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Outline of lecture

• Overview our current concepts regarding the 
molecular etiology of myeloid neoplasia

• Review the application of a clinically relevant 
classification system (WHO 2016) across the 
spectrum of myeloid neoplasms

• Provide examples of how both genetics and 
morphology cooperate in creating meaningful 
disease entities



Myeloid neoplasms

• Clonal proliferations of hematopoietic cells that replace normal 
hematopoiesis in the blood and bone marrow

– Bear recurrent driver mutations and/or translocations that activate 
oncogenes and inactivate tumor suppressors

• Disease is recognizable when peripheral blood counts are 
perturbed, leading to patient symptoms

• Many disease subtypes based on differentiating features
– Clinical manifestation(s)

– Morphologic appearance

– Genetic features

– Expected clinical behavior





Hematopoietic 

stem cell

Our loyal stem cells

• Totipotent

• Quiescent

– Divide 1x/month

– Resistant to injury

• Generate daughter 
cells that create the 
entire hematopoietic 
system

Courtesy of Dr Daniela Krause, University of Frankfurt



The stem cell pool is vulnerable. . . 
• Stem cells accumulate mutations as they divide

– ~1 exonic mutation per stem cell per 10 years

• Some mutations confer survival advantages, 
allowing affected stem cells to replicate and 
assume a broader role in hematopoiesis 

• As individuals age, stem cell clones originating 
from a single ancestor cell may assume a 
dominant role in making blood cells
– Skewed clonal X-inactivation by HUMARA assay

– Bone marrow engraftment experiments in mice 
showing that a restricted stem cell subpopulation 
eventually takes over

Wiedmeier JE et al. Exp Hematol 2016;44:867, Buscarlet M et al. Blood 2017; 130:753

HUMARA assay 
for X inactivation



The spectrum of clonal hematopoiesis (CHIP)
• With current NGS methods, clonal 

mutated hematopoiesis is readily 
identified in many healthy people

– Incidence increases with age

– Mutations affect genes predicted to 
give survival advantage to stem cells 
and their progeny

• Epigenetic regulators, spliceosome, 
transcription factors, tyrosine kinases, 
tumor suppressor genes

– Mutated clones may be source of a 
significant proportion of blood cells

Buscarlet M et al. Blood 2017; 130:753, Young AL et al. Nat Commun 2016, Jaiswal S et al. NEJM 2014; 371:2488, Steensma D et al. Blood 2015; 126:9

DNMT3A mutation variant allele frequency in blood



10,000 stem cells Clonal hematopoiesis



Altered 
appearance of 
marrow cells 

Altered appearance 
and behavior of 

blood cells

10,000 stem cells Clonal hematopoiesis
Clonal abnormal 
hematopoiesis

Myeloid 
neoplasia



Organization of 2016 WHO Classification

MPN Myeloproliferative neoplasms

Mastocytosis

MDS/MPN Myelodysplastic/myeloproliferative neoplasms

MDS Myelodysplastic syndromes

Myeloid neoplasms with germline predisposition

MLN Eo Myeloid/lymphoid neoplasms with eosinophilia and 

abnormalities of PDGFRA, PDGFRB, FGFR1 or

PCM1-JAK2

AML Acute myeloid leukemia

BPDCN Blastic plasmacytoid dendritic cell neoplasm



Ineffective hematopoiesis
Intact maturation

Effective hematopoiesis
Intact maturation

MDS/MPNMDS MPN

▪ Cytopenias
▪ Dysplastic morphology
▪ Altered cell function
▪ No organomegaly

▪ Elevated counts
▪ Non-dysplastic morphology
▪ Normal cell function
▪ Often splenomegaly



Ineffective hematopoiesis
Intact maturation

Effective hematopoiesis
Intact maturation

Arrested maturation
Lymphoid lineage

Arrested maturation
Myeloid lineage

MDS/MPNMDS MPN

AML
B-ALL
T-ALLMPAL



Why are myeloid neoplasms so diverse 
in appearance and behavior?

• Different portfolios of mutations

– Multiple mutations display complex interactions

• Epigenetic changes altering gene expression

• Response of the neoplastic clone to the specific marrow 
microenvironment

– Benign and malignant hematopoietic cells interact extensively with 
marrow stromal cells

– Inflammatory cells

– Influence of age and genetics of host



Why do we need to identify the 
different types of myeloid neoplasms? 

• Alert clinician to expected clinical 
problems that will arise during 
disease course

• Predict patterns of disease 
progression

• Identify therapeutic responsiveness

– Responsiveness to ‘generic’ therapies

– Sensitivity to specific targeted 
therapies

• Predict patient survival

Overall survival 
of MPN entities

Overall survival 
of aggressive 
AML entities



Evaluation of the disease at multiple levels maximizes 
our ability to understand it 

DNA
RNA

PROTEIN

FUNCTION
MICROARRAY
PROFILE

CYTOGENETICS, FISH
SEQUENCING

FLOW CYTOMETRY
MORPHOLOGY
IMMUNOHISTOCHEMISTRY



Tug-of-war between genetic and 
morphologic disease definitions

CML, BCR-ABL1+
PDGFRA, PGFRB, FGFR1 diseases
AML with inv(16)

JAK2+ MPNs
Mastocytosis

Diseases primarily defined by 
genetic abnormality, despite 
varied morphologic and clinical 
presentations 

Diseases primarily defined by 
morphology, despite strong 

association with genetic 
abnormality  

Hasserjian lecture, IAP Bangkok 2014 



Myeloproliferative neoplasms

• Hematopoietic stem cell neoplasms characterized by 
effective/overexuberant hematopoiesis 

–Manifest as overproduction of one or more of the 
hematopoietic cell lineages with increased blood counts and 
often organomegaly

• Genetic lesion typically causes constitutive tyrosine kinase 
activation



CML peripheral blood CML bone marrow



Chronic myeloid leukemia (CML): the early 20th century

• Defined by morphology

–Marked leukocytosis with neutrophils, 
immature myeloid forms, basophils in 
marrow and blood

–Known to be associated with Philadelphia 
chromosome, but ‘Philadelphia-negative’ 
subtypes recognized

• Inexorable progression to blast phase 
and eventual patient death

–Bone marrow transplant offered only cure

Bela Bartok (1881-1945)



Philadelphia chromosome: 
the genetic basis of CML

Y412

p230

p210

p190

BCR-ABL fusion proteins



Faderl S et al. N Engl J Med  1999;341:164-172, Goldman J and Melo J. N Engl J Med 2003;349:1451-1464

Tyrosine kinase inhibitors



CML in the 21st century

• Defined by BCR-ABL1 fusion

• Treated very effectively with tyrosine kinase inhibitors 
(TKI) that target BCR-ABL1 fusion protein

–Disease progression no 
longer inevitable

–Patterns of disease 
evolution are closely linked 
to responsiveness versus 
resistance to TKI therapy



CML is a true paradigm for a genetically-defined disease

• Genetic abnormality, not morphology, defines disease behavior 
– ‘Philadelphia-chromosome-negative’ CML resembles CML morphologically, 

but has much poorer outcome and is no longer considered as part of CML
– Morphologic variants of CML mimicking other diseases behave like CML

• Genetic landscape is relatively simple, with no or few cooperating 
genetic events
– BCR-ABL1 is both necessary and sufficient to create CML in mouse models

• Targeted therapy that neutralizes the oncoprotein effectively cures 
the disease

• Diagnosis and monitoring of disease rely mainly on genetic 
interrogation to document eradication of BCR-ABL1 clone



JAK2-associated MPN: 
Deregulation of the JAK/STAT pathway

Nature Reviews Cancer 2007; Rampal R et al. Blood 2014;123:3123-33; Chachoua I et al. Blood 2016;127:1325 

Cytokines

Cyclin D1

FGFB, VEGF

2005

2007

2016

CSF3R

CALR
2013

2013 EPOR TPOR

• Unregulated overexuberant 
hematopoiesis

• Elevated blood counts
• Splenomegaly



Features Essential thromocythemia Primary myelofibrosis Polycythemia vera

Counts Platelets ≥450 x 109/L Variable Hemoglobin
>16.5/16.0 g/dL

Mutations JAK2, CALR, or MPL JAK2, CALR, or MPL JAK2

Morphology Normal cellularity
Normal M:E ratio

↑ Cellularity
Normal or ↓ M:E ratio

↑ Cellularity
↑ M:E ratio

Reticulin Not increased Progressive increase May be increased

Clinical features Mild thrombosis or 
hemorrhage risk

Splenomegaly, fatigue, 
systemic symptoms

Significant thrombosis risk

Bone marrow 
morphology



Two 60-year old patients

Isolated thrombocytosis

Solitary JAK2 mutation 
at similar VAF

?



Tefferi et al. Blood 2014;124:2507, Barbui T et al. JCO 2011;29:3179

Importance of accurate diagnosis of MPN to 
inform prognosis (and guide therapy) 

ET
PV

PMF

These differences are 
independent of 
JAK2/CALR/MPL status



Myelodysplastic syndromes

• Clonal hematopoietic stem cell neoplasms with ineffective
hematopoiesis and intact maturation

–Peripheral blood cytopenias

–Cytologic dysplasia of hematopoietic elements

• Varying propensity to develop maturation arrest in 
hematopoietic cells, with accumulation of blasts and 
progression to AML



Components of MDS diagnosis and 
classification according to 2016

Dysplasia (≥10% of cells) and/or ↑blasts

Unexplained 
cytopenias  are a 
sine qua non of 
MDS

MDS is a clonal disease, 
which can be proven by 

karyotype and 
sequencing

Dysplasia is a sine qua non of MDS



Not all dysplasias are created equal. . .

Della Porta MG et al. Leukemia 2015;29:66

9% false positive 

5% false positive

11% false positive
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Case

• 74 year-old man presented with anemia and 
thrombocytopenia discovered on routine blood work

• WBC 4.34 x 109/L

– 52% polys (ANC 2.2 x 109/L, 36% lymphs, 11% monos, 1% eos, 0.2 
nRBC/100 WBC

• HGB 8.8 g/dL (MCV 112.1 fL)

• PLT 100 x 109/L

• Patient is asymptomatic and past medical history is only 
significant for hypertension



Case

• Bone marrow biopsy and aspirate were performed to evaluate 
etiology of cytopenias

– Core biopsy, aspirate and peripheral smear morphology

– Flow cytometry to evaluate for abnormal lymphoid population

– Cytogenetics by conventional karyotyping

– Next-generation sequencing panel



Iron stain on bone marrow aspirate is negative for ring sideroblasts

Case: Peripheral smear Case: Bone marrow aspirate



Case: Bone marrow biopsy



Case Diagnosis

Moderately hypercellular marrow with maturing trilineage 
hematopoiesis and erythroid hyperplasia

Diagnostic features of a myelodysplastic syndrome are not 
recognized

Correlate with pending cytogenetics and molecular genetic 
studies (54-gene NGS panel)



Case Further information

• Coombs negative

• No iron, B12 or folate deficiency

• LDH 1312 U/L (110-210 U/L)

• Reticulocyte count: 8%

• Peripheral blood PNH study: 
58% of granulocytes showing 
GPI-deficiency 

Features are consistent with paroxysmal 
nocturnal hemoglobinuria (PNH)



Case: 2 weeks later. . . 

Bone marrow karyotype:

45, X,-Y [15]/46,XY [5]

Not a problem: loss of Y chromosome is common in 
older males and is not considered as evidence of a 
hematologic malignancy



Case: 54-gene NGS panel for myeloid neoplasm-
associated mutations

• Single nucleotide variant: TP53 p.Tyr163Cys, c.488A>G

• Variant allele frequency: 73%

p53

p53



Case Diagnosis

Moderately hypercellular marrow with maturing trilineage 
hematopoiesis and erythroid hyperplasia

Diagnostic features of a myelodysplastic syndrome are not 
recognized

In light of the NGS results, do we need to amend the 
diagnosis to MDS? 



Ma X  Am J Medicine 2012; 125: S2, Rollison DE Blood 2008;112:45-52, Jaiswal S NEJM 2014; 
371:2488, Steensma D Blood 2015; 126:9, Tettamanti M et al. Haematologica 2010;95:1849

Frequency of CHIP

Clonal hematopoiesis (CHIP) is frequent in elderly

CHIP: “Clonal Hematopoiesis of 
Indeterminate Potential” at VAF level of >2%

10-15%

Frequency of anemia

12-25%

Incidence of MDS per 100,000

<0.1%



Relationship of CHIP to MDS

• Clonal hematopoiesis appears to be a precursor state to MDS

– Analogous to the relationship of MGUS to myeloma and monoclonal B-
cell lymphocytosis to CLL

• Most patients with CHIP do not develop MDS

• Specific mutation patterns and high mutant allele frequency may 
confer higher risk of MDS 

– Mutant allele fraction ≥10%

– Spliceosome gene mutation

– TET2, DNMT3A or ASXL1 mutation with at least one other mutation

Malcovati L et al. Blood 2017;129:3371



10,000 stem cells
Clonal 

hematopoiesis

?

’High-risk’ clonal 
hematopoiesis

?

Dysplastic
hematopoiesis

MDS



Case Final diagnosis

Moderately hypercellular marrow with maturing trilineage 
hematopoiesis and erythroid hyperplasia

Diagnostic features of a myelodysplastic syndrome are not 
recognized

Paroxysmal nocturnal hemoglobinuria

Loss of Y chromosome and pathogenic TP53 mutation, consistent 
with clonal hematopoiesis; recommend close clinical followup



Patient followup

Hemoglobin



“Low-grade” MDS “High-grade” MDS

The MDS spectrum

• Low blast counts
• Infrequent progression to AML
• Morbidity and mortality due to 

cytopenias and/or 
complications of transfusion

• Higher blast counts
• Genetic instability
• Often rapidly progress to AML



IPSS-R
• MDS with single lineage dysplasia  (MDS-SLD)

• MDS with multilineage dysplasia    (MDS-MLD)

• MDS with ring sideroblasts
– MDS-RS with single lineage dysplasia  (MDS-RS-SLD)

– MDS-RS with multilineage dysplasia 

– (MDS-RS-MLD)

• MDS with isolated del(5q)

• MDS, unclassifiable (MDS-U)

• MDS with excess blasts (MDS-EB)

• Refractory cytopenia of childhood (RCC)

WHO 2016

Prognosticating MDS

• Very low risk

• Low risk

• Intermediate risk

• High risk

• Very high risk

Determining MDS prognosis is critical to guide aggressiveness of therapy: supportive care 
only, low-intensity cytotoxic therapies, or hematopoietic stem cell transplant 



Both WHO and IPSS-R provide relevant and 
complementary prognostic information

Years

IPSS-R WHO (2008)

• Single vs multilineage dysplasia
• Ring sideroblasts
• BM and blood blast %
• Auer Rods

• Cytogenetic risk
• Blood counts
• BM Blast %

Malcovati L et al. J Clin Oncol 2005; 23: 7594, Greenberg P et al. Blood 2012;120:2454



Mutations add to the prognostic value of 
cytogenetics in MDS 

Bejar R NEJM 2011;364:2496

TP53, EZH2, ETV6, RUNX1, or ASXL1 mutations confer 
adverse prognosis



Blast percentage in MDS remains a cornerstone of 
disease prognosis

• Increased blasts in blood or 
bone marrow are a very 
strong and independent 
indicator of aggressive 
behavior in MDS

• There is no mutation 
profile surrogate for 
increased blast count

Malcovati L et al. Blood 2014;124:1513, Greenberg PL et al. Blood 2012;120:2454
7,000 MDS patients



Malcovati L et al. Blood 2014;124:1513

Blasts predict aggressive 
course independent of 
mutations



Acute myeloid leukemia

• Aggressive hematopoietic 
neoplasms with maturation arrest 
leading to the accumulation of 
myeloblasts (≥20%)

• Heterogeneous clinical behavior

– Due to the varied genetic 
abnormalities that cooperate to cause 
hyperproliferation and impaired 
maturation of the malignant clone

– Treatment plan based on AML 
subtype and patient factors 



Historic AML Classifications

• WHO (2001 -> 2008 -> 2016)

–Rooted in a morphology-based system (FAB), progressively 
refined by advancing genetics

–Attempts to define biologically (not merely prognostically) 
relevant entities

• Cytogenetic classifications for prognosis

– E.g. UKMRC

• Cytogenetic and molecular classifications for prognosis

– E.g. ELN, NCCN



2016 WHO AML Classification

AML

“De novo”

AML with recurrent 
genetic 

abnormalities

AML, not 
otherwise 
specified

“Secondary”

Therapy-related AML

AML with myelodysplasia-related 
changes

Myeloid proliferations related 
to Down Syndrome

Myeloid neoplasms with 
germline predisposition

• Tend to be less genetically complex
• Include entities with relatively favorable 

prognosis

• Tend to be more genetically complex
• Include entities with poorer prognosis

– APML with PML-RARA
– inv(16)/t(16;16); CBFB-MYH11
– t(8;21); RUNX1-RUNX1T1
– KMT2A and other gene rearrangements
– AML with mutated NPM1
– AML with double-mutated CEBPA
– AML with mutated RUNX1



AML with t(8;21) AML with inv(16)

• Granulated blasts with Auer rods
• Cytogenetic finding is AML defining, 

even if <20% blasts

• Myelomonocytic blasts
• Abnormal eosinophils
• Cytogenetic finding is AML defining, 

even if <20% blasts



Secondary AML: AML with myelodysplasia-related 
changes and therapy-related AML

Walter MJ et al. NEJM 2012;366:1090; Lindsley RC et al. Blood 2015;125:1367

• Mutations in SRSF2, SF3B1, U2AF1, ZRSR2, ASXL1, EZH2, BCOR, STAG2 specifically 
are associated with AML arising from MDS



Chemoresistant,
high-risk disease

Regenerative 
hematopoiesis,
impaired DNA 

damage response

Fitness advantage for 
some mutations

Role of clonal selection in secondary myeloid neoplasms

HSCs

Additional 
somatic 

alterations
Chemo/radiation, 
chemical exposure

Toxins, drugs, 
oligoclonality with aging

Immune destruction 
(ex. AA), dysfunctional 

hematopoiesis (ex. MDS)

Secondary 
AML

Elderly 
AML/MDS 

t-MN

Lower-risk 
disease

Stochastic 
somatic

mutations

Ex. t(8;21) De novo 
AML

Courtesy of Dr Megan McNerney, University of Chicago



WHO 2016 AML with myelodysplasia-related changes

–Any prior diagnosis of MDS or 
MDS/MPN

–MDS-associated cytogenetics

–Severe morphologic dysplasia

•>50% of cells from at least 2 
lineages are dysplastic



Significance of morphologic dysplasia in de novo 
AML with normal karyotype

• WHO criteria for multilineage 
dysplasia are not evidence-based 
and may not be optimal

• Erythroid dysplasia does not 
appear to be significant

• Micromegakaryocytes are 
associated with adverse outcome 
in de novo AML, independent of 
mutations or karyotype

Diaz-Beya M Blood 2010;116:6147, Weinberg OK Blood 2009;113:1906, Weinberg OK Mod Pathol 2015;28:965, Devillier R et al. Oncotarget 2015;10:8388, Rozman M 
et al. Ann Hematol 2014;93:1695, Weinberg OK Haematologica 2018



Can genetics and morphology really convey different and 
independently relevant types of information? 

• Genetic changes reflect 
intrinsic permanent changes to 
the tumor stem cell’s genome

• Morphology and 
immunophenotype reflect the 
realization of these changes 
through translation, protein 
modification, and interactions 
with microenvironment Dysplastic 

megakaryocytes in 
human MDS



Conclusion: Optimal diagnosis and classification of 
myeloid neoplasms incorporates multiple testing 
modalities (as emphasized in WHO disease definitions)

• In an outcome analysis of 124 MDS 
patients, the optimal prognostic model 
was achieved by combining all 
information

• Future work should test existing dogmas 
and explore the interactions of molecular 
genetics with morphologic findings

• Future models must also take into 
account response to various therapies

Gerstung M et al. Nature Comm 2015;6:5901


