-PCR assay for an unrelated mRNA (e.g. B2M, GAPDH, BCR, or ABLI) is also necessary as a quality
control to assess the integrity of the RNA and the presence of RT-PCR inhibitors. These three reactions
may be multi to allow for the si detection of the various transcripts, but multiplexing
may reduce the sensitivity of the individual reactions. While reduced sensitivity is not relevant for
diagnostic testing, it is very relevant for monitoring residual disease.

The interpretation of test results is influenced by the clinical context in which the test is performed.
In the diagnostic sctting, a negative RT-PCR result renders a diagnosis of CML most unlikely. However,
it does not definitively exclude a diagnosis of CML since rare variant breakpoints can occur that may not
be detected by conventional PCR primer sets. Similarly, a positive qualitative RT-PCR result does not
definitively invoke a diagnosis of CML. Using an extremely sensitive nested RT-PCR technique, BCR-
ABLI fusion transcripts have been identified in the blood of as many as two-thirds of healthy adults.
Whereas the vast majority of CML patients express cither the ¢13a2 (b2a2) or the el4a2 (b3a2) fusion
transcripts, healthy individuals express primarily the ela2 type. However, the extreme level of sensitivity
achieved (~10*) with this nested technique is neither required nor recommended for routine clinical
testing, and thus misdiagnosis should not be an issue. Qualitative RT-PCR no longer has a role in
minimal residual discase assessment, with quantitative RT-PCR having clearly emerged as the preferred
modality for post-therapeutic monitoring.

(B Motecutar testing for

Following therapy, disease response is assessed using three parameters: hematologic, cytogenetic, and
molecular status. Hematologic remission is achieved when the blood counts and spleen size have
normalized. Cytogenetic response is quantified and graded based upon the percentage of residual Ph+
cells. Traditionally, the cytogenetic response serves as the “gold standard” for assessment, and is an
important predictor of patient survival.

Once i remission and ic complete response have been achieved,
monitoring relies upon more sensitive molecular techniques. When the BCR-4BLI fusion transcript is no
longer detectable, molecular remission has been attained. However, a widely accepted definition of
molecular remission does not yet exist, and its designation varies with assay and sensitivity.
Nonetheless, a single negative or positive qualitative RT-PCR result is, in itself, of little clinical
predictive value, since such assays may lack precision, depending on the sensitivity of the specific test.
In contrast, serial quantitative assays that assess the kinetics of tumor clearance (response) or
reappearance (relapse) have greater predictive value. In contrast to qualitative RT-PCR analysis,
quantitative RT-PCR shows broad relevance to pe itoring whether after
or therapy with imatinib. With such analysis, four patterns may emerge, with levels that: (1) continue to
decline; (2) are undetectable; (3) become stable/plateau; or (4) rise. Rising levels of BCR-ABLI mRNA
have been shown to precede discase recurrence and may signal a need for therapeutic intervention, while
low, diminishing or stable fusion transcript levels identify patients in whom treatment has been effective.
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breakpoint occurs beyond exon 19 (¢19) of BCR in the designated micro region (I'-ber), resulting in a
larger (p230) fusion protein characteristically associated with neutrophilic CML in which mature
granulocytes predominate, as well as in chronic neutrophilic leukemia, although recent data indicate a less
well-substantiated association with the latter. The Philadelphia chromosome has also been detected in
rare cases of de novo acute myeloblastic leukemia and T-cell ALL.

In CML, the occurrence of additional specific cytogenetic and molecular genetic events subsequent to

the initial 1(9:22) fon herald discase prior to ic and/or clinical
The ion of such ities as a second

(+Ph), isochromosome 17g, trisomy 8, trisomy 19, and others, commonly indicate an impending blast
crisis. Other molecular abnormalitics associated with disease progression include overexpression of BCR-
ABLI, upregulation of EVII expression, mutations in tumor suppressor genes such as PI6, TP33,
CDKN24 and RBI, and aberrant DNA methylation of the translocated ABL! allele and of the calcitonin
gene.  The presence of a derivative chromosome 9 deletion (which typically requires FISH for its
detection) in addition to the 1(9:22) translocation has served as an independent prognostic factor
predicting a rapid progression to blast crisis with a worse response to therapy and, hence, a shortened
survival. However, some studies suggest that this prognostic association is abrogated by the use of
imatinib.

There are three broad scenarios in which molecular testing is indicated in CML, at diagnosis, for
monitoring during and following therapy, and in the emerging area of detecting kinase domain mutations.
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A rational understanding of laboratory monitoring is predicated on an appreciation of therapeutic
goals and options.  Indeed, eradication of the neoplastic clone cannot always be achieved, in which case
therapeutic intent focuses on tumor control with an attempt to forestall disease progression. Current first-
line treatments available to patients in the chronic phase of CML include allogencic stem cell
transplantation (ASCT) and tyrosine kinase inhibitors (imatinib, and other newer agents) with imatinib
having become the “gold standard” for initial therapy in the majority of patients.

Technologically, quantitative RT-PCR has evolved from the initial use of competitive and limiting
dilution RT-PCR methods to real-time RT-PCR methods. Real-time RT-PCR affords sensitive, rapid, and
reproducible quantification of the BCR-ABLI fusion transcripts. A closed tube system is employed which
climinates the need for post-PCR processing and minimizes the potential for contamination while
simultancously decreasing testing time. ~ Although the sensitivity of real-time RT-PCR methods is
somewhat less than conventional or nested RT-PCR, the dynamic range of fluorescent detection is much
broader, spanning five to six orders of magnitude, with a lower limit of detection of <0.01%. Most
importantly, real-time RT-PCR has the precision required in clinical diagnostic applications.

Various fluorescent detection systems have been used to quantify BCR-4BL1 transcripts. The major
chemistries employed are the Tagman or FRET probe methods. For both of these, RNA or cDNA
standards of known concentration are used to generate a standard curve [log (copy number) versus
threshold cycle (Cp)], from which the unknown sample quantity is determined, and then normalized
against an internal reference (c.g. ABLZ, BCR or GUSB transcripts). The final result is usually reported as
a percentage ratio (e.g. BCR-ABLI/ABLI), although alternative methods of reporting include copy
number and/or micrograms of RNA. Other chemistries include molecular beacons and melting curve
analysis. Quantification can also be performed without the use of standard curves, using the delta-deltaC;
method.

For therapeutic monitoring, a single positive qualitative (or indeed quantitative) RT-PCR result is not
necessarily predictive of relapse in any individual patient regardless of therapeutic context; nonetheless,
therapeutic context ultimately dictates the clinical ramifications of any test result. For instance, in the
setting of bone marrow transplantation, the interval after transplant, the type of transplant (i.e. unrelated
versus related matched), and the presence or absence of stem cell product manipulation (e.g. T-cell
depletion) may all impact the prognostic relevance of qualitative test results. Most CML patients have a
positive qualitative RT-PCR result in the first six months following ASCT that is not associated with a
higher risk of relapse. Six to twelve months after ASCT, however, positive qualitative results are highly
associated with, and dered to be an i predictor of, relapse. In this setting,
positive RT-PCR detection of BCR-ABLI fusion transcripts precedes cytogenetic and hematologic relapse
by several months. Furthermore, detection of fusion transcripts by RT-PCR six to twelve months after
transplant with an allogeneic-related matched donor or with T-cell depleted stem cell products is
associated with a higher rate of relapse than in patients receiving unrelated donor or non-depleted stem
cell products. With respect to monitoring post-transplantation, several quantitative indicators emerge.
Thus, a modified definition of molecular relapse has been proposed as rising or persistently high levels of
BCR-ABLI, delineated as a BCR-ABLI/ABLI ratio of >0.02% (~10"), in two sequential specimens
procured more than 4 months after ASCT. Other studies have indicated that this threshold (~10~) may be
predictive of relapse when realized as early as day 100 post ASCT.

Although imatinib has shown encouraging results in the treatment of CML, the long-term correlates
of clinical outcome remain to be defined. Nonetheless, numerous studies suggest that quantitative RT-
PCR values correlate with established cytogenetic response criteria and are associated with a differential
short- and medium-term outcome. In the IRIS study, a “major molecular response (MMR)" is defined as a
= 3 log reduction in BCR-ABLI/BCR levels compared to median pretreatment levels. Here, MMR was
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A Molecular testing for initial diagnosis

Cytogenetics serves to identify the presence of the t(9;22) translocation in only approximately 95% of
cases of CML, but can identify the presence of other chromosomal abnormalities. In one-half of the
patients with a normal karyotype, the BCR-ABLI fusion transcript is detectable at the molecular level.
This discrepancy is due to a submicroscopic genetic fusion. Therefore, in those patients with a normal
karyotype, who have the clinical and hematological profile of CML, molecular testing serves a primary
role in CML diagnosis. In the remaining patients, who are negative for both the Philadelphia
chromosome and the BCR-ABL1 fusion transcript, alternative diagnoses such as atypical CML o chronic
myelomonocytic leukemia should be considered. Molecular testing is also helpful in excluding a
leukemoid reaction and other myeloproliferative disorders (MPDs) such as polycythemia vera, essential
thrombocythemia and chronic  idiopathic myelofibrosis, with JAK2 mutational assessment being
additionally helpful in the evaluation of these BCR-4BLI negative MPDs.

Molecular testing serves to document the presence of BCR-4BLI fusion transcripts at diagnosis, both
for the rational use of targeted therapy and for subsequent molccular monitoring. Indecd, once the initial
diagnosis of CML is ished, periodic of both the response and the level of
residual discase becomes critical to evaluation and therapeutic decision-making. Qualitative RT-PCR has
several attributes that make it well suited for initial diagnosis. Bone marrow aspirate and peripheral blood
both constitute suitable (and comparable) specimens, obviating the need for frequent invasive procedures,
while sensitivity and rapid turnaround facilitate initiation of therapy.

Methodologically, qualitative RT-PCR can be performed with a simple, nested, or multiplex
approach. However, nested methods are to be avoided in the routine diagnostic laboratory due to a
significant risk of PCR contamination and consequent false positive results. With non-nested, simplex
RT-PCR, one assay is performed using a single pair of primers. Primers for BCR exon 13 (b2) and ABL!
exon 2 (a2) identify both the ¢13a2 (b2a2) and el4a2 (b3a2) fusion transcripts that differ in size by 75 bp.
Using PCR primers to these regions allows for the molecular detection of CML in nearly all cases
(~99%): however, variant breakpoints occur. When these variant breakpoints fall outside of the region
recognized by the primers, they yield a false negative RT-PCR result, whereas if they fall within the
primer region, they may yield a PCR product of unexpected size. These variant breakpoints are diverse
and often complex, and cannot be globally assessed with any one pair of PCR primers; however, they are
quite rare and are thus not a major cause of false negative results. The incorporation of an ABLI exon 3
(a3) primer, in place of an exon 2 primer permits the routine detection of rare ABL intron 3 breakpoints.
However, there have been fewer than ten patients with CML reported with this variant breakpoint, which
is similarly rare in ALL.

Multiple fusion transcripts may be detectable with a single BCR intron 14 breakpoint due to
alternative splicing of the primary transcript. With this breakpoint, the resultant chimeric gene is always
directly transcribed to produce the el4a2 (b3a2) transcript as described above; however, concomitant
alternative splicing may yield either an accompanying e13a2 (b2a2) and even an ela2 transcript. ela2
alternative transcripts may also be seen with breakpoints following 13 (b2). Identification of the ela2
transcript requires a separate BCR primer targeting BCR exon 1 (el). Although the ela2 primer set is not
usually essential to the diagnosis of CML, some studies suggest that the presence of this alternatively
spliced transcript is associated with a poor prognosis and transformation to accelerated phase.

In the diagnostic setting, qualitative RT-PCR serves several functions. The presence or absence of
BCR-ABLI transcripts distinguishes CML from leukemoid reactions or other MPDs. A positive
qualitative result is critical for the diagnosis of CML, particularly in those patients lacking the
Philadelphiachromosome on routine karyotypic analysis. The presence of BCR-4BLI transcripts
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achieved in 39% of newly diagnosed CML patients after 12 months of imatinib as compared to only 2%
of patients on interferon-alpha plus Ara-C.  Patients with this degree of molecular response to imatinib
had a negligible risk of discase ion in the short- to medium-term. It has also been shown that
patterns of MRD after attaining CCR (such as continuing decline in levels, plateau, or increasing levels)
can predict cytogenetic relapse. The percentage of patients achieving MMR continues to increase with
increasing duration of therapy, reaching 75% by 3 years.

One caveat to molecular monitoring is that it cannot assess the clonal evolution of disease. For this
assessment, cytogenetic karyotypic analysis is required and should be performed every six to twelve
months throughout the monitoring process regardless of the therapeutic modality employed. The

of i abnormal (but Ph i clones with the use of imatinib, with an
incidence of ~5%, further underscores the need for periodic conventional cytogenetic analysis.

Notwithstanding the excitement regarding imatinib, ASCT is the only proven curative therapy for
CML with cure rates of 70 to 80% in young (age <40 years), chronic-phase patients that have HLA-
matched donors and undergo transplantation within one year of diagnosis. Despite the curative success of
ASCT, the associated morbidity and mortality is significant; furthermore, the majority (~63%) of young
patients do not have a suitably matched donor, while older patients are often suboptimal candidates for
transplantation.

After transplantation, molecular testing serves two functions, first to document remission and then to

monitor for disease relapse. Molceular monitoring for relapse permits carly discase detection (prior to

or when the tumor burden is low and presumably more

amenable to treatment. At molecular relapse, therapeutic options include the withdrawal of

immunosuppressive agents and/or the administration of donor lymphocyte infusions (DLI) with an
increased likelihood of response achieved when DLI are administered prior to overt hematologic relapse.

For patients who are not suitable candidates for ASCT, alternative therapies had historically included
hydroxyurea and interferon-alpha; however, these agents have been supplanted by imatinib, which has
shown activity in all phases of CML with substantial responses in newly diagnosed patients in chronic
phase. Imatinib has, thus far, shown improved hematologic responses and cytogenetic responses as well
as a prolonged freedom from disease progression when compared to more traditional (non ASCT)
therapies. In an on-going randomized Phase III trial (IRIS), the observed rate of complete cytogenetic
remission (CCR) in newly diagnosed CML patients was 76% with imatinib versus 15% with interferon-
alpha plus Ara-C (median follow-up 18 months), with CCR reaching 87% after 5 years of therapy with
imatinib. At 54 months, the overall survival of patients treated with imatinib in early chronic phase is
over 90%. In addition to its apparent clinical superiority, imatinib is also well tolerated, a therapeutic
aspect that is in marked contrast to interferon-alpha with its numerous prohibitive toxicities. Although
hydroxyurea successfully lowers the peripheral leukocyte count, it neither induces a cytogenetic response
nor delays disease progression, thereby limiting its role in contemporary therapy.

While long-term outcome data are still maturing (they are currently available for 5 year follow-up),
imatinib has clearly emerged as the primary therapy of choice for newly diagnosed CML, although
probably still not curative since the BCR-ABLI fusion transcript typically persists at low levels.
Persistence of molecular disease wihout relapse suggests attainment of a “dormant” state that may be
induced and regulated by various including immune and impaired

that confer clonal quiescence. 1t has been shown that high doses of imatinib (800mg vs 400mg) may
indeed induce molecular remission in up to 28% of patients. Monitoring of patients on imatinib is also
pertinent with regard to determining loss of response to such therapy, which may be predictive of the
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development of resistance. Such observations dictate that therapy be altered; this may include (1)
increasing the dose of imatinib; (2) changing to an altemative tyrosine kinase inhibitor; or (3) ASCT.

Issues in i RQ-PCR assays for BCR-ABL1

A large number of variables can clearly affect the validity of RQ-PCR results, and attempts have been
made to harmonize these so that results from different laboratories can be appropriately compared with
one another. These variables are summarized in the following table:

C. Molecular testing for imatinib resistance

VARIABLE COMMENT

Specimen: source Both peripheral blood and bone marrow acceptable; former preferred
because less invasive

Essential to stick with one (do not

Specimen: volume 5-10ml PB
Cell number more pertinent (>1-2 x 107)
Specimen: anti EDTA (avoid heparin)
Specimen: transport Ideally <24hrs to lab; up to 36 hours OK
2 RNA stabilizers (concers about affecting PCR efficiency)
Specimen: i Do not enrich for cells (avoid ficoll)
RNA extraction All major ial methods acceptable
RNA qualit 2 need to run on gel vs
RT enzyme ipt and MMLV both OK (former favored by some)
RT primers Random hexamers
Probe design Both hydrolysis (Tagman) and hybridization (FRET) OK
Avoid BCRe13 p
Instrument ABIL Light Cycler, and others are interchangeable
2 Cepheid cartridge system
“Control” normalizer gene ABLI vs BCR vs GUSB
Calibration standards For standard curve: run serial dilutions with each run, in triplicate;

plasmid DNA acceptable; R >0.98.
2 can avoid if use delta-delta Ct method

QC samples High and low: should mimic primary material
International reference standard Plasmids vs lyophilized cells vs cell extracts vs stabilized RNA.
For to i i scale
Result units Log reduction or decline from baseline
Baseline Lab mean of 30 specimens vs standard
Frequency Every 3 months, once CCR attained
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Please refer to printout of Powerpoint presentation.
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Therapeutic resistance to imatinib may be primary or secondary. Resistance is much more common
with advanced stages of disease (accelerated phase and blast crisis) as compared with chronic or stable
phase. Primary resistance refers to the failure to achieve an initial response to therapy, and is seen in ~5%
of previously untreated patients in chronic phase. Secondary resistance refers to the loss of a previously
documented response, and develops in approximately 10-15% of previously untreated patients in chronic
phase (and develops at a rate of approximately 1-4%/year). The proportion of patients developing
resistance is higher in those who have received prior interferon-alpha therapy, and is evident in as many
as 75% of patients in accelerated phase and 95% in blastic phase. The mechanisms involved in primary
and secondary resistance are usually quite distinct. In primary resistance, the precise mechanisms are
often unclear; however, they are typically not due to point mutations, and more likely occur due to
diminished bioavailability of the drug. By contrast, the major mechanism of secondary resistance is
indeed the presence of point mutations.

There are two broad mechanisms of resistance: (1) BCR-ABLI independent, and (2) BCR-ABLI
dependent. BCR-ABLI i isms include dimini i ility (due to factors such
as poor absorption, increased hepatic metabolism, increased plasma binding by alpha 1 acid glycoprotein,
increased cellular cfflux or diminished influx due to the variable expression of MDRI, PGP,
BCRP2/ABCG2, hOCTI, and MRP1) or clonal evolution (with the acquisition of additional genetic hits
and/or activation of other cellular pathways). By contrast, BCR-ABL1 dependent pathways include
kinase domain (KD) mutations and BCR-ABLI amplification (genomic or transcriptional, with the former
more common), which are seen in 40-90% and ~10% of cases of resistance, respectively.

Kinase domain mutations.

This is the most common cause of resistance, and is evident almost exclusively in secondary
resistance.  Akin to antibiotic resistance that develops in bacteria, these mutations are not induced by
imatinib, but rather are selected for by the drug. Intriguingly, it has been proposed that via BCR-ABL1
induction of reactive oxygen species, the oncoprotein attempts to escape inhibition by self mutation. This
also suggests a possible role for the addition of antioxidants to therapy. More than 50 different mutations
have been described; however, there are 7 that currently account for ~85% of all mutations. Mutations
span >700bp in the region encoding the KD, affecting amino acids 240 through 500. Their frequency
ranges between 40-90% of resistant patients, with this rather large range related to variables such as
which patient populations are studied, what methods are used to detect these mutations, the definition of
resistance and the phase of discase. Typically, mutations may be seen in ~10%, ~30%, ~60% and ~90%
in early chronic phase, late chronic phase, accelerated phase and blast crisis, respectively.

Although it was initially thought that all mutations are sinister and predictive of resistance, it has
emerged that not all mutations are created equally. There are 4 major regions in the KD in which
mutations can occur: (1) P-loop [ATP binding site, which is where imatinib primarily exerts its
inhibition]; (2) binding domain [site of imatinib binding]; (3) catalytic domain; and (4) activation loop
[mutations here lead to conformational changes that affect imatinib binding, with this drug effective when
this region is in a closed/inactive state, with mutations inducing an open/active state]. Most, but not all,
studies indicate that P-loop mutations induce the greatest degree of resistance. However, a mutant clone
does not necessarily have a proliferative advantage, and it may not even account for resistance. Some
mutations may be addressed by escalating the dose of imatinib, while others may require the use of novel,
“second generation” tyrosine kinase inhibitors. However, the most recalcitrant mutation, T315I (which is
not located in the P-loop but in the binding domain), is also resistant to most of these novel agents.
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Although mutant subelones are almost always evident prior to therapy, there appears to be no current
advantage to testing at this stage. Rather, mutational testing is indicated in a number of specific scenarios,
including treatment failure, suboptimal responses and in any patient in accelerated or blast phase.
Specific indications arc time dependent, and include the following failures to respond: (1) no complete
hematologic remission by 3 months; (2) no major cytogenetic response by 6 months; and (3) no complete
cytogenctic response by 12 months. Furthermore, mutational testing is indicated when there is loss of
response, which includes either hematologic or cytogenetic relapse, or an increasing BCR-ABL transcript
level (as small as a 2x increase, but a more routinely achievable measurement might be a 5x increase).

A variety of different technologies are available to identify and quantify KD mutations, including
direct sequencing, subcloning and sequencing, denaturing high performance liquid chromatography,
ing, as well as allele-specifi PCR.  These ies are listed from
least sensitive (~15-25%) to most sensitive (~0.01%); however, it is unclear whether it is necessary to
detect really small clones with the latter extremely sensitive assays, as clones only appear to become
clinically significant when they reach ~20%. Thus, direct sequencing may be the clinically relevant
method of choice. Preliminary work with microarrays has identified differential gene expression profiles
between patients with imatinib sensitivity and resistance. In the future, this technology may predict
therapeutic response, and thus dictate front-line therapy.

Overcoming resistance:

A number of different strategies can be employed in an attempt to overcome resistance to imatinib.
Two novel and quite potent BCR-ABL1 inhibitors have recently been evaluated in clinical trials. These
new drugs are BMS-354825 (dasatinib, Sprycel) and AMNI107 (nilotinib, Tasigna). Dasatinib is
structurally unrelated to imatinib, is a dual SRC and ABLI kinase inhibitor and is ~325x more potent than
imatinib, while nilotinib is structurally related to imatinib and ~25x more potent. Both overcome most
forms of imatinib resistance; however, neither is effective against the T3151 mutation. Using either of
these promising new agents, ~80% of patients with imatinib resistance have a complete hematologic
response and more than 30% achieve complete cytogenetic remission. Even more recently, a novel
Aurora kinase inhibitor (VX-680, MK-0457) has been shown to be effective in overcoming T315I-
mediated resistance. Other strategies that are being evaluated include allosteric inhibitors, downstream
inhibitors (affecting the RAS, PI3/AKT and JAK/STAT pathways), heat shock protein (HSP) inhibitors
and immunotherapeutic approaches. The latter include vaccines directed against BCR-ABLI, PRI, WT1
and HSP, which are more likely to have a role in treating minimal residual disease rather than as primary
therapeutic interventions. Ultimately, it is likely that rational combination therapy will be most effective
in preventing the emergence of resistance.

Conclusion

Molecular techniques, therefore, encompass many aspects of laboratory testing that are critical to the
overall evaluation of patients with CML and contribute to the diagnosis, assessment of therapeutic
efficacy, evaluation of minimal residual disease and detection of resistance in these patients. The clinical
context of the patient and the specific treatment modality determine the specific tests that are appropriate,
and algorithms have been proposed to effectively and cconomically guide both laboratory diagnosis and
monitoring. These algorithms i various including ic and
FISH analysis in addition to molecular techniques, and are likely to evolve as both technology and
therapy evolves.
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CML diagnosis: am I dissing FISH?

Indications for FISH at diagnosis:

e complex karyotype/variant Ph

o failed karyotype @

o patient refuses BM [PB FISH]

« false negative RT-PCR
« to detect der(9) deletion

e “local expertise and availability”

CML monitoring

CBC ~10% [~101]
conventional cytogenetics ~5% [~10-2]

D-FISH ~0.5% [~103]

RT-PCR [quantitative] ~0.001% [~10°5]
RQ-PCR [qualitative] ~0.0001%*  [~10]

* non-nested; can reach 108 with nested RT-PCR

CML monitoring: definitions of response

complete hematologic

e platelet: < 450

* WBC: <10

o diff: no immature granulocytes
e basos: < 5%

e clinical: non-palpable spleen

cytogenetic # Ph+

* none: >95%
e minimal: 66-95%

« minor: 36-65% @
major { * partial: 1-35%

Ue complete: 0%

e next slide please ...

CML monitoring

Two major forms of therapy ... Rx goal

o Initial therapy of choice
« Does not eradicate/cure CML BCR-ABL1
¢ ? Long-term outcome

reduction

* No longer 1t line Rx2
e Only Rx that cures CML3 LlasAELn

¢ Minimal toxicity!

¢ Major toxicity and mortality*

negativity

cytopenias (~40%), cardiotoxicity, ? mutagenicity [inhibit eph tumor suppressor, Ph (-) clones]
indicated when [i] very young, [ii] TKI failure, [iii] AP and BC

10-yr survival ~65%
10-20% mortality even when low risk

CML monitoring

 Qualitative RT-PCR

- positivity 1st 6 months post-SCT:

- positivity 6-12 months post-SCT:

¢ Quantitative RT-PCR
- levels >10 on 3 occasions:
- levels at d100 [104]:
- persistent low levels [<104]:
- monitor for life

# cells responses

<101t complete hematologic remission

<1010 complete cytogenetic remission

<10°

major molecular response

“complete molecular remission”
undetectable transcript

not predictive
predictive

requires intervention [DLI]
predictive of outcome

may not predict relapse

can relapse very late [21yrs!]

log BCR-ABL1 imatinib

reduction ratio responses

@ 5 years
100

>3

<0.0001 ~10%

... yet overall survival ~95%




Variables associated with BCR-ABL1 RQ-PCR

Variables associated with BCR-ABL1 RQ-PCR

specimen: specimen: specimen: specimen: PB or BM 10ml PB <24 hours
source volume anticoagulant transport be consistent | > 2x107 cells ? RNA stabilizers

RNA . . most kits ? need Superscript
extraction R el NI EE IR oK gel vs spectro > MMLV

. “control” reporting hydrolysis ABI vs ABL1vs BCR copies vs
RIEES IEituEe gene units or hybrid Light cycler vs GUSB log reduction

Lo international standard curve: | high and low: |  cell extracts, 3 monthly
. lyophilized cells,
calibration QC samples reference frequency DNA plasmids mimic 10 y&r;s;izjs, ?{eNf\ unless

Resistance to imatinib (and other TKIs ...)

Mechanisms of resistance to imatinib

7 « failure to achieve an initial response - Kinase domain mutations:
primary BCR-ABL1

. - most common cause of resistance [~40-90%]
e seen in ~5% of pts ,

) . ! dependent - spans ~240 aa’s
 bioavailability; not due to mutations . BCR-ABL1 amplification:

- genomic > transcriptional [~10%]

 loss of t ~1-4% _
Secondary 0SS Of response, OCcurs a o/year _ Clonal evolution:

o o10-150 . . .
10-15% of pts [in chronic phase, no prior Rx] - other genetic/cellular pathways [LYN]
¢ more common if: BCR-ABL1

| Bioavailability:

- absorption

- metabolism [hepatic]

- plasma binding [alacid glycoprotein sequestration]

- |influx 1 efflux [MDR1, PGP, BCRP2/ABCG2, hOCT1,

MDD11

- prior interferon Rx independent

- accelerated phase [~75%]
- blast crisis [~95%]

Kinase domain mutations

Kinase domain mutations

T315IAD

e o P =P loo e most common cause of resistance

bk || PR - ATP-binding site

vaosL L3y 5 ) - 10% [early CP] - 30% [late CP] > 60% [AP] - 90% [BC]
L248v L2908V, e - ? worst mutations )
RN, ... M3saL E453G/KIAN « not induced by Rx

A9TP E‘;“fjﬁ:“ B = Binding domain - selected for by Rx [cf antibiotic resistance in bacteria]

‘ sy | : - where imatinib binds e ? BCR-ABL1 induced

i i - via ROS [escape inhibition by self-mutation; ? add antioxidants to Rx]
sased Easania C = Catalytic domain
« not all are created equally

A = Activation loo - initially: all bad ... currently: P-loop worst [not all agree]
- conformation altered - can overcome most with dose-escalation or other TKI's [T315I exception]
- affects imatinib binding - does not necessarily have a proliferative advantage

> 50 different mutations 2-10% of patients - closed: inactive

- presence does not always account for resistance
- open: active

Tl >10% of patients




Indication for mutation testing Methods of mutation testing

treatment failure/ oo E\; 3 months Technology _
suboptimal response « no CCR by 12 months Direct sequencing 15-25 ++ no
Subcloning and sequencing 10 +++ no
D-HPLC 0.1-10 S no
» hematologic relapse Pyrosequencing 5 no
* cytogenetic relapse Double-gradient denat. electroph. 5 no
e R ST L] Fluorescence PCR — PNA clamping [}
ASO-PCR

anyone in AP or BC T
Small clones (<20%) may not be clinically significant

- direct sequencing (current) method of choice

Overcoming resistance Overcoming resistance

¢ Alternative kinase inhibitors:
- 2 generation TKIs: nilotinib [AMN107 — Tasigna]
- dual SRC-ABL inhibitors: dasatinib [BMS354825 — Sprycel] T E‘i@/\o
- aurora kinase inhibitors: MK-0457 [VX-680] \T U ¥ 2
o I | Imatinib '\;-I.f
» Downstream inhibitors: R i |
- RAS pathway: . w  uFm i ‘i
il . 1 DA L ﬂ
PI3/AKT pathway: " 1 —
- JAK/STAT: «® o om i Nilotinib
: Dasatinib

o ImmunoRx:

- vaccines against: BCR-ABL1, PR1, WT1, HSPs 5 e
- 1° role in MRD Rx increased potency cf imatinib ...

overcome most resistant mutations
- comboRx to prevent emergence of resistance no effect on T3151 ...

Genetic testing in CML: summary

? PB FISH instead

DiagnOSiS qualitative vs quantitative

with characterization

3-6 monthly until CCR
6-12 monthly thereafter

before achieve CCR

3 monthly

. direct PB v | Rx failure, loss of response,
Resistance sequencing accelerated & blast phase




Oncogenes in myeloproliferative disorders
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Introduction

In 1951, William Dameshek (1900-1969) highlighted the phenotypic similarities among chronic
myeloid leukemia (CML), polycythemia vera (PV), essential thrombocythemia (ET), and primary
myelofibrosis (PMF), and grouped them under the rubric of myeloproliferative disorders (MPDs).' In
1960, CML became the first cancer to be associated with a specific cytogenetic marker, the Philadelphia
chromosome (Ph'), which subsequently was shown to harbor a reciprocal chromosomal translocation,
1(9;22)(q34;q11).” These seminal observations ultimately led to the identification of the disease-causing
mutation (BCR-ABL)" in CML and development of molecularly targeted therapy.” Accordingly, the
“classic” MPDs are now sub-classified into CML (i.e. BCR-ABL"") and the BCR-ABL" classic MPDs (i.e.
PV, ET, and PMF).” The recently described association between all three BCR-ABL” classic MPDs and a
novel gain-of-function (GOF) JAK2 mutation (JAK2V617F) validates their continued consideration as a
distinct MPD category (Table 1).”'° Both ABL and JAK2 encode for cytoplasmic tyrosine protein kinases
(PTKs), that become constitutively activated as a result of these mutations.

Between 1967 and 1981, Fialkow and colleagues used polymorphisms in the X-linked glucose-6-
phosphate dehydrogenase locus to establish all four classic MPDs as clonal stem cell disorders, with
evidence for involvement of myeloid'* and B lymphoid'*'® lineages. The stem cell origin of the classic
MPDs has been confirmed by more recent studies demonstrating clonal involvement of B, O and
natural killer (NK)* lymphocytes. Furthermore, early reports®’ on the occurrence of Ph'-negative clonal
B Ilymphocytes in CML have suggested that preclinical clonal myelopoiesis might antedate disease-
causing mutations in classic MPDs. More recent observations that support such a contention include the
emergence of new cytogenetic clones during successful treatment of CML with imatinib,” the imperfect
association between overall clonal load and JAK2V617F mutant allele burden in PV.* and the
observation that heritable MPD syndromes have been observed in which the JAK2V617F allele is
acquired with development of MPD, but is not present in the germline of affected family members,
indicating the presence of an antecedent predisposition allele.”*

In addition to the classic MPDs, myeloid malignancies also include acute myeloid leukemia
(AML), the myelodysplastic syndrome (MDS), and other chronic myeloid noplasms that are now
classified either under one all-inclusive category (ie. “non-classic” MPDs; Table 1) or into multiple
subcategories.* The distinction between MPD and MDS is based primarily on bone marrow histology;
MDS is usually by trilineage iesis in the absence of * However,
precise histological distinction between MPD and MDS is not always possible; we have arbitrarily
grouped such cases with other “non-classic” MPDs (Table 1) whereas the World Health Organization
classification system have assigned them to a separate category (i.e. mixed MDS/MPD).” Regardless,
both classic and non-classic MPDs share the common characteristics of stem cell-derived clonal
myeloproliferation, in most instances, and activation of intracellular signal transduction pathways through
mutations of PTKs or their effector molecules, in some instance:

Examples of mutant PTK genes in MPDs include BCR-ABL (invariably associated with CML),”
JAK2V617F (seen in approximately 95% of patients with PV and 50% of those with either ET or PMF),*'
JAK2 exon 12 mutations (seen in the majority of patients with JAK2V617F-negative PV),” FIPILI-
PDGFRA (seen in a unique subset of patients with chronic eosinophilic leukemia associated with
systemic mastocytosis; CEL-SM),** ETV6-PDGFRB (a rare mutation seen in CEL that is sometimes
associated with monocytosis),*** ZNF198-FGFRI (seen in patients with stem cell leukemia-lymphoma

59 in AML or MDS,S536140142.150.151

JAK2V617F oceurs in certain acute leukemia cell lines including the human erythroleukemia
(HEL) cell line.*"* HEL cells carry the JAK2V617F mutation in a homozygous state; display constitutive
activation of JAK2, STATS, and ERK; and their growth is inhibited by a small molecule JAK2 inhibitor.*
Slmlldr]y, when JAK2V617F is tramfeued in various cell lines, it prommea cymkmmmiependem“ " and

Epo)-*115 o 3 (113

aclivalion of JAK2,B1015315¢ STATS P10153158 and PI3K, " ERK, ™ &) and Akl‘ * palhways Slml]arly,
primary blood cells from mice with JAK2V617F-induced MPD display constitutive STATS activation'**
and endogenous and Epo-hypersensitive erythroid colony formation.'*'** In vivo, such mice manifest a
PV-like disease with erythrocytosis but not thromboeytosis; also seen are low serum Epo level,

rplasia, bone marrow
fibrosis, and anemia.'”'**** The STATS/Bcl-xL pathway might be the key mediator of JAK2V617F
effect since Epo-independent terminal differentiation of erythroid precursors as well as endogenous
erythroid colony formation have been demonstrated through STATS activation or Bel-xL
overexpression.*® Additional laboratory studies have also suggested that there may be aberrant cytokine
receptor interactions and the need for the expression of homodimeric cytokine receptors for JAK2V617F
functionality.'”’

The role of JAK2V617F in human disease is currently under intense investigation. The mutation
oceurs at a primitive stem cell level and is chronologically an early event.'*'* In this regard, some
studies have suggested clonal involvement of NK. T, and B'® lymphocytes while others did not.'*"
Familial MPD studies have confirmed the somatic nature of JAK2V617F and did not reveal differences in
mutation distribution compared to that seen in sporadic MPD.**'*? These findings suggest that there is an
as yet undefined allele in familial MPD that in some way predisposes to the acquisition of the
JAK2V617F allele. The same might be true in sporadic MPD; there is evidence to suggest that
JAK2V617F may not be the initial clonogenic event in either PV or other MPDs and its presence might
not be mandatory for endogenous colony formation.'**!**1% The recent demonstration of JAK2V617F-
negative leukemia clones arising from JAK2V617F-positive MPD lends further support in this regard.""’
At the same time, however, JAK2V617F or other /K2 mutations might be an essential component of PV
because of their invariable association with the disease™'*™'®” whereas germline genetic variation/host
modifiers'”” and/or the occurrence of other concomitant mutations™ might play a part in diverting the
disease phenotype from PV toward ET or PMF, in the presence of the J4K2 mutation. Figure 2 presents a
pathogenetic scenario that takes these observations into account. Furthermore, a high mutant allele
burden, rather than the mere presence of JAK2V617F, might be essential for erythroid-weighted
myeloproliferation'™® and the acquisition of the PV phenotype in vivo; this is accomplished by mitotic
recombination that leads to homozygosity for JAK2V617F." In other wnrds, homozygosity for
JAK2V617F is believed to contribute towards full nPV.
JAK2V617TF clonal load is significantly higher in PV compared to ET, “herea pure mutant allele state is
rarely encountered even at a single colony level.”'"™

Most recently, other JAK2 mutations were described in JAK2V617F-negative patients with PV
and in “idiopathic” erythrocytosis. The majority of such cases (10 of 11 in one study)*? were found to
harbor one of four exon 12 JAK2 mutant alleles (F537-K539delinsL, H538QKS539L, K539L, N542-
E543del) with funcliona] relevance that is similar to that of JAK2V617F; they induce cytokine-
is iner cell lines and a PV-like
phenotype in mice.” The four newly described exon 12 mutations, which include both in-frame deletions
and tandem point mutations, appear to be specific to either PV or idiopathic erythrocytosis. The latter
refers to a phenotype with increased red cell mass that fails to fulfill conventional diagnostic criteria for
cither PV or secondary polycythemia. Unlike the case with PV-associated JAK2V617F, exon 12 JAK2
mutations are heterozygous but associated with stronger abnormal JAK2 activation.

Although the precise role of JAK2 mutations in MPD pathogenesis remains under investigation,
the currently available information warrants consideration of JAK2 and other JAK-STAT pathway
molecules as potential drug targets in the treatment of MPD. Endogenous regulation of JAK2 signaling

syndrome; SCLL),* and KITD816V (seen in virtually all adult patients with SM).”” Examples of
mutations in PTK effector molecules include MPLWS15L/K (seen in approximately 5% and 1% of
patients with PMF and ET, respectively)™™* and R4S, PTPN11, or NFI mutations, each seen in 15% to
30% of patients with juvenile myelomonocytic leukemia (JMML).** In the current review, we will
discuss the aforementioned MPD-associated oncogenes and highlight the use of their corresponding
oncoproteins as drug targets. For the sake of completeness, we have also included a section on GATA-1
mutations and Down syndrome-associated transient MPD.

ABL mutations
ABL is a cytoplasmic PTK encoded by the ABL gene (Abelson murine leukemia viral (v-abl)
ancogene homolog 1) located on chromosome 9q34.1. Physiologic functions of ABL include non-
nd

erythroid “ an including regulation of small GTPases,
inhibition of cell migration, and F-actin binding.* Wild- -type . ABL exists in two isoforms that can localize
to both the cytoplasm and nucleus, cell ival and apoptosis, respecti

through complex interactions with other cellular proteins.“** ABL contains both an SH2 and an SH3

(autoregulatory) domain in addition to the catalytic kinase domain and undergoes a treatment-relevant
conformational change when activated by phosphorylation of the activation loop tyrosine residues.

The most extensively studied ABL mutation is BCR-ABL; the disease causing mutation in
CML.**! CML is the first leukemia to be described™ and also the first o be associated with a consistent

the (Ph').” Ph is a shortened chromosome 22 that is

the of a reciprocal ion between 9 and 22, 1(9:22)(q34;q11)." The
chromosome 9 breakpoints involves a large, ~200 kb region within the ABL alternative first exons (1a and
1b), but invariably result in fusion genes that incorporate ABL exon 2. In contrast, the breakpoints on
chromosome 22 are clustered within three much smaller regions of the BCR gene;™ the major breakpoint
cluster region (M-ber; a 5.8 kb region spanning exons 12-16 and resulting in a p210 fusion protein),™ the
minor breakpoint cluster region (m-ber; upstream of M-ber and involving the first intron and resulting in a
p190 fusion protein),”™** and eber involving intron 19 that is downstream of M-ber and resulting in a
p230 fusion protein.” By far the most frequent chromosome 22 breakpoint in CML is M-ber and the other
two, in the context of CML, are extremely rare. There are usually two junction variants of M-ber; b2a2
and b3a2, without any documented clinical relevance

The Philadelphia translocation is an acquired somatic mutation involving the hematopoietic stem
cell!! and results in fusion of the ABL gene (225 kb total gene size) from chromosome 9 to the BCR gene
(135 kb total gene size) on chromosome 227" A chimeric mRNA (8.5-kb) is thus transcribed instead
of the normal ¢-Abl mRNA (a 6- or 7-kb)* and subsequently translated to an activated BCR-ABL gene
product (most commonly 210-kD) instead of the normal ABL gene product (145-kD).* BCR-ABL
localizes to the cytoskeleton and displays an up-regulated tyrosine kinase activity®™ that leads to the
recruitment of downstream effectors of cell proliferation and cell survival and consequently
leukemogenesis, as has been demonstrated in cell lines, primary cells, and mouse transplant or transgenic
models.*"*"7' BCR-ABL signal transduction involves several adapter molecules (e.g. GRB2, GAB2,
CRKL, etc.) and signaling pathways (c.g. Ras, PI3K, JAK-STAT, etc.) that are all thought to contribute to
the pathogenesis of CML (Figure 1).*727

CML is currently considered the “poster child” for molecularly targeted therapy. In 1996, Brian
Druker and his colleagues described the BCR-ABL selective in vitro activity of imatinib mesylate
(imatinib), a 2-phenylaminopyrimidine class PTK inhibitor that is a selective inhibitor of ABL, ARG,
PDGFRA, PDGFRB, and KIT.” Imatinib targets the ATP binding site within the BCR-ABL tyrosine
kinase and competitively inhibits ATP binding with subsequent disruption of the oncogenic signal.™*™
The co-crystal structure of imatinib bound to the ABL kinase indicates that the drug stabilizes the

inactive ion.” This in vitro activity of imatinib has been
clinically validated in chmmc phase CML; in newly diagnosed e.mema, the drug produced 95% and 74%
complete responses, However, the drug is not as effective

in advanced phases ol‘CMLS and imatinib-resistant BCR-ABL oncoproteins are emerging as an important

oceurs at multiple levels including direct dephosphorylation by specific protein tyrosine phosphatases,
proteolytic degradation of JAK2 through binding with a family of suppressors of cytokine signaling, and
inhibition of DNA binding of STAT by protein inhibitors of activated STAT.'™'" Exogenous negative
regulation is usually accomplished by variably specific JAK kinase inhibitors.'” One such compound is
the tyrphostin AG-490, which in vitro induces death to pre-B ALL cells with constitutive JAK2
expression.'™ Similarly, both AG-490 and other small molecule pan-JAK inhibitors® inhibit JAK2V617F-
associated signaling and/or proliferation in the context of both HEL cells*'*? and primary cells.'**
Furthermore, such JAK-STAT inhibition is not restricted to mutant JAK but is also seen with MPD-
associated mutant MPL.™ However, none of these compounds are candidate drugs and their activity is
relatively non-specific.””'™ There is currently intense activity in the development and testing of both
specific and non-specific (e.g. aurora kinase inhibitors)'™ JAK2 inhibitors and the first clinical trials have
already been initiated.

MPL mutations

“Thrombopoietin (Tpo) i the key growth factor for megakaryopoiesis and is essential for platelet
production.'™ Tpo acts through its receptor, Mpl, and the JAK-STAT signal transduction pathway.'™ The
human 7PO gene s located at chromosome 327" and that of MPL at chromosome 1p34." Mutations
involving 7PO in man have been described in I-d t familial and
those of MPL in cither familial is'™* or congenital amegakaryocytic
Such mutations, however, have not been found in sporadlc cases of ET."”*""* Nonetheless, the potential
pathogenetic contribution of the Tpo-Mpl axis to human MPD has been suggested by two important
observations; systemic over-expression of Tpo causes myelofibrosis in mice'””” and Mpl expression is
markedly decreased in megakaryocytes and platelets of patients with PV and other MPDs.'”** In ET, the
latter phenomenon has been attributed to reduced MPL transcription'”*?™ and in PV to post-translational
hypo-glycosylation and defective membrane localization. ™"

Most recently, a somatic GOF MPLWS15L mutation (a G to T transition at nucleotide 1544
resulting in a tryptophan to leucine at codon 515 of the region) was described
in JAK2V617F-negative PMF.” Subsequently, an additional MPL mutation involving the same 515
codon (MPLW515K) was incidentally discovered during screening for MPLWS15L and the prevalence of
both mutations was determined at approximately 5% in PMF and 1% in ET.” Interestingly, some patients
with MPL mutations also displayed a minor JAK2V617F clone, an observation that is not easily explained
and the ity of isms i
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As is the case with JAK2V617F, MPL515 mutations are early, stem cell-derived events'® and

MPLWS15L has been shown to transform cell lines in terms of both cytokine-independent growth and
Tpo hypersensitivity, activate JAK-STAT/ERK/Akt, and induce PMF-like discase in mice that is
characterized by a rapid fatal course, marked and
bone marrow fibrosis.”* Furthermore, MPLW515L-induced cell growth was effectively inhibited by a
small molecule JAK inhibitor raising the prospect of a similar treatment strategy for both MPL and JAK2
mutation-associated MPD.* Finally, it should be noted that one of the aforementioned germline MPL
mutations associated with familial thrombocytosis also occurred in the transmembrane region and was
activating.

PDGFR mutations

Both platelet-derived growth factor receptors « (PDGFRA located on chromosome 4q12) and
(PDGFRB located on chromosome 5¢31-q32) are involved in MPD-relevant activating mutations (Table
2). Clinical phenotype in both instances includes prominent blood eosinophilia and excellent response to
imatinib therapy.

In regards to PDGFRA mutations, the most intensively studied has been the FIPILI-PDGFRA, a
karyotyplcally occult del(4)(q12), that was described in the year 2003 as an imatinib-sensitive ncuvaung
mutation.*® Subsequent studies have demonstrated the stem cell origin of the particular mutation®**” and
functional studies have demonstrated transforming properties in cell lines and the induction of MPD in

clinical challenge.*"*” The latter are most often due to acquired ABL point mutations that either directly

hinder drug binding or prevent the formation of the inactive structural conformation that is required for
imatinib inhibitory activity.** Examples of such kinase domain mutations include M351T, E255K,
Q252H, T3151, E355G, F359V, F317Leu, and G250E.™ The development of second generation kinase
inhibitors and better ing of mutant ABL f dynamics have effectively addressed
these new challenges, although some mutations such as T3151 have so far remained resistant to even
second generation kinase inhibitors.

To date, ETV6 is the only known non-BCR fusion partner for ABL. ETV6-ABL ((9:12)(q34:p13)
has rarely been associated with ALL,”*** AML (transient response to imatinib),’"** and atypical CML-
like MPD (minor response to imatinib).”***'"! Like BCR-ABL, ETV6-ABL encodes for an activated and
transforming ABL.*'®® The PNT oligomerization motif of ETV6 is thought to activate the ABL kinase by
a similar mechanism to the BCR coiled coil oligomerization domain in the context of the BCR-ABL
fusion protein. The same ETV6 activation domain is involved in CEL-associated ETV6-PDGFRB,
(1(5;12)(q33;p13),* AML-associated ETV6-ARG, (t(1;12)(q25;p13)," ALL/atypical MPD-associated
ETV6-JAK2, (1(9;12)(p24;p13),"*"" and peripheral T cell lymphoma-associated ETV6-FGFR3,

(& 12)(p16:p13).*

JAK mutations in MPD

‘The Janus family of tyrosine kinases (JAK1, JAK2, JAK3, TYK2) are cytoplasmic PTKs that
mediate signaling downstream of cytokine receptors.'”'" Janus kinases are named after the Roman god
with two faces, and are unique among tyrosine kinases in that they contain two homologous kinase
domains: a catalytically active JH1 domain and JH2 domain that is nearly identical in amino acid
sequence to JH1, but lacks catalytic activity.'"""*!"" The JH2, or pseudo-kinase, domain is thought to
play a negative autoregulatory role in that deletion of JH2 results in constitutive activation of the JAK2
kinase."*!"" Activation of the JAK-cytokine receptor complex results in recruitment and JAK-mediated
phosphorylation of substrate molecules including STAT proteins whose subsequent nuclear translocation
induces target gene transcription.''*''¥ JAK-STAT signaling has pleiotropic effects on cellular
proliferation, cell survival, and immune responses.'"*'"* JAK1 and J4K2 knockouts are not viable and are
devoid of either definitive erythropoiesis (J4K2)'>'2" or normal lymphoid development (JAK1)." JAK3
and TYK2 knockout mice are viable and manifest cither severe combined immunodeficiency (SCID;
JAK3)'® or impaired interferon signaling (7YK2)."**

A limited number of JAK mutations have been linked to human disease; these have so far
involved only JAK3 and JAK2 (Table 2). Germline JAK3 loss-of-function (LOF) mutations have been
associated with autosomal recessive SCID'>2® whereas somatic GOF JAK3 mutations (JAK3AS72V,
JAK3V7221, and JAK3P132T) were recently detected in acute megakaryocytic leukemia cell lines or
primary cells.'” The oncogenic potential of JAK2 mutations in man was first suggested by a set of
observations made in the 1990s;'**'” a dominant mutation in either the JH4 (HOI’T‘”" !y or JH2 (HOP™)
domain of HOP, a JAK homolog in Drosophila, resulted in leukemia-like defects'® whereas a similar
point mutation in murine JAK2 (JAK27**) resulted in an activated protein.'” Similarly, others
demonstrated inhibition of ALL cell growth by a JAK2 kinase inhibitor (AG-490) and the association of
ETV6-JAK2, 1(9;12)(p24:p13), with both T and pre-B ALL as well as atypical MPD."*%* Most recently,
two other JAK2 fusion mutants were described; PCM1-JAK2, (8:9)(p22;p24), in eosinophilia-associated
atypical MPD, ALL/AML, or T cell lymphoma"**'** and BCR-JAK2, t(9;22)(p24;q11.2), in atypical MPD
that was not responsive to imatinib.'** However, JAK2V617F constitutes the most MPD-relevant JAK
mutation because it is found in virtually all patients with PV and about half of those with ET or PMF.*'

JAK2V617F is a G to T somatic mutation of JAK2, at nucleotide 1849, in exon 14, resulting in
the substitution of valine to phenylalanine at codon 617.'° The association of JAK2V617F with MPDs,
including PV, ET, and PMF, was first reported in 2005.™' Since then, however, the mutation has been
described, at a lower frequency, in a spectrum of other myeloid disorders including non-classic MPDs and

S35 but not in lymphoid disorders,*** solid tumor,'“"** or secondary myeloproliferation."**!*
Furthermore, whereas mutational frequency exceeds 50% in BCR-ABL" classic MPD,"**"*” it is less than

mice.****** Cloning of the FIP1L1-PDGFRA fusion gene identified a novel molecular mechanism for
generating this constitutively active fusion tyrosine kinase, wherein a ~800kb interstitial deletion within
4q12 fuses the 5° portion of FIPILI to the 3" portion of PDGFRA.*® Molecular studies have shown that
the breakpoint in FIP/L1 is relatively promiscuous, while the PDGFRA breakpoint is restricted to exon
12 that encodes part of the protein-protein interaction module with two fully conserved Ir\ﬂ)tophdna (WW
domain)-containing the JM region with resultant disruption of its autoinhibitory activity.™ Further
biochemical analysis has shown that, in contrast with most tyrosine kinase fusions associated with human
cancers, the FIPILI encoded sequences are for and there is no

for a dimerization motif; disruption of the autoinhibitory juxtamembrane motif as an invariant
consequence of disruption of exon 12 is the basis for constitutive activation of PDGFRA kinase

activity.”

FIPILI-PDGFRA oceurs in a very small subset of patients who present with the phenotypic
features of both CEL and SM (i.e. CEL-SM) but the presence of the mutation reliably predicts complete
hematologic and molecular response to imatinib therapy. 2" FIP/L1-PDGFRA mutation (T674I) that
is homologous to the resistance-inducing, *gatekeeper’ T3151 mutation in BCR-ABL has been
described™™?'**!! and in vitro salvage with other kinase inhibitors including PKC412* and sorafenib®'?
has been demoni!ra!ed whereas such activity has not been conclusively shown for nilotinib.”'**'*

’DGFRA activation associated with CEL has also been described with karyotypically apparent
fusion mutaum\s including KIF5B-PDGFRA, t(4:10)(q12;p11),*' BCR-PDGFRA, 1(4;22)(q12;q11),*'®
and CDKSRAP2-PDGFRA, ins(9;4)(a33:q12425).%"" In the former instance, the breakpoints involved
exon 3 of the kinesin family member 5B and exon 12 of PDGFRA resulting in an in-frame fusion. The
patient achieved complete hematological and molecular remission with imatinib therapy.*'* BCR-
PDGFRA represents an in-frame fusion with BCR breakpoints in intron 7/exon 12/exon 1/exon 17 and
"PDGFRA breakpoint in exon 12/exon 13 and is also sensitive to imatinib therapy.2'**'*?'° CDK5RAP2-
PDGFRA also represents an imatinib-sensitive in-frame fusion involving exon 13 of CDK5RAP2 and
intron 9/exon 12 of PDGFRA.?' As is the case with FIPILI-PDGFRA, currently known PDGFRA
breakpoints are noted to be tightly clustered in the JM region, which once again highlights a key
regulatory role for this domain.

The between ilic myeloid malignancies and PDGFRB rearrangement was
first characterized and published in 1994 where fusion of the tyrosine kinase encoding region of PDGFRB
to the ets- like gene, ETV6 (ETV6-PDGFRB, 1(5;12)(q33;p13) was demonstrated.** The fusion protein
was transforming to cell lines and resulted in constitutive activation of PDGFRB signaling.*” Since then,
several other PDGFRB fusion transeripts with similar disease phenotypes have been described (Table
2),212 cell line transformation®*** and MPD- induction in mice has been demonstrated,” and imatinib
therapy was effective when employed. % Additional evidence regarding the oncogenicity of
activated PDGFRB comes from experiments with mice where either ETV6-PDGFRB or H4-PDGFRE
induced lymphoblastic lymphoma.”*#*! In most of these mutations, PDGFRB is fused to the N-terminal
segment of a partner protein that encodes for one or more oligomerization domains.

FGFRI mutations

Human stem cell leukemic/lymphoma syndrome (SCLLY), also known as the 8p11 myeloproliferative
syndrome, constitutes a clinical phenotype with features of both lymphoma and cosinophilic MPD and
characterized by a fusion mutation that involves the gene for fibroblast growth factor receptor-1
(FGFRI), which is located on chromosome 8p11.****2¥ In SCLL, both myeloid and lymphoid lineage
cells exhibit the 8p11 translocation, thus demonstrating the stem cell origin of the disease. The disease
features several 8p11-linked chromosome translocations as outlined in Table 2.**"*** and some of the
corresponding fusion FGFRI mutants have been shown transform cell lines******** and induce SCLL-**
or CML-like™"* disease in mice depending on the specific FGFR! partner gene; ZNF 198 or BCR,
respectively.?** Consistent with this laboratory observation, some patients with BCR-FGFRI mutation
manifest a more indolent CML-like disease.**’ The mechanism of FGFR1 activation in SCLL is similar




to that seen with PDGFRB-associated CEL-UMPD; the tyrosine kinase domain of FGFRI is juxtaposed
t0 a dimerization domain from the partner gene. SCLL is refractory to usual chemotherapy and some (e.g.
PKC412) but not other (¢.g. imatinib) kinase inhibitors have been shown to inhibit in vitro kinasc activity
as well as cell proliferation induced by ZNF198-FGFR1.***

KIT mutations

Kit, encoded by KIT (located at chromosome 4q12), s a receptor lyrosme kmase and along with
its ligand, stem cell factor (SCF), is important in
Activating Kit mutations have been described in a spectrum of hematologic (e.g. masmcylosls, acute
leukemia) and non-hematologic (e.g. gastrointestinal stromal cell tumor (GIST), germ cell tumor)
malignancies.**' Among these, SM is considered a MPD by virtue of its clonal derivation from the
hematopoietic stem cel*>*** and the SCF-Kit axis is considered key for human mast cell growth and
survival.”

In mast cells from normal mice, SCF induces wild-type Kit tyrosine phosphorylation whereas
such phosphorylation is in the murine cell line, P-815; receptor association with
PI3K but not GAP-Ras occurs in both instances.”** The constitutive Kit activation in P-815 was later
traced to a dominant-positive, catalytic domain point mutation at nucleotide 2468 (GC to TA
transversion) resulting in an amino acid substitution at codon 814 (K/TD814Y).”" A similar scenario
occurs with a human mast cell leukemia cell line (HMC-1) where a homologous K/TD816V mutation (A
to T transition at nucleotide 2468) as well as another juxtamembrane domain activating mutation,
KITV560G (mouse homolog 559G), have been demonstrated.*

KITD816V was initially detected from peripheral blood mononuclear cells of patients with
MDS/MPD-associated SM but not from those with indolent or aggressive SM or solitary mastocytoma.™*
However, although in an inconsistent manner, a series of subsequent studies demonstrated the presence of
KITD816V and other KIT mutations (KITD820G,™ KITVS60G,*"** KITD816Y,* KITE839K '
KITD816F,** KITF522C*) in all SM variants including indolent SM in children (skin)**® or adults
(skin),**"*** aggressive SM (mas[ cells),”"“" and a rare variant with morphologically and

ing (Figure 7).”* The discrepancy in the literature
regarding the prevalence of KIT mutations in SM s partly explained by differences among studies in
terms of the type of tissue screened for the mutation and it is possible that mast cell-derived DNA carries
the mutation in all instances of SM in either adults or children.””

KITD814Y induces growth factor independent growth, mast cell differentiation, and oncogenic
transformation in mast cell lines *** Similarly, retroviral infection of hematopoietic progenitors with
mouse K/TD814Y and KITV559G mutants induces autonomous myeloid and mast cell colony formation
as well acute leukemia in murine transplant models.**” Furthermore, transgenic mice expressing
KITDS16V restricted to their mast cells display an SM phenotype that closely resembles the clinically
heterogeneous disease in man.*™ This is in contrast to another report™®” that suggested a differentiating but
not transforming potential for the mutation, which nevertheless probably participates in enhancing mast
cell chemotaxis®™ and clustering.”** Mutant Kit signaling might involve both PI3K*”" and Src*”
participation although utilization of pathway molecules might be different between the wild-type and
mutant protein.””

Wild-type Kit is inhibited by imatinib whereas such drug sensitivity is displayed by some (e.g.
V560G, F522C) but not other (¢.g. D816V) mutant Kit both in vitro™“7**™ and in vivo.*** Other kinase
inhibitors, such as PKC412,2™2™ nilotinib,”™ dasatinib,”™ indolinones (e.g. SU11652, SU11654),”" and
Sre-sclective kinase inhibitors™! might or might not**” overcome drug resistance by KITD816V.
Accordingly, the first three agents are currently undergoing clinical trials in patients with SM. An
alternative approach to the treatment of SM considers the use of drugs that target downstream molecules
of mutant Kit such as m-TOR.*** Also, recent studies have suggested the therapeutic utility of the heat
shock protein binding antibiotic, 17-Allylamino-17-demethoxygeldanamycin,” and specific NF-kB
inhibtors.™* Finally, it is worth mentioning that K/T mutations are also identified as a treatment-relevant
disease markers in both core binding factor (CBF) AML and GIST (Figure 7).%**°

other features of human PMF including decreased megakaryocyte MPL expression and abnormal
interaction between megakaryocytes and or 7' Consistent with these
observations, GATA-1 protein levels in megakaryocytes of some patients with PMF are decreased*”
although alterations in cither gene structure o gene expression of either GATA-1 or FOG-1 have not been
detected.”™ Thrombopoietin (Tpo) treatment of GATA-1"" animal models of PMF restores
megakaryocyte GATA-1 expression and abrogates development of myelofibrosis whereas the opposite
effect (i.e. reduction of GATA-1 content) is seen in wild-type mice.” Taken together, these observations.
suggest a fibrosis-relevant interaction between Tpo and GATA-1, whose levels in human PMF might be
indirectly affected by alterations in other molecules.

Concluding remarks

Current information on the molecular pathogenesis of MPDs suggests the existence of a
preclinical stage of clonal myelopoiesis that antedates the emergence of “disease-causing” mutations (e.g.
BCR-ABL) whose phenotypic effects are further modified by additional “discase-patterning” mutations
(e.g. JAK2V617F). The discovery of functional mutations in MPDs identifies pathogenetically relevant
signal pathways and marks their molecules as potential drug targets. This is best exemplified by the
CML-BCR/ABL-imatinib paradigm and recently reaffirmed by the impressive activity of imatinib in
PDGFRA, d MPDs,”” an ob: that the role of novel drugs in providing
insight into discase pathogenesis as well as the advantage of limited molecular “promiscuity” by kinase
inhibitors. Similarly, the remarkable association between JAK2V617F and the classic BCR-ABL” MPDs
validates the fundamental role of JAK-STAT signaling in disease pathogenesis and has aroused major
interest in small molecule drug development. At the same time, the occurrence of cytogenetic remissions
with immunomodulatory drugs in MDS”” and PMF™™ have added another layer of complexity to disease
pathogenesis that involves the host immune system and cytokine network (Figure 5).”"*** Understanding
these mechanisms offers another dimension for treatment options. Finally, it is underscored that the
failure to demonstrate “cure™ and/or eradication of mutant clones with novel therapeutic approaches does
not undermine their ultimate value in preventing discase-associated death and morbidity, although it
implies the need for continuous therapy.™*

Figure 1. BCR-ABL signaling.

Mutations involving Ras signaling pathway molecules

Mutations involving the Ras signal transduction pathway are most prevalent in the childhood
MPD, IMML, a disease by and
clevated fetal hemoglobin.”' IMML is often associated with monosomy 7°>*** and arises at the level of
the pluripotent stem cell.”*” Myeloid progenitors in IMML display selective granulocyte-macrophage

factor (GM-CSF) ** and the use of GM-CSF antagonists cither in
vitro against primary cells” or in mouse model of the disease™ profoundly inhibits IMML cell growth.
This phenomenon has been attributed to altered Ras signaling as a result of mutually exclusive mutations
afecting one of the pathway regulatory molecules including the genes for RAS, PTPN 1, and NFI 2!
A t}urd of patients with IMML display PTPN11 mutations"*"' whereas the incidence of NFI*® and
RAS” mutations arc approximately 15-20% cach. These mutations do not appear to segregate with
specific clinical or " Other mutations oceur rarely in IMML
and include PDGFRB-HCMOGT-1"* and JAK2V617F

Ras is a GTP-dependent protein (G-protein) and is localized at the inner side of the cell
membrane. This 21 kD protein is encoded by the RAS gene family (KRAS (12p12.1), HRAS (11p15.5),
and NRAS (1p13.2)), binds guanine nucleotides, displays intrinsic GTPase activity, and transduces signal
from growth factor receptors to downstream effectors (Figure 8). The GTPase-mediated cycling between
Ras bound GTP (active conformation) and GDP (inactive conformation) serves as a regulatory switch for
signal transduction. RAS point mutations, often involving codons 12, 13, and 61, disrupt this function by
diminishing Ras-associated GTPase activity and locking Ras in the active state (Ras-GTP). Such
mutations, especially those inyolving NRAS, arc ubiquitous (5-1% incidence) among myeloid
malignancies including AML,** MDS,** and atypical BCR-ABL" MPDs, ™ especially CMML.™ In
JMML, RAS mutations often represent single nucleotide substitutions, involve the P loop domain of either
KRAS (T15%)*™" or NRAS ([B0%),**** and have been shown to cause the disease phenotype in
mice.”” In cell lines, RAS mutations are transforming®**'" and have been shown to activate Ras
signaling''" and cause accumulation of GTP-bound Ras.*''*'? Similarly, in murine-derived primary
hematopoietic cells, KRAS mutations have been shown to induce cytokine independent growth of CFU-
GM and GM-CSF hypersensitivity.*'?

Neurofibromatosis, type I (NF1), located on chromosome 17q11.2, is a tumor suppressor gene
that encodes for the 327-kD neurofibromin protein that inactivates Ras through acceleration of Ras-
associated GTP hydrolysis (i.e. NF1 is a GTPase activating protein (GAP) for Ras).*"* Germline NF/
mutations cause Von Recklinghausen's disease (a disease characterized by café au lait spots and
peripheral nerve tumors such as neurofibromas), NF-1, whereas somatic mutations of the same cause
cancer.*"* Children with NF-1 are predisposed to JMML*'**'® and display NF allelic losses (i.e. loss-of-
heterozygosity) in myeloid progenitor cells.""*'” Primary leukemic cells from such patients accumulate
Ras in the active GTP-bound state.”'® NFI allelic losses are also seen in isolated JMML®'™*"* where the
incidence of NFI mutations is estimated at 15%.** NFI knockout mice develop an MPD-like disease and
display GM-CSF hypersensitivity, which appears to be central to the disease phenotype.'**”

PTPNI1 (Protein-Tyrosine Phosphatase, Nonreceptor-type, 11), located on chromosome 12q24.1,
encodes for the non-receptor protein tyrosine phosphatase, SHP-2, that transmits signals from growth

factor receptors 1o Ras. Gemline, gain-of-function PPN/ mutations are found in approximely 43% of

paticnts with Noonan syndrome (others may carry germline KRAS mutations),”"* a developmental
disorder with cardiac and skeletal defects.””! Such patients are at risk of developing IMML. ™
Conversely. several large studies of isolated IMML suggest a greater than 30% incidence of PTPNI1
mutations.***""** JMML-associated PTPN/ mutations are somatic, usually distinct and more potent
than those associated with Noonan syndrome,”" and often involve exon 3 in the SH2 domain and codon
76 (E76K is the most common). In cell lines, PTPN/ I mutations induce increased enzymatic activity
and cell proliferation.***" 2 In mice, ra transduction of PTPN/1 mutant allles in bone marrow cells

induces GM-CSF itivity, 2% myeloid growth,' constitutive Erk
and Akt activation,” and an MPD p]\em)type " PTPNI1 mutations arc also found in other
and other d the of is might involve
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Figure 2. The contribution of JAK2V617F to the pathogenesis of myeloproliferative

disorders.
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tumors (GIST), and core-binding factor acute myeloid leukemias (CBF-AML).

enhanced interaction between the SH2 domain of the mutant moleeule and Gab2/Grb2/p8S that leads to
activation of Erk and PI3K pathways.™

The above discussed pathogenetic disclosure in JMML has ignited interest in testing the
therapeutic potential of molecules that interfere with the RAS signaling pathway.” Accordingly, a
recent multi-center study evaluated the famesyltransferase inhibitor R115777 (Zarnestra(l ) in IMML
although the results were not impressive.’ The particular study was based on previous laboratory studies
of farnesyltransferase inhibitors that showed suppression of IMML colony growth.”*? The mechanism of
such action is linked to drug-induced blockage of Ras prenylation that is required for membrane
localization of Ras, which is functionally essential. Similarly, in vitro cell transformation by mutant
PTPNI1 is suppressed by inhibitors of individual of the Ras signal pathway
including PTP (sodium orthovanadate),™* Erk (UO126),"' mTOR (rapamycin), ™' and Raf-1 (BAY 43-
9006).*

GATAI mutations

'ATA-1 is a zinc-finger transcription factor for erythroid, megakaryocyte, mast, eosinophil, and
Sertoli cell-specific genes and is essential for cell differentiation and survival.™*** Friend of GATA-1
(FOG) is a cofactor in this process.**! The genes encoding for these two factors are located on
chromosomes Xp11.23 and 1624.3, respectively. GATA-1 and/or FOG knockout mice die in utero and
are deficient in definitive erythropoiesis and display retarded maturation of megakaryocytes with

and of immature *7n this regard, recent

information suggests that GATA-1 might exert its influence at the level of megakaryocyte-erythroid
bifunctional progenitors. ™

GATA-1 mutations have been identified in patients with Down syndrome who develop either
transient myeloproliferative disorder (TMD) or acute megakaryoblastic leukemia (AMKL).” TMD is a
myeloproliferative reaction (immature megakaryoblast proliferation in the peripheral blood, bone marrow
and liver) that occurs in approximately 10% of infants with Down syndrome (DS)**’ but can occasionally
aceur in phenotypically normal infants who however display trisomy 21 in their hematopoietic cells (i.e.
GATA-1 associated TMD or AMKL does not oceur in the absence of trisomy 21).**" TMD is usually
recognized at birth and often undergoes spontancous regression but can progress into AMKL in
approximately 25% of the cases by age 3 years. Almost all patients with both TMD and TMD-derived
AMKL, but not those with other DS-associated leukemias, display GATAI mutations that are somatic,
often oceur in utero, involve exon 2 (insertions, deletions, or missense mutations) and thus affect the N-
terminal transactivation domain of GATA-1, and are characterized by loss of full-length (50-kD) GATA-
1 and its replacement with a shorter isoform (40-kD) that retains FOG-1 binding.*"** In contrast,
inherited forms of exon 2 GATA/ mutations produce a phenotype with anemia but not
thrombocytopenia™® whereas exon 4 mutations that affect the N-terminal, FOG-1-interactive domain,
produce familial dys anemia with 2 or X-linked
macrothrombocytopenia, %"

Itis currently not clear why TMD is transient in some patients while it progresses to AMKL in
others. It is possible that GATA/ mutations are not by themselves sufficient to cause either TMD or
AMKL unless accompanied by trisomy 21 and other co-operating mutations, respectively. RUNXT is
located on chromosome 21223, serves as an essential transcription factor for terminal differentiation of
megakaryocytes, and is frequently mutated in acute leukemia. RUNX1 has been shown to functionally
and physically interact with GATA-1 (through its zinc-finger domain)**® and its over-expression favors
megakaryoeytic diversion of cell differentiation’® whereas inhibition of erythroid differentiation is seen
with its deacetylation-mediated repression by mutant RUNX1.**" Furthermore, transgenic mouse

experiments have suggested myeloid leukemogenicity of increased RUNX! dosage.™ Therefore, the
extra-copy of RUNX! in DS could represent the missing link for DS-associated TMD and AMKL.

The pathogenetic role of GATA-1 in MPDs unrelated to Down syndrome has been considered
partly because of the demonstration of a PMF-like phenotype in mice in the presence of megakaryocyte
lineage restricted under-expression of GATA-1.

* The particular animal model of PMF also displayed

Figure 4. Mutations (red asterix) across the RAS signal transduction pathway in juvenile

myclomonocytic leukemia.

Figure 5. P i isms in primary osis.



Table 1. i i ion of P disorders (MPD).
Main Clinicopathologic Molecular
categories subeategories signatures
I Classic MPD 1. Chronic myeloid leukemia (CML) 100% BCR-ABL™
2. Polycythemia vera (PV) ~95% JAK2V6I7F”
~ 5% JAK2 exon 12 mutations
3. Essential thrombocythemia (ET) ~50% JAK2VGI7F
~1% MPLWSISL/K"
4. Primary myelofibrosis (PMF) ~50% JAK2V6I7F”
~5% MPLWSISL/K"
1L Non-classic MPD | 1. Chronic neutrophilic leukemia (CNL) ~20% JAK2V617F
2. Chronic eosinophilic leukemia (CEL)
FIPILI-PDGFRA" CEL-SM 100% FIPILI-PDGFRA"
ii. PDGFRB-rearranged CEL-UMPD 100% PDGFRB translocations
i. Molecularly not characterized CEL
3. Hypercosinophilic syndrome (HES)
4. Chronic basophilic leukemia (CBL)
5. Chronic myelomonocytic leukemia (CMML) ~3% JAK2V6ITF
6. Juvenile myelomonocytic leukemia (JMML) ~30% PTPNTI mutation”
~15% NFI mutation”
~15% RAS mutation”
7. Systemic mastocytosis (SM) ~100% KIT-mutation™
8. Stem cell leukemia-lymphoma syndrome (SCLL) 100% FGFRI translocations
9. Otherwise unclassified MPD (UMPD)
BCR-ABL" CML-like MPD (a.k.a. atypical CML) | ~20% JAK2V617F"
Unclassified MDS/MPD including RARS-T ~50% JAK2V617F

Key: MDS, myelodysplastic syndrome; RARS-T, refractory anemia with ringed sideroblasts associated with

is and y ties similar to those seen in MPDs.
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Bone Marrow Histopathology in the Diagnosis of the Early Stage of
Chronic Myeloproliferative Disorders

Hans Michael Kvasnicka, Institute of Pathology, University of Cologne, Germany

Inthe ive disorde 'MDDs), ination of (BM) biopsyspecimens
is essential to make a correct as well as to monitor
over time. In addition, histopathology permlLs a ready assessment of therapeutic efficacy, asslsts in nsk

stratification of patients, and is predictive of prognosis. For this reason, a multidisciplinary approach is
required by considering equally clinical and morphological data [1]. This up-to-date concept of
clinicopathological evaluation has been strengthened by the WHO classification [2] that includes the
major subtypes polycythemia vera (PV), essential thrombocythemia (ET), and chronic idiopathic
myelofibrosis (CIMF).

1. Definition and standardization of histopathological features

the issues of the WHO ification, the di subtypes of MPDs
by specific histological patterns that are composed of distinctive features and are usually present at
diagnosis (Table 1). Although in quite a number of former studies these alterations have been elaborated,
a conflict of opinion still exists, whether an untrained pathologist would be able to recognize these
features on H&E stained BM sections. Contrasting the determination of age-dependent cellularity and
semiquantitative grading of myelofibrosis [3, 4], especially features of megakaryopoiesis may cause

Table 1 Diagnostic impact of certain standardized histological BM features (ranking with relative incidence) following
discriminant analysis in patients presenting with platelet counts 3 600 x10%l and the presumptive clinical diagnosis of ET

Definite diagnosis Th ET CIMF-0  CIMF-1 PV
(WHO classification)

Megakaryopoiesis

maturation defects - - X X

nuclear lobulation - X - B x

Myeloid stroma
reticulin fibers - - - x
Erythropoiesis
Teft shifting - - - - x
Megakaryopoiesis
naked nuclei - - x x
small forms x - x x x
Erythropoiesis
quantity - - - - x
Granulopoiesis.
left shifting x - x - x
Megakaryopoiesis
giant forms - X x x x
Cellularity - - x X x
Megakaryopoiesis
bulbous nuclei - - X x
clusters - x X X x
Th - reactive thrombocythosis, X — major finding, x — additional criterion
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severe SP and therefore, this is not an entirely reliable diagnostic parameter [11]. A similar situation may
be observed regarding the neutrophil cell lineage, because an increase in pro- and metamyelocytes (left-
shlmng) is frequemly dlsplayed in PV and in SP. On the other hand, the features of the megakaryocytic
have been lion between PV, the
other suhtypes o' MPDs, and SP [10]. Previous studies reported by the PVSG showed that 95% of
biopsies from patients with PV have an increase in the number of megakaryocytes, but others have
observed that aside from the increase in numbers, the cytological appearance of this cell lineage exerts a
dusmmmallng impact. It has been repeatedly emphasized that megakaryopmesls in early as well as in full-
blown PV displa ct,i.e., small, arge and giant are
euher dlspersed or loosely clustered [11]. In particular, the mature megakaryocytes that have
hyperlobulated nuclei but that fail to show other gross nuclear abnormalities, such as deviation from
nuclear-cytoplasmic maturation may serve as diagnostic hallmark (Figures 1, 2c) because they are in
contrast o the small to medium-sized megakaryocytes found in sw (Figure 2d). The finding of the
specific histological pattern of a left-shifted (it i d and (Figure
2a) associated with a megakaryopoiesis displaying a striking variety of cell sizes is in contrast to the
uniformly large to giant size of the megakaryocytes in ET, which are usually not accompanied by
significant proliferation in the other cell lineages (Figure 2c,d). Discriminate analysis of standardized BM
features [3] in erythrocytosis reveals that in addition to the peculiar appearance of the megakaryocytes,
certain constituents of the stroma compartment also enable a clear-cut distinction between PV and SP.
Iron-laden macrophages are rarely observable in PV, and are found in about 6 % of patients, which is
‘opposed to the frequent occurrence of this phenomenon in SP (Figure 2e). An increase in reticulin fibers
is never encountered in SP. Usually, SP shows an inflammatory reaction with prominent perivascular
plasma cells (Figure 2f), many scattered eosinophils and small accumulations of cell debris ingested by
macrophages (Figure 2g). The latter features are most prominent in so-called smokers polycythemia
associated with recurrent bronchopulmonary infections [11-13]. In summary, Table 1 describes the results
ofani that analysis of BM features ina
large cohort of patients with sustained erythrocytosis.

111. Essential thrombocythemia (ET)

According to the widely recognized standards, the diagnosis of ET was usually established by the PVSG
criteria, i.e. by demonstration of thrombocytosis and the exclusion of other diseases, particularly full-
blown PV [14]. However, a critical evaluation of these diagnostic guidelines, that up to now have been
appllsd in allrelevant clinical trials, reveals that they do not permita clear-cut distinction of ET from the
stages of CIMF that are often ia [15]. In contrast, by
using a dlfferem diagnostic approach, the WHO classification does enable a separation between CIMF
and (true) ET [16, 17], a substantial change concerning the spectrum of this entity has to be realized.
These significant differences are predominantly due to the inclusion of histopathology in the WHO
classification, because evaluation of BM specimens derived from patients with the diagnosis of ET based
on the PVSG criteia reveal a striking heterogeneiy (15, 18]. A wealth of data has accumulated
concerning the role of BM pathology in in MPDs with the
aim to define patterns that ize (true) ET. In contrast to prefibrotic CIMF
with accompanying thrombocythemia - false ET (Figure 3a), in true ET, neither a relevant increase in
cellularity nor a significant left-shifted neutrophil granulopoiesis is observable (Figure 3c). The most
poiesis (Figure 1), because in true ET gross disturbances
of histotopography (dense clustering) are not remarkable, but a more or less random distribution of
megakaryocytes wilin the BM is prevalent (Figure 3d). In (te) ET, there is  predominance of arge (o
ike) nuclei [15, 18, by
a correspondingly mature cytoplasm (Figure 4b). These features are clearly distinguishable from the
abnormally hypolobulated (cloud-ike) and hyperchromatic nuclei of megakaryocytes in false ET
(prefubrouc- early CIMF) with their striking tion defects (Figure 1) that resultina
ic maturation, i.e., dysplasia (Figure 4a). Finally, at presentation,
lhere is no substantial increase in reticulin observable in true ET, a finding that contrasts with the
allowance of some degree of fibrosis according to the criteria of the PVSG [14]. Using standardized
features of BM assessment that include 3], a definitive between ET and
those entities mimicking this disorder may be easily achieved (Table 1). This distinction of ET according
to the PVSG [14] versus the WHO classification [16] implies significant consequences, regarding
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quantity @ . loose cluster dense cluster

size (small)
size (large to giant)

nuclear lobulation

bulky nuclei

naked nuclei |

. ET CIMF

(hyperiobulated nuciel) Coutky nucten
Fig. 1 Prominent features of jesis. Di ation and clustering of
significant difficulti ing definition and iti different observers. In
this contexta systematic evaluation including in particular the arrangement of the megakaryocytes within
the marrow space, i.e. and certain nuclear besides maturation defects are

crucial. In the normal BM megakaryocytes show a central distribution of single isolated cells [5]. In
MPDs, the increase of megakaryocytes is often associated with the formation of small clusters (at least
three cells) to extensive groups (more than five cells). These megakaryocyte clusters (Figure 1) may
display either a loose or dense arrangement of cells [3]. Moreover, an abnormal dislocation of
megakaryocytes towards the endosteal (paratrabecular) border is a highly conspicuous finding that is
usually not found in reactive thrombocytosis. Other features indicating a neoplastic process are peculiar
nuclear aberrations and maturation defects that imply disturbances of the normal development of
megakaryopoiesis [3, 5, 6]. These include an atypical nuclear lobulation (extent and shape of nuclear
foldings, i.e. hypolobulation, - often described as cloud-like leading to bulbous (plump, clumsy) nuclel
Versus with marked mimicking h
of the ch

ae enrofien e peres fon with app e " B
is noteworthy that all these changes may be detectable in megakaryocytes of different sizes (small,
median, large, giant) or ploidy status. Finally, so-called naked (denuded, bare) nuclei with condensed
chromatin pattern may frequently be shown implicating an enforced cell turnover due to increased
thrombocytogenesis. Of the other parameters increase and left-shifting of neutrophil granulopoiesis or
erythropoiesis may be a prominent feature as well as reduction in the amount of nucleated red cell
precursors depending on disease entity (Table 1).

11. Polycythemia vera (PV)

L the of the BM to the PV and to monitoring its
progression has not been adequately appreciated. In the I and updated criteria of the Polycythemia
Vera Study Group (PVSG), BM findings are not even mentioned [7], and in the WHO classification, they

ly as a minor criterion the Indeed, the major reason why
BM morphology has been neglected as a useful tool in the diagnosis of PV is that the disease has been
traditionally defined by clinical, laboratory and biologic parameters, which often do suffice to establish
the diagnosis [9]. However, when correlated with the clinical findings, a clear pattern of histopathologic
features emerge that can be used to confirm the diagnosis in cases in which the clinical data are not so
clear-cut. For example, PV is a dynamic, evolving disease process, and early on a number of patients do
not il allofthe established clinical and zboratory diagnostic criteria, particularly i regard to the re

cell mass or alues [7]. Tl id to have “latent PV or
“benit ,and are that may I1-
blown, Imponanlly, some patients have an initial/early prodromal phase of PV that is accentuated by

isodes as first of disease, but in whom a diagnosis is not possible by

conventional cm.ena (Table 1). In these instances, demonstration of the characteristic histologic features
of PV could lead to early diagnosis and appropriate therapy. The BM biopsy performed at diagnosis also
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Fig. 3 BM histopathology in CIMF
(false ET) versus (me) ET. a
Prefibrotic CIMF with _hyper-
cellularity composed of prominent
granulocytic and_megaKaryocytic
proliferation revealing dense clusters
" of small to giant megakaryocytes
with hypolobulated (bulbous) nuclei,
b In routinely stained specimens
clustering and abnormal endosteal
translocation of megakaryocytes and
the _prominentgranulopoesis are
easily recognizable. c ET with age-
matched  cellularity  and
predominant proliferation of arge to
giant  mature  megakaryocytes
showing extensively lobulated nuclei
anda lack of significant proliferation
or lftahifing of the othr call
lineages. d Dispersed or loosely
clustered large to giant mature
megakaryocytes are the diagnostic
halimark of ET.

complications like fibrosis, therapeutic strategies and outcome [20], because only a fraction of those
diagnosed by the PV'SG criteria, ranging between 20% to 30%, may be regarded as true ET.

Fig. 3 BM histopathology in CIMF

. . L (false ET) versus (true) ET.
1V. Chronic idiopathic myelofibrosis (CIMF) Prefibrotic CIMF with hyper-
cellularity  composed o
CIMF initially presents with a hypercellular BM characterized by ~Prominent granulocytic ~and
megakaryocytic myeloprollferauon (Figure 32) but no increase in retic megakaryooytic _ proliferation
reveslng danse custatsof smad

neutrophil (often left-shifted) and meg: i
arrest of the nucleated erythrold precursors [21] was previously tel hypulubu\aled (bulbous) nuclei. b
granulocytic myelosis (CMGM) [22-25]. Most conspicuous, however, is* In routinely stained specimens
characterized not only by a disturbance of BM histotopography ( clustering  and abnormal
translocation to the endosteal borders), bul also by striking abnormali endosteal  translocation v:’;
significant o notonly tof variation orominent - granulopoiesis ~are
giant forms (Figures 3a, b), butalso ofan aberrauon of the nuclear cytof easily recognizable. ¢ ET with
and hyperchromatic cloud-like nuclei (Figure 4a). Funhevmure aparti age-matched cellularity and a
lobulation there are many naked (bare) meg ytic nuclei de large

¢ 10 giant mature megakaryocytes

megakaryocytes in CIMF regularly are marked by a more atypical (dy< e egakaryocyes
nuclei and a lack of significant

proliferation or left-shifting of the

ther cell d Di d

H.M. Kvasnicka - BM His iin the Diagnosis of the Early Stage of MPDs 3

is important to establish a baseline against which subsequent specimens can be compared, because
histopathology provides the best means to detect various phases of PV, particularly the terminal stages,
so-called spent phase, postpolycythemic myeloid metaplasia (PPMM) and blast phase.

itial-early and full-blown bya
BM with mlmeage prollterauon (panmyelosls) of variable numbers of erythroid and granulocytic

precursors, and with that fealures [10]. Some uf
these findings have h ishing the diagnosis of P
from reactive, or secondery polycythemia (SP) as wll as from the other MPDS. For example, allhough

in relation to ag is is a common feature of PV (Figure 2a), it may
occasionally also be encountered in cases of SP that usually present with a mildly to moderately increased
hematopoiesis (Figure 2b). For easy recognition and quantification of neutrophil granulopoiesis versus
erythropoiesis, a_special stain like naphthol-A-SD-chloroacetate esterase (Figure 2ab) or
myeloperoxidase may be superior to the routine in stain (H&E). Following
procedure, it is apparent that in PV the normally small and rounded islets of nucleated erythroid
precursors show a conspicuous enlargement and a tendency to merge into sheets (Figure 2a). Although
these changes are significantly more pronounced in PV, they may be also expressed in a few cases with

ig. 2 BM histopathology in PV
versus SP. a PV with tri-lineage
proliferation and hypercellularity
including  prominent  sheets of
erythroid precursors  and
megakaryocytes of different size. b
P with slight increase in cellularity
in a senescent patient with large
islets  of erythropoiesis.
Pleomorphous ~ aspect of
megakaryocytes in PV with sizes
ranging from small to large - see also
.d Uniform small to medium-sized
megakaryocytes in SP. e SP with
coarse iron deposits in macrophages
(arrow). f Prominent_perivascular
deployment of plasma_cells and
adjacent eosinophils in SP (arrow). g
In'SP (arrow), deposits of cell debris
are regular findings (arrows)
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Fig.4BM .
like) nuclel. b L

0 conspicuous maturation defects

other subtype of the MPDs slgnlflcanlly contrasing those seen in ET (Figures 4a.). This is one of the
se ET (i.e. prefibrotic-early slageCIMF) from true ET. Allhough

f CIMF is
more rapid transition from the prefibrotic into overt fibrosclerotic stages (dysplasla) although mus
transition is not dependen( on the plalelel count. As has been elucidated in different studies, there is a
more than 1 from ic-early stage to a full-blown CIMF or MMM
i the classical di a. This peculiar feature of disease process is accompanied
by relevant changes in clinical findings. Pauem thatnitaly present with early stage CIMF are pmne o
picture in th isease

evolution merging finally into MMM.

In contrast to the prefibrotic-initial stages of CIMF (CIMF-0), the more advanced and fibro-osteosclerotic
fesions of disease (CIMF-3) conforming with MMM re characterized by coarse bundles of collagen
fibers in the BM. There is usually an optional plaq idd- bone
formation) detectable and areas of patchy revealing Comparable
with the initial stages, atypical megakaryocytes are again a most prominent feature including naked
(denuded, condensed) nuclei and dilated marrow sinuses containing groupings of intraluminal
hematopoiesis, especially megakaryocytes. It i that even prior therapy
mild to moderately expressed myelodysplastic changes may occur in the natural course of the disease
process, occasionally indicating an insidious transition into an acceleration and blastic crisis (terminal
stage). Finally, although in the past decade many groups were engaged in the study of risk stratification
and prognosis of CIMF patients, a comparison of these data reveals an extreme heterogeneity [26, 27].
This result may be significantly influenced by including patients with PPMM into the corresponding
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calculations and the failure to recognize the prefibrotic and early stages of this disorder. On the other
hand, it is reasonable to assume that survival may be related to stages in which CIMF is diagnosed. In
univariate analysis, the prodromal phases show a more favorable survival in comparison with more
advanced stages (MMM). However, in evolution of BM fi

significant influence on survival [26, 27].

V. Summary

Chronic idiopathi ibrosis (CIMF), essential ia (ET), and iavera (PV)
are characterized by specific patterns of histopathology. When considered in the context of clinical
findings, the histologic features not only discriminate these entities from each other (Figure 5), but also
provide valuable information that can identify various risk groups, predict prognosis, and assess
therapeutic efficacy. Histopathology is especially crucial to distinguish between myeloproliferative
diseases in which the clinical and laboratory features overlap, but the prognosis and therapeutic
implications are significantly different. For example preﬂhrotlc CIMF is frequently associated with
and thus, easily T, from which it differs markedly in terms of
folbwsls blast and SuNIvaI Yet the these
Itis estif that between 70%
t0 80% of patients entered into clinical studies on ET, actually present early-stage CIMF with marked
thrombocythemia (false ET). Similarly, the prodromal phase of PV, which may also mimic ET, cannot be
recognized by conventional criteria, but has a characteristic histopathology pattern. OF course, the
dynamics of the disease process must always be taken into account when following individual patients,
particularly in PV and CIMF, and follow-up studies with repeated BM biopsy specimens readily allow
monitoring of disease progression.
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Fig. 5 Schematic description (flow-sheet) of prominent histological features exerting diagnostic relevance to differentiate
chronic myeloproliferative disorders associated with an evaluated platelet count from reactive lesions in bone marrow biopsy
specimens

Cellularity
/ Age-related \
increase normal
PV/CIMF-0/-1 ET/RTh
small to maturation Megakaryocytes | large to giant small to
giant size defects size hyper-  medium size
(pleomorphy) (dysplasia) lobulated
hyperlobulated bulbous nuclei
nuclei and naked
nuclei
CIMF-0/-1
increase normal to Erythropoiesis normal increase
and reduced

left shifting increase normal normal

CIMF-0/-1

normal normal increase Reticulin normal normal

[ pv | [ciMro] [ciMF-1] [ er | [Rrmh |
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Mast Cell Disease

Daniel A. Arber, MD  Stanford University, Stanford CA

Mast cell disease, or mastocytosis, includes a variety of disorders that are characterized by the
presence of mast cell aggregates in tissue sections and range from isolated, indolent proliferations
to systemic, aggressive disorders. The WHO classification of mastocytosis (Table 1) separates
cutancous and systemic forms and provides criteria for the subclassification of the various
systemic forms of the disease. While the ic detection and

confirmation of mast cell aggregates in tissue sections is essential for diagnosis, subclassification
of cases into systemic mastocytosis subtypes requires correlation with a variety of clinical and
other laboratory features (Table 2). Morphologically, mast cells can range from aggregates of
round cells with finely granular pink cytoplasm to more spindled cells with associated fibrosis
(often paratrabecular in the bone marrow). Mast cells are often accompanied by eosinophils and
small lymphocytes and may be overlooked due to these other cellular components. On aspirate
smears, mast cells are most casily identified in the central portion of marrow particles as round or
spindled cells with fine basophilic granules that obscure the nucleus. Spindled and more atypical
mast cell features tend to correlate with the more aggressive clinical syndromes, but morphologic
features alone are not adequate for subclassifying the mast cell disorders.

Cutaneous Mastocytosis

While various types of mast cell disease may involve the skin, the diagnosis of cutancous
mastocytosis is reserved for cases with no systemic involvement, including no elevation of total
serum tryptase or Urticaria or cutaneous
mastocytosis, is the most common form of cutaneous mastocytosis. It may occur in children or
adults. The mast cell infiltrate is often more subtle in adults and may require examination of
multiple sections for diagnosis. The lesions have elongated or spindled mast cells, often
associated with small vessels, in the papillary and reticular dermis. Diffisse cutaneous
mastocytosis occurs almost exclusively in children without the characteristic maculopapular rash
of urticaria pigmentosa. The skin may be more smooth or thickened and red. The mast cell
infiltrate generally forms a band in the papillary and upper reticular dermis. Mastocytoma of the
skin is a single lesion, most often on the trunk or wrist of infants. Mast cells without atypia fill
the papillary and reticular dermis and may extend in to the deep dermis and subcutancous adipose
tissue. In children, cutaneous mastocytosis is an indolent disorder that usually regresses
spontancously around puberty. In adults, regression is less common and carcful staging is
warranted since most adults presenting with skin lesions will actually have systemic disease.
However, the presence of skin lesions, even with systemic discase, usually portends an indolent
clinical course.

Systemic Mastocytosis

‘A diagnosis of systemic mastocytosis requires detection of multifocal mast cell aggregates in

tissue sections (major criterion) as well as one minor criterion or, in the absence of tissue section

aggregates, identification of three minor criteria (Table 2). Subclassification of systemic
requires further correlation with clinical, and laboratory findings and

these are designated as “B” or “C” findings (Table 3).

Indolent systemic mastocytosis meets criteria for systemic mast cell disease, but has no B or C
findings and no evidence of another hematologic malignancy. Skin lesions are usually present.

Mastocytosis

Table 3. B and C Findings in Mastocytosis

B Findings
1. >30% bone marrow mast cells in focal, dense aggregates and/or serum total tryptase level

>200 ng/ml

Signs of dysplasia or myeloproliferation in non-mast cell lincage, but insufficient criteria

for a definitive diagnosis of a hematopoietic neoplasm by WHO, with normal or only

slightly abnormal blood counts

Hepatomegaly without liver function impai and /or palpable without

hypersplenism, and/or palpable o visceral lymphadenopathy

Ll

C Findings
1. Bone marrow dysfunction manifested by one or more cytopenia (ANC <1.0x10°/L, HBG
<10g/dl, or PLTs <100x10°/L) but no frank non-mast cell hematopoietic malignancy

2. Palpable hepatomegaly with impairment of liver function, ascites, and/or portal
hypertension

3. Skeletal involvement with large-sized osteolysis and/or pathological fractures

4. Palpable splenomegaly with hypersplenism

5. Malabsorption with weight loss due to GI mast cell infiltrates
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Mastocytosis

As the name implies, these cases are clinically indolent, and this is the most common form of
systemic mast cell discase.

Systemic mastocytosis with associated clonal, hematological non-mast cell lineage disease meets
criteria for systemic mastocytosis as well as being associated with another hematologic
malignancy in the WHO classification. This occurs in almost one third of patients with systemic
mast cell disease and the associated tumor is usually a myeloid malignancy, which may include

, chronic disorders, mixed and
myelodysplastic syndromes, acute myeloid leukemia and chronic eosinophilic leukemia.
Associated lymphoid malignancies are most often multiple myeloma, but chronic lymphocytic
leukemia, acute lymphoblastic leukemia and hairy cell leukemia may also occur. The prognosis
of these patients is usually based on the non-mast cell disorder. Rare cases will not have
identifiable mast cell disease at diagnosis, but mastocytosis may become apparent in the post-
therapy bone marrow.

Aggressive systemic mastocytosis meets criteria for systemic mastocytosis as well as having one
or more of the C findings (Table 3) indicating organ dysfunction due to mast cell infiltration.
‘These patients do not have an associated hematologic malignancy or evidence of mast cell
leukemia. A provisional subvariant termed with eosii i
presents with lymphadenopathy and eosinophilia and should be differentiated from chronic
eosinophilic leukemia. Patients with aggressive systemic mastocytosis have a short survival,
usually of only weeks to months.

Mast cell leukemia is a form of systemic mastocytosis with a diffuse marrow infiltration (>20%)
of atypical, immature mast cells in the bone marrow with 10% or more mast cells in the
peripheral blood. An aleukemic variant is also proposed. Both have the similarly dismal
prognosis of aggressive systemic mastocytosis.

Other Presentations of Mastocytosis

Mast cell sarcoma is an extremely rare localized disorder that occurs in the absence of skin
lesions or other systemic disease. The mast cells are highly atypical with a destructive growth
pattern. A leukemic phase may develop in these patients and they have a generally poor
prognosis.

Extracutaneous mastocytoma is most commonly reported in the lung without skin lesions or other
systemic disease. In contrast to mast cell sarcoma, the lesional cells are not atypical and do not
show a destructive growth pattern.

Special Stains and

Normal mast cells mark with chloracetate es(emse and toulidine blue, but the later stain is pH
dependent in mastocytosis and these stains are less helpful than more specific immunophenotypic
studies. Mast cells express CD33, CD43, CD68, CD117 and tryptase. Tryptase is the most
lineage specific of these markers, but may show high background staining is some cases.
Neoplastic mast cells also express CD2 and/or CD25, with the later more easy to detect in most
cases. A panel of CD117, tryptase and CD25 is recommended for most cases to aid in confirming
the mast cell lineage of the proliferation and to potentially identify an aberrant immunophenotype
(CD25-positive).

Mastocytosis
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Mastocytosis

s of Mastocytosis
Point mutations of the tyrosine kinase receptor gene K/T are the most common genetic
abnormality in mastocytosis and the most common mutation results in a substitution of valine for
aspartate at codon 816 of exon 17, termed Asp816Val or D816V. This mutation is found in over
90% of patients with systemic mastocytosis. Other mutations described include tyrosine or
phenylalanine for aspartate at codon 816, and lysine for glutamic acid at codon 839. KIT
mutations, however, are not specific for mastocytosis and are reported in other disease. Even the
D816V mutation of this gene is not disease specific and may occur in some seminomas and some
core binding factor acute myeloid leukemias. For this reason, detection of the mutation
represents only a minor diagnostic criterion.

Therapy for Mastocytosis

Patients with mastocytosis are treated symptomatically and no curative therapies for the
aggressive discase types are currently available. Some success in reducing the mast cell burden
has been reported with alpha interferon and with cladribine (2-CdA). Tyrosine kinase inhibitors
directed at the K/T mutation may be useful in some patients. However, the D816V mutation of
KIT results in resistance to imatinib mesylate. Ongoing trials with other tyrosine kinase
inhibitors, such as PKC 412, are underway in the hope of directly impacting the molecular defect
of this disease.

Table 1. WHO Classification of Mastocytosis
Cutaneous Mastocytosis
Urticaria pij cutaneous
Diffuse cutaneous mastocytosis
Solitary mastocytoma of skin
Indolent Systemic Mastocytosis
Systemic Mastocytosis with Associated Clonal, Hematological Non-mast-cell Lineage Disease
Aggressive Systemic Mastocytosis
Mast Cell Leukemia
Mast Cell Sarcoma
Extracutaneous Mastocytoma

Table 2. Criteria for Systemic Mastocytosis
Major
Multifocal, dense mast cell infiltrates (=15 cells) in tissue sections confirmed by tryptase or other
special stains
Minor
a. >25% spindled, immature or atypical mast cells in tissue sections or bone marrow
aspirate smears

b. Detection of K/ D816V mutation
c.  Expression of CD117 with CD2 and/or CD25
d. Serum total tryptase persistently >20 ng/ml (unless there is an associated clonal myeloid

disorder in which case this parameter is not valid)
Diagnosis requires major and one minor or three minor criteria



Practical Issues in the Diagnosis of Myelodysplastic/ Myeloproliferative
Overlap Syndromes

William G. Finn, University of Michigan, Ann Arber, MI

The World Health O ization (WHO) i of ietic neoplasms,
published in 2001, included the new category of “Myelodysplastic/ Myeloproliferative Diseases,”
intended to accommodate those myeloid neoplasms that simultancously showed features of
chronic iferative disorders and Typically,
syndromes (MDS) are clonal neoplastic disorders characterized by accelerated apoptosis of the
abnormal clone, resulting in a pattern of ineffective hematopoiesis, usually manifest by increased
bone marrow cellularity in the presence of decreased peripheral blood counts (cytopenias) and
absence of organomegaly. MDS also generally harbor some degree of morphologic dysplasia
within one or more hematopoietic lineages. Conversely, the chronic myeloproliferative disorders
(MPD) are myeloid neoplasms generally characterized by evidence of effective hematopoiesis,
generally in the form of increased peripheral blood counts (“cytoses”), organomegaly, or both.
Typically, MPD do not show prominent morphologic dysplasia of hematopoietic elements.

The WHO category of MDS/MPD overlap syndromes includes discases that cither have a
proliferative component (increased peripheral blood counts, organomegaly) combined with
significant morphologic dysplasia, or diseases that may vary in their degree of proliferative
characteristics and morphologic dysplasia. The WHO classification lists four disease categories
under the heading of MDS/MPD: 1) Chronic myelomonocytic leukemia (CMML), 2) Juvenile
myelomonocytic leukemia (JMML), 3) Atypical chronic myeloid leukemia (+CML), and 4)

ive diseases, There are many pitfalls that
practicing hematopathologists may face in the diagnosis of MDS/MPD overlap syndromes. This
session will fucus on the following points:
Guidelines for morphologic recognition of the distinct categories of
MDS/MPD outlined by the WHO, including recognition of clinical and morphologic
heterogeneity in CMML
2) ~ Adiscussion of the “unclassifiable” category, including the provisional
entity “Refractory anemia with ringed sideroblasts associated with marked
thrombocytosis.™
3)  The distinction between CMML and acute myelomonocytic leukemia,
which mxy be deceptively difficult
An illustration of mimickers of morphologic dysplasia in bone marrow
that muld lead to overdiagnosis of MDS/MPD.

A Brief Overview of Distinct Categories of MDS/MPD

Chronic Myelomonocytic Leukemia (CMML |

CMML was included initially in the French-American-British cooperative group (FAB)

ion of d . As defined by the FAB, CMML shared many

features in common with refractory anemia wnh excess blasts (RAEB), including peripheral
cytopenias, usually in the setting of hypercellular marrow, marked multilincage dysplasia, and an
increased blast percentage in the bone marrow (but not sufficient to diagnose frank acute
leukemia). CMML differed, however, in a proliferative component of monocytosis, with the
peripheral blood monocyte count by definition exceeding 1 x 10°/L. There remained, however,
chronic myeloid neoplasms with a more proliferative phenotype (increased peripheral granulocyte
counts, organomegaly, absence of significant morphologic dysplasia), but also marked by
absolute peripheral monocytosis, and absence of the Philadelphia chromosome or BCR-ABL
fusion. Some proposed that disorders fitting the latter description be termed “CMML,

1. Peripheral blood leukocytosis duc to increased numbers of mature and
immature neutrophils

2. Prominent dysgranulopoiesis

3. No Ph chromosome or BCR/ABL fusion gene

4.No or minimal absolute basophilia; basophils <2% of WBCs

5. No or minimal absolute monocytosis; monocytes <10% of WBCs

6. Hypercellular bone marrow with granulocytic proliferation and dysplasia,
with or without dysplasia in the erythroid and megakaryocytic lineages

7. Fewer than 20% blasts in the bone marrow

Pitfalls in the Differential Diagnosis of MDS/MPD
Acute Myeloid Leukemia
True acute myeloid leukemia (AML) with monocytic differentiation may present with a
mature on of the peripheral blood. Patients may be referred
for peripheral absolute monocytosis, organomegaly, and suspicion for CMML. However,
subsequent bone marrow examination may show changes that fully meet criteria for acute
leukemia.

One of the issues complicating the distinction between CMML and AML is the fact that
morphologic criteria for a diagnosis of AML relies upon the quantification of true mycloblasts, as
well as ttes, termed which are
counted as myeloblast equivalents lor the purpoae of acute leukemia diagnosis. Unfortunately,
the morphologic criteria for the distinction of promonocytes from mature monocytes are not
universally codified, and the interobserver reproducibility of the distinction between these two
cell types is low. Therefore, the distinction between CMML and AML often relies on the
subjective distinction between monocytes and promonocytes.

Numerous Non-Neoplastic Conditions May Mimic True

splasia (dy iesis poiesis) is a
hallmark ufmyelodyap]dsuc syndromes, and of many MDS/MPD overlap syndromes. However,
many transient or non-neoplastic conditions can manifest with morphologic features
indistinguishable from MDS.

Dyseryiliropoiesis. Dyserythropoiesis is relatively common in a variety of reactive

conditions. (e.g anemia, copper deficiency), toxic
exposure (e.g. arsenic, lead, alcohol, elc), congenital red cell or metabolic abnormalities (c.g.
congenital dyser; anemia, congenital si ic anemia), infectious disease

(particularly HIV infection) and treatment with certain chemotherapeutic agents can yield striking
morphologic changes in red cell precursors. Often the degree of dysplasia in such conditions
overlaps more or less completely with the morphologic changes that may be encountered in some
forms of MDS.

The presence of ringed sideroblasts on Prussion blue stainging is not pathognomonic for
myelodysplasia, nor for that matter any single clinical disorder. Ringed sideroblasts are simply a
form of dyserythropoiesis marked by the abnormal uptake of iron into the mitochondria of
nucleated red cell precursors. Since nulochondna are situated adjacent to the cell nucleus, the
ringed is the light of this abnormal iron trafficking. Ringed
sideroblasts, therefore, are an abnormality common to several different disorders including true
myelodysplastic syndromes, acquired metabolic/ toxic forms of sideroblastic anemia, congenital
abnormalities of porphyrin metabolism, and copper deficiency.

There are a few additional common pitfalls that should be avoided in the interpretation of
dyserythropoiesis. First, any circulating nucleated red blood cell may show dysmorphic nuclear
features, whether its origin is in a reactive or neoplastic condition. The finding of “dysplastic™

myeloproliferative,” as opposed to the original FAB category, for which the term “CMML,

" was proposed. studies, however,
failed to elucidate <|gmﬁcant differences in clinical outcome between these two categories, and
therefore they are consolidated under the single heading of CMML in the WHO classification.

Although CMML as defined by WHO is a diverse disorder that likely does not represent
a single clinicopathologic disease entity, the CMML variant listed in the WHO classification as
“CMML with eosinophilia” may be associated with the cytogenetic translocation
1(5;12)(q31;p12), resulting in an abnormal fusion gene, TEL/PDGFR, or other genetic
abnormalities involving the PDGFLR locus. It is important to recognize this unusual but distinct
category, since such patients may respond extremely well to therapy with imatinib or other
targeted tyrosine kinase inhibitors. In fau such patients may show excellent response to only a
fraction of the imatinib dose given to positive chronic leukemia
patients.

Diagnostic Criteria for CMML (from WHO, 2001):

1. Persistent peripheral blood monocytosis >1 x 107/L
2. No Philadelphia chromosome or BCR/ABL fusion gene
3. Less than 20% blasts in the blood or bone marrow
4. Dysplasia in one or more myeloid lineages. If myelodysplasia is absent or
minimal, the diagnosis of CMML may still be made if the other requirements
are present and:

-an acquired, clonal cytogenetic abnormality is present in the marrow
cells, or

-the monocytosis has been persistent for at least 3 months and

-all other causes of monocytosis have been excluded

Juvenile ic Leukemia (JMML)

JMML is a rare but distinct disease entity that generally affects young children, with
three-fourths of cases occurring in patients under 3 years of age. The pathogenesis of most cases
of IMML is linked directly to abnormalities in the molecular pathway responsible for conducting
the stimulatory signal of cyte colony factor (GM-CSF), resulting in
marked hypersensmmy to GM-CSF in vitro, and abnormal myelomonocytic proliferations in
vivo.

There is an increased prevalence of JIMML in children with neurofibromatosis type 1, and
in children with Noonan syndrome (a complex syndrome of mild facial dysmorphism and other
anatomic malformations including cardiac anomalies). This increased prevalence can be linked
to abnormalities in the NF1 gene in neurofibromatosis, and the PTPN11 gene in Noonan
syndrome. NFI is an important regulator of the Ras pathway of signal transduction, which
regulates cellular response to GM-CSF. PTPNI1 is the gene encoding SHP-2, a tyrosine
phosphatase required for Ras-dependent functions. Mutations of PTPN11 have been shown to
induce hypersensitivity of hematopoietic precursors to GM-CSF stimulation.

The diagnostic criteria for IMML are listed below. The morphologic features are not
necessarily specific, and in vitro assays for GM-CSF may be difficult to obtain in routine clinical
practice. Therefore, the correlation of morphologic findings with the clinical history, as well as

ion of elevated in F levels by or other method,
are often crucial to diagnosis. Although it is not formally classified as a form of acute leukemia,
JMML usually follows an aggressive clinical course despite therapy.

Diagnostic criteria for IMML (from WHO, 2001):

1. Peripheral blood monocytosis >1 x 10°/L
2. Blood and marrow blasts <20%

circulating nucleated red cells therefore has no predicitive value in the diagnosis of MDS.
Second, the morphology of megaloblastic anemia may bear disturbing resemblance to acute
leukemia to the i observer. The of giant ‘marked]
increased marrow cellularity, markedly elevated serum lactate dehydrogenase (LDH) and marked
peripheral blood poikilocytosis (including teardrop forms, Howell-Jolly bodies, and dysmorphic
nucleated red cells) can lead to erroneous diagnoses of leukemia or myelodysplasia. Finally,
hypererythropoiesis due to high red blood cell turnover can cause significant dyserythropoiesis.
Therefore, the diagnosis of ia in the setting of a anemia (as
evidenced by a high absolute reticulocyte count) should be approached with extreme caution.

Dysgranulopoiesis. Several non-neoplastic conditions can yield striking
dysgranulopoiesis. The congenital Pelger-Huet anomaly is a harmless (and therefore generally
subclinical) autosomal dominant condition in which neutrophils are hyposegmented, with most
showing one or two nuclear lobes despite a fully mature-appearing chromatin. The appearance of
Pelger-Huet neutrophils can be indistinguishable from the “pseudo-Pelger-Huet™ morphology
associated with either \d MDS/MPD or certain reactive
conditions. If examination of the blood smear of an otherwise healthy individual reveals that
virtually all of the neutrophils are hypolobated then the possibility of a true Pelger-Huet anomaly
should be considered.

Pseudo-Pelger-Huet morphology can be seen in many reactive conditions, including
therapy with certain drugs (e.g. colchicine, and possibly other

agents), mycoplasma infection, and human immunodeficiency virus infection. Pathologists
should resist the temptation to assume MDS in the face of acquired P-H morphology, since the
pseudo-PH changes associated with mycoplasma infection or other reactive conditions may be
marked.

Neutrophil ity is a form of is. However, artifacts of
preparation or variability in staining methods can lead to the overdiagnoss of hypogranular
Fi since tend to examine abnormal blood smears in which

neutrophils display some degree of toxic granulation, the normal pattern of neutrophil granulation
may be misinterpreted as hypogranular. Remember that although primary myeloid granules are
course and azurophilic, secondary (specific) neutrophil granules are tiny and barely discernable
by light microscopy. Therefore, they show up as a pink hue in the neutrophil cytoplasm. On the
other hand, true hypogranularity tends to appear as water-clear cytoplasm. When in doubt,
preparation of a fresh, hand-stained peripheral blood smear (preferably made directly from a
finger-stick) should be pursued to investigate the possibility of true hypogranulation of
neutrophils.

Dysmegakaryopoiesis. Very few reactive conditions will yield the type of
dysmegakaryopoiesis encountered in MDS. However, some observers overinterpret the natural
variability of megakaryocyte cytology as evidence of dysmegakaryopoiesis. The
dysmegakaryopoiesis associated with MDS manifests as megakaryocytes with separate, round
hypolobated nuclei (as opposed to the single nuclei with multiple lobes seen in normal
megakaryocytes). Most dysplastic megakaryocytes will contain one to three small round nuclei,
and will be smaller than normal megakaryocytes. Such criteria for the diagnosis of
dysmegakaryopoiesis should be applied fairly strictly, so as not to overinterpret dysplasia in
megakaryocytes. Finally, be careful about diagnosing dysmegakaryopoiesis on paraffin-
embedded bone marrow core biopsy sections (as opposed to bone marrow aspirate smears), since
a section cut through one lobe of a normal megakaryocyte may look very similar to a section cut
through a hypolobated, dysplastic megakaryocyte.

1. Peripheral blood monocytosis =1 x 10°/L

3. No Ph chromosome or BCR/ABL fusion gene

PLUS 2 or more of the following:

Hemoglobin F increased for age

Immature granulocytes in peripheral blood

WBC > 10x10°/L

Clonal ity (may be 7
GM-CSF itivity of myeloid itors in vitro

Atypical Chronic Myeloid Leukemia (aCML.

Despite the name, aCML likely bears no to true
positive CML. In fact, in the drafting of the current WHO classification, alternative names for
this entity were debated, but the consensus was reached that aCML was acceptable provided a
clear distinction was made from true CML.

ACML is a very rare disorder, but likely represents a distinct disease entity. It is marked
by increased peripheral granulocyte counts, splenomegaly, and distinct and marked morphologic
dysplasia in circulating neutrophils in the form of hypolobation (pseudo-Pelger-Huet changes).
ACML is more clinically aggressive than true CML, with median survival quoted in the literature
as less than 20 months. While most reported cases of aCML are associated with clonal
cytogenetic abnormalities, no single consistent abnormality has been reported, although three
reported cases associated with t(4;11)(q12;q11), and the detection of Ras mutations in a subset of
aCML cases suggests potential common pathobiology to other types of MDS/MPD.

Myeloproliferative Disease, {

Invariably, any classification scheme will have to accommodate disorders not readily
classifiable into other distinct categories. Such is the case in the WHO classification of
MDS/MPD overlap syndromes. One subtype under the “unclassifiable” moniker does, however,
deserve mention since it may represent a distinct clinical entity.

Refractory anemia with ringed sideroblasts and thrombocytopenia is currently listed as a
provisional entity under the broader heading of Myelodysplastic/ Myeloproliferative Discase,
Unclassifiable in the WHO classification. Patients with this disorder otherwlse fulfill criteria for
refractory anemia with ringed (RARS), including or mm.a,
dimorphic circulating red cells due to admixed with
macrocytic red cells, erythroid expansion in the bone marrow with mild dyserythropoiesis, and
greater than 15% ringed sideroblasts on examination of bone marrow aspirate smears. In contrast
to classic RARS however, this disorder is characterized by marked and persistent thrombocytosis,
and patients may present initially with clinical suspicion for essential thrombocythemia. (This
disorder is in fact fe d in the WHO under the heading of Essential
Thrombocythemia.) A recent study noted that a substantial majority of cases of RARS with
thrombocytosis harbor the JAK2 V617F mutation that has come to characterize a molecularly
distinet subset of chronic ive disorders (usually classifiable clinically as

vera, essential , or chronic idiopathic myelofibrosis). This adds
RARS with thrombocytosis to the list of JAK2 mutation-associated myeloid neoplasms, and
suggests that it may represent a morphologically distinct variant of such disorders.

Diagnostic Criteria for aCML (from WHO, 2001):

1. Peripheral blood leukocytosis due to increased numbers of mature and
immature neutrophils
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The Diagnostic Interface between Histology and Molecular Tests in
Myeloproliferative Disorders

Ayalew Tefferi, Mayo Clinic, Rochester MN

Introduction

Myeloid malignancies are broadly classified into acute myeloid leukemia (AML) and chronic
myeloid disorders (CMDs). The latter include several and
subcategories whose specific diagnosis is based primarily on bone marrow msmpmhology, The term
“myeloproliferative disorders (MPDs)" was first applied by William Dameshek (1900-1969) to highlight
the phenotypic similarity between chronic myeloid leukemia (CML), polyeythemia vera (PV), essential
thrombocythemia (ET), and chronic idiopathic myelofibrosis (CIMF)." These four disorders are now
referred to as “classic” MPDs and further sub-classified as being cither BCR-ABL™ (i.e. CML) or BCR-
ABLY (i.e. PV, ET, and CIMF).” Such classification is now molecularly validated; an activating JAK2
mutation (JAK2V617F) is found in the majority of patients with BCR-ABL" classic MPDs*® whereas it is
cither absent or occurs infrequently in other myeloid disorders.

In addition to the classic MPDs, chronic myeloid ies also include the
syndrome (MDS) and other CMD= that are not classified as either classic MPDs or MDS. According to a
recent ion proposal,” clini entities in the latter category were

grouped under the rubnc of “atypical” MPD and include chronic myelomonocytic leukemia (CMML),
juvenile myelomonocytic leukemia (JMML), chronic neutrophilic leukemia (CNL), chronic basophilic
leukemia (CBL), hypereosinophilic syndrome (HES), chronic eosinophilic leukemia (CEL), systemic
mastocytosis (SM), and unclassified MPD (UMPD). In contrast, the more formal World Health

HO) ion system for ies considers four categories of
CMDs: MDS, MPD, MDS/MPD, and SM.” The WHO MPD category includes the four classic MPDs as
well as CNL, CEL, HES, and UMPD. The WHO MDS/MPD category includes CMML, JMML, and
atypical CML.

Regardless of what one chooses to use for a classification system in MPDs, a gradual transition
from cli to defined discase ization is becoming evident (Figure 1). In
the meantime, however, it is premature to undermine the diagnostic value of bone marrow histopathology,
which, when combined with cytogenetic analysis, might also provide useful prognostic information. In
the current review, we discuss how molecular tests and bone marrow histopathology are effectively
combined in constructing diagnostic algorithms for each one of the three BCR-ABL" classic MPDs as
well as atypical MPDs. For the purposes of the current communication, we will focus on JAK2V617F
when discussing BCR-ABL" classic MPDs, but fully realize the potential role of other molecular markers
that are in the process of being deseribed, including MPLWS1SL/K in CIMF and ET and JAK2D620E and
other JAK2 mutations in PV.*

Polycythemia vera
Because of immediate therapeutic implications, the most important objective in the evaluation of
“polycythemia” is to determine the likelihood of a PV diagnosis. It is common knowledge that a
seemingly high hematocrit level might (17ue polycythemia) or might not (apparent polycythemia including
relative polycythemia) reflect a true increase in red cell mass (RCM).'" Similarly, an increased RCM is
not always associated with a hematocrit level that exceeds the “normal” reference range (i.e. inapparent
polyeythemia).” Therefore, the possibility of a PV diagnosis should be entertained in the context of both
an increased hematocrit level and, regardless of the hematocrit level, the presence of a PV-characteristic
clinical feature including large vein thrombosis, aquagenic pruritus, erythromelalgia, or splenomegaly.
Accordingly, the best approach to the diagnosis of PV makes use of PV-characteristic molecular,
biological, and histological disease markers that are not found in either secondary (SP) or apparent (AP)
polycythemia (Figure 2). In this regard, the most helpful diagnostic test is mutation screening for

demonstrated in a subset of patients that fulfill conventional diagnostic criteria for HES,* SM,* or
CEL," whereas a PDGFRB mutation has been associated with the clinical phenotype of CEL and/or
CMML.**" Furthermore, the presence of either one of these two mutations predicts excellent treatment
response to imatinib.” Therefore, any atypical MPD that is associated with eosinophilia should be
screened for both mutations; FIPILI-PDGFRA is karyotypically-occult and is instead detected by FISH
or RT-PCR whereas the presence of PDGFRB-rearrangement is suggested by conventional cytogenetic
studies that show translocations involving chromosome 533, e.g. (5:12)(q33;p13).* Of course, CML
may also present with marked eosinophilia, and exclusion of this possibility by appropriate genetic testing
is also necessary.

Other cosinophilia-associated atypical MPDs (e.¢. HES, molecularly-undefined CEL, 8p11

myeloproliferative syndrome; Figure ) are usually b-resistant. §p11 syndrome
harbors FGFRI- and is by ions involving

8pll, i and features, and a high
incidence of T cell non-Hodgkin's lymphoma with ion to AML. = defined CEL

is characterized by an “HES” phenotype that also displays cither a clonal cytogenetic abnormality or
excess blasts in the bone marrow or peripheral blood.**™ In contrast, a working diagnosis of HES is made
only in the absence of molecular or cytogenetic markers of clonality, bone marrow mastocytosis,
monocytosis, or evidence of trilineage myeloproliferation or dysplasia.*

Molecular markers have also been described in atypical MPDs that are not always associated with
cosinophilia, including SM and JIMML (Figure 5). In FIPIL1-PDGFRA” SM, nearly all adult cases
might carry the K/TD816V or other KIT mutations in their mast cells.”” However, the diagnostic value of
mutation screening in this instance is undermined by the relatively low frequency of K/T mutation
detection from either the peripheral blood or bone marrow that is not sorted for mast cells.”” Therefore, at
present, bone marrow morphological examination remains the primary tool for diagnosis in SM: typical

features include clusters of abnormal, spindle-shaped mast cells that are best e»alualed
by the use of immunohistochemical stains that are specific to mast cells (tryptase, CD117).
addition, we mast cell i in suspected cases in search of ab:rranl CDZS

expression by neoplastic mast cells. In IMML, which is primarily a discase of early childhood, several

mutually exclusive mutations affecting one of the Ras signal transduction pathway molecules (e.g. RAS,
PTPN11, NFI) have been described but their role in disease diagnosis has not been systematically
studied.”"* Finally, at present, molecular or cytogenetic studies do not provide additional insight to
histological diagnosis for the remaining group of atypical MPDs including CMML, CNL, CBL, or
UMPD. The latter category includes both the so called “MDS/MPD histological hybrids” and “atypical
ML

Conclusion

At present, infallible “gold standards™ in MPD diagnostics are rare and limited to instances where
a clini ic entity is i linked to a specific molecular marker such as BCR-ABL in
CML. Despite this fact, many i continue to use based diagnostic criteria (..

PVSG, WHO) as “gold standards” while evaluating the diagnostic accuracy of novel molecular markers.
Such practice has the potential to undermine the diagnostic value of new molecular tests and one should
instead utilize the information to re-evaluate the status quo in diagnostic methods from the standpoint of
both histopathology and consensus-based criteria. For example, do “JAK2V617F-negative” patients with
PV represent a condition that is biologically different from “PV™ or does it imply the presence of another
mutation that is pathogenetically equivalent to JAK2V617F? Answm to such questions require careful
and full utilization of bone marrow as well as clinical

JAK2V617F."

JAK2V617F is a G to T somatic mutation of JAK2, at nucleotide 1849, in exon 14, resulting in
the substitution of valine to phenylxlamne at codon 617. It is now becoming :vldem that JAK2V617F is
present in nearly all patients with PV'* but not in other causes of polycythemia.*'*'* Therefore, screening
for the particular mutation is a reasonable first line test in the evaluation of polycythemia (Figure 2).
However, JAK2V617F is not specific to PV and is also found in other BCR-ABL® classic and atypical
MPDs as well as MDS.™*'*'® Furthermore, JAK2V61 7F mutation detection methods are currently nol
standardized and the use of either inadequately or overly sensitive assays can pmduce false negative’ and

false positive'” results, resp . Other factors include i regarding tissue
source for test samples and the occasional occurrence of JAK2V617F-negative PV. 181 Therefore, it is
advised to obtain of serum er (Epo) level to overcome the

aforementioned shortcomings of mutation screening (Figure 2).

In the presence of JAK2V617F, diagnostic certainty for PV, as opposed to other causes of
polycythemia, is further enhanced by the demonstration of a low serum Epo level; test sensitivity and
specificity for the latter is above 90% and 95%, respectively. 2’ Therefore, when both mutation analysis
and serum Epo results are suggestive of PV, bone marrow examination is not considered essential for
diagnosis but is encouraged because of its value in terms of both confirmation of diagnosis and
pathological staging that includes accruing baseline information on reticulin fibrosis and cytogenetic
analysis (Figure 2).”2 On the other hand, bone marrow examination is necessary for confirmation of
diagnosis when the two test results are not in agreement. The bone marrow biopsy findings that are
characteristic of PV include hypercellularity for the patient’s age that is due to trilineage proliferation
(“panmyelosis”) with enlarged islands of erythropoiesis and increased numbers of megakaryocytes often
found in loose clusters or dispersed the biopsy. The megakaryocytes are variable in size,
ranging from small to large or even giant size, but lacking significant atypia in their nuclear configuration
or in their nuclear/cytoplasmic ratio.”* Finally, the possibility of PV, in the absence of both JAK2V617F
and a low serum Epo level is too low to warrant further PV-directed investigation.

Essential thrombocythemia

Formal diagnostic criteria for ET were first established in the 1970s by the PVSG and have since
been revised by the WHO-sponsored cooperative group.*! In both instances, however, the utilization of a
platelet count threshold (600 x 10°/L) that is significantly higher than the upper limits of “normal” (« 350
x 10%/L) is not biologically sound and could lead to oversight of
cases with platelet counts between 400 and 600 x 10°/L.**" Regardless, a working diagnosis of ET
requires exclusion of both reactive thrombocytosis (RT) and clonal thrombocytosis associated with
another myeloid disorder. Usually, patient history, physical examination, peripheral smear evaluation, and
measurement of serum ferritin and C-1 reactive protein levels are adequate to address the possibility of

by

RT.* However, a bone marrow in situ hybridization (FISH) or
RT-PCR for BCR-ABL, mutation screening for JAK2VG1TF, and cytogenetic studies are recommended
for the evaluation of clinicall, in order to confirm the

presence as well address the differential diagnosis of an underlying MPD (Figure 3).

The presence of BCR-ABL, in the context of a CMD, is diagnostic of CML.*’ In contrast, the
presence of JAK2V617F, although pathognomonic of an underlying myeloid disorder, is neither ET-
specific (the mutation is also found in other MPDs) nor diagnostically essential (JAK2V617F is not
detected in approximately half of patients with ET).** Therefore, at the present time, bone marrow
morpholo;,ual assessment remains the key dmgnomc tool, in terms of both confirming an MPD diagnosis

T from other fined causes of clonal ja (e.g. MDS,

cellular phase CIMF).**2 In ET, bone marrow findings are remarkable for the presence of large, even
giant, but mature-appearing megakaryocytes with decply lobulated nuclei that are most ofien dispersed
throughout the biopsy sections, but sometimes also found in loose clusters.> Often the bone marrow is
normally or only slightly hypercellular for the patient’s age, and the panmyelosis \hm characlenz&: PV
and the granulocytic proliferation and highly bizarre megakaryocytes tha

Myeloproliferative dis
Molecularly defined gem—

Figure 1. A lecul ification of iferative disorders (MPD). CML, chronic myeloid
leukemia; MPD-eos, eosi ssociated MPD; PV, p vera; SM, systemic mastocytosis;
EMS, the 8p1 1 mycloproliferative syndrome; ET, essential thrombocythemia; CIMF, chronic idiopathic
PD-RS, disorder such as ET or CIMF associated with ringed
IMML, juvenile ic leukemia; CMML, chronic myclomonocytic leukemias
CNL, chronic ic leukemia; HES, ic syndrome; CEL, chronic eosinophilic

leukemia; CBL, chronic basophilic leukemia; UMPD, unclassified MPD. UMPD includes both
MDS/MPD hybrids and “atypical CML”. The far left group (CML and MPD-cos with PDGFR-

) are fully ized and the ic relevance of the associated
mutations have been confirmed by effective targeted therapy. In contrast, such therapeutic confirmation
of pathogenetic relevance has not been demonstrated in PV, SM, or EMS, despite a near-invariable
association with a specific mutation. In ET, CIMF, MPD-RS, and JMML, recurrent mutations occur in
approximately half of the patients that suggests molecular heterogeneity and the pathogenetic relevance of
the associated mutations remains to be determined. Finally, there is little information regarding molecular
pathogenesis for the group of diseases in the far left section of the venn diagram (CMML, CNL, CEL,
HES, CBL, UMPD).

stage of chronic idiopathic myelofibrosis are not found in ET. * The presence of dyserythropoiesis,
macrocytosis, monocytosis, pseudo Pelger-Huet anomaly of neutrophils or predominance of
megakaryocytes with monolobated nuclei suggest MDS or atypical MPD rather than ET.*! Finally, the
presence of clonal cytogenetic lesions in “ET” mandates histological and clinical re-evaluation because
such events are infrequent in conventionally-defined ET (< 5%).*\

Chronic idiopathic myelofibrosis

The classical clinical presentation in CIMF includes marked splenomegaly and anemia although
the specific diagnosis is usually suspected when one encounters the peripheral blood changes of
myelophthisis and/or bone marrow fibrosis. However, neither myelophthisis nor bone marrow fibrosis is
specific to CIMF and both features can also be seen in a spectrum of clonal and non-clonal conditions. In
order to facilitate differential diagnosis, therefore, bone marrow biopsy should be accompanied by FISH
or RT-PCR for BCR-ABL, mutation screening for JAK2V617F, and cytogenetic studies (Figure 4). As
stated before, the presence of BCR-ABL should be considered diagnostic of CML.* The presence of
JAK2V617F is diagnostic of an underlying clonal myeloid disorder and excludes the possibility of bone
marrow fibrosis associated with infections, inflammatory processes, lymphoid disorders, or metastatic
cancer.” However, the distinction between CIMF (overtly fibrotic or cellular phase), in one hand, and
MDS with fibrosis, ET, or acute myelofibrosis (a subtype of AML according to the WHO), on the other,
requires careful morphological assessment;™ JAK2V617F is not always present in CIMF (mutational
frequency is [150%) and has also been described in ET and in a few cases of MDS and AML.*

Histologically, CIMF is characterized by the presence of megakaryocytes that are
momhological]y more atypical than in any of the other subtypes of MPD. They are often found in sizable
loose to tight clusters, and range from small to large with an aberrant nuclear/cytoplasmic ratio and
hyperchromatic, bulbous or irregularly folded nuclei. Bare megakaryocyuc nuclei are common.* In
contrast, in MDS, the classic features of ust be The
dysplastic megakaryocytes in MDS tend to be small and often have monnlobaled, hypolobated or widely
dispersed nuclei, and are not usually found in clusters as are typical for MPD. On the other hand, the
presence of ringed sideroblasts, although seen regularly in MDS, may also be found in some cases of
MPD, and therefore lack diagnostic specificity.”’ The distinction between cellular phase CIMF and ET is
often impossible from the peripheral blood alone, and therefore the degree of bone marrow cellularity
observed in the biopsy (marked hypercellularity in cellular phase CIMF), presence of left-shifted and
prominent granulocyte proliferation (typical in CIMF but absent in ET), and megakaryocyte morphology

f

with the ‘nuclear features in CIMF and giant, mature-appearing
megakaryoeytes with well-lobulated nuclei in ET).* Patients with acute myelofibrosis usually present
with severe symptoms, . mild or no and feature an increase in

blood and/or bone marrow blast count that will often approach or fulfill the required threshold for AML
diagnosis. However, in all cases with myelofibrosis, blasts may be difficult to accurately estimate and
CD34 assessment by immunohistochemistry may be invaluable in such cases. Finally, although
approximately half of the patients with MF display cytogenetic abnormalities,” only del(13)(q12:922)
and der(6)t(1 :6)(q21-23;p21-23)"" are considered specific enough, in the context of a CMD-associated
myelofibrosis, to warrant inclusion in operational diagnostic algorithms (Figure 4).

Atypical myeloproliferative disorders (WHO: CNL,CEL/HES, UMPD, CMML, JMML, aCML)

e purposes of this review as well as in line with a recent communication on the subject
matter,” we will use the term “atypical” MPDs to refer to the full spectrum of CMDs that are not
classified as either classic MPDs or MDS. It should be noted that the WHO classification system
incorporates these disorders into three different clinicopathologic categories: MPD (CNL, CEL, HES,
UMPD), MDS/MPD (CMML, JMML, atypical CML), and SM.** Regardless, the role of molecular
testing in atypical MPDs became most evident following the therapeutically-relevant association between
activating mutations of the genes for both platelet-derived growth factor receptors o (PDGFRA) and B
(PDGFRB) and clonal eosinophilia.""*? For example, a FIPLI-PDGFRA fusion mutation has been
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Figure 2. A contemporary diagnostic algorithm for polycythemia vera.
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Figure 5. A general classification scheme for atypical myeloproliferative disorders.
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