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Zusammenfassung:
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Die Akute Myeloische Leukdmie (AML) ist eine sowohl zytogenetisch als auch
molekulargenetisch &uRerst heterogene Erkrankung, die durch die klonale Proliferation
myeloider Vorlduferzellen sowie eine Ausreifungsblockade charakterisiert ist. Trotz des in den
letzten Jahren zugenommenen Wissens Uber die Biologie dieser Erkrankung und
Weiterentwicklung von Therapiemethoden bleibt das Gesamtiiberleben der Patienten mit AML
uberwiegend schlecht. Damit fur mehr Patienten eine Heilung der AML mdéglich werden kann,
sind ein tieferes Verstandnis Uber die funktionellen Zusammenhange in der Leukdmogenese,
eine bessere Risikostratifizierung und neue Therapieoptionen erforderlich.

Diese Habilitationsschrift fasst Publikationen zusammen, die neue molekulare Biomarker und
deren klinischen Einfluss in der AML untersucht haben. Der Fokus liegt auf der Erfassung
molekularbiologischer Veranderungen bei Diagnose einer AML oder im Krankheitsverlauf, die die
Risikostratifizierung der Patienten verbessern kann. AulRerdem gestattet die Arbeit Einblicke in
die mit diesen molekularen Markern verbundene Biologie der AML, sowie mogliche neue
Therapieoptionen.

Der erste bis dritte Abschnitt der Arbeit fokussiert sich auf Genmutationen und Genexpressionen
in der AML. Es wird dargelegt, wie das Vorhandensein bestimmter Fusionstranskripte (hier
CBFB-MYH11), rekurrenter Mutationen allein (hier im DNMT3A Gen) sowie als Teil genetischer
Risikoklassifikationssysteme (hier die genetischen Risikogruppen des European LeukemiaNet)
und die abberrante Expression AML-assoziierter Gene (hier BAALC, ERG und MNT) Beitrage
zur Prognoseabschatzung der AML bieten.

Darlber hinaus hat sich in den letzten Jahren die entscheidende Rolle von MicroRNAs in der
Pathophysiologie der AML herausgestellt. Heute weifs man, dass fir die Leukdmieentstehung
und die Aggressivitat der Erkankung schon die Dysregulation einer einzelnen microRNA
entscheidend sein kann. Im vierten Abschnitt wird auf den progostischen Einfluss der
Expressionslevel zweier MicroRNAs — miR-181a und miR-29b — und deren klinische und
biologische Konsequenzen eingegangen. Aullerdem wird dargestellt, wie verschiedene
therapeutische Interventionen zu giinstigen Anderungen des Expressionsniveaus dieser beiden
neuen Biomarker und so zu potentiell neuen Therapiestrategien in der AML fuhren kénnen.
Weiterhin wachst die Erkenntnis, dass in der AML so gennannte Leukamie-initiierende Zellen
fur Therapieresistenz und Rezidive verantwortlich zu sein scheinen. Der letzte Abschnitt dieser
Habilitationsschrift fokussiert sich auf das CD34+/CD38- Zellkompartiment, welches einen
Grofiteil der Leukadmie-initiernden Zellen enthalt. Es wird gezeigt, dass die Bestimmung der
GroRe des CD34+/CD38- Zellkompartiments bei Diagnose geeignet ist, AML Patienten mit
einem erhdhten Rezidivrisiko nach allogener Stammzelltransplantation zu identifizieren.
Zusammenfassend zeigt die Arbeit verschiedene Ansatze, wie neue molekulare Biomarker zu
einer besseren Risikostratifizierung und einem tieferen Verstandnis der AML zugrunde
liegenden Biologie fuhren koénnen. Des Weiteren beschreibt sie Madglichkeiten der
therapeutischen Intervention und weist insgesamt auf die klinischen Implikationen dieser neuen
Biomarker hin.
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1. INTRODUCTION / EINFUHRUNG IN DIE THEMATIK
1.1. Diagnosis

Acute myeloid leukemia (AML) is the most frequently diagnosed acute leukemia in adults, often
affecting older individuals with a median age at diagnosis in the late 60’s."® AML originates from
the clonal expansion of myeloid progenitor cells that lost their ability to mature. Subsequently,
healthy hematopoietic stem cells (HSCs) are displaced and unable to provide sufficient
formation of peripheral blood cells. At diagnosis, AML patients present with a variety of non-
specific symptoms, which mostly are a result of peripheral cytopenia (i.e. anemia,
thrombocytopenia and neutrophilopenia) and dysfunctional leukocytes, including fatigue,

weekness, bleeding, and infections."®

AML diagnosis requires the myeloid blast count to exceed 20% in bone marrow or peripheral
blood, with the exception of AML with t(15;17), t(8;21), inv(16) or t(16;16), which represent AML
defining cytogenetic changes.*® Flow cytometric analysis for surface markers (cluster of
differentiation, CD) may aid in establishing the diagnosis of AML, as well as in defining mixed-
phenotype acute leukemias.>® While traditionally, the morphologic characterisation within the
French American British Classification (FAB) was commonly used,” over the last years the
prognostic importance of cytogenetic and moleculargenetic characterisation became clearer,
proofed to be more objective and consequently replaced the FAB classification.’> The majority of
AML cases arise as de novo disease. However, AML might also develop as secondary disease
originating from other hematologic disorders (e.g. myelodysplastic syndromes,
myeloproliferative neoplasia) or after cytotoxic therapy of unrelated neoplasms (therapy-related
AML)."™® AML is a clinically highly heterogeneous disease, with a variable disease course and
prognosis, which is thought to be based on differences in clinical features such as patient age,
performance status and comorbidities, as well as leukemia-specific features including

cytogenetics or presence of moleculargenetic and epigenetic changes.™”

1.2 Treatment and prognosis



Current outcomes with standard treatment approaches remain highly unsatisfactory. Today,
only up to aproximatly one third of adult patients under the age of 60 years and only about 15%
of patients over the age of 60 years achieve long-term survival.’ However, older or medically
unfit patients not eligible for intensive chemotherapy, in general have median survival times of
only about 5 - 10 months.® Treatment of AML has changed little over the past decades. Curative
treatment approaches remain to include the administration of the nucleoside analog cytarabine
in combination with anthracyclines as induction therapy, followed by repeated cycles of high-
dose cytarabine and/or an autologous or allogeneic hematopoietic stem cell transplantation
(HSCT).>®° It is only very recently that a deeper understanding of AML biology started to
provide us with novel therapeutic strategies, e.g. the introduction of tyrosine kinase inhibitors. "
However, today only few of these agents are available in clinical routine and most are still being
tested in clinical trials.® For frontline treatment in older and medically unfit AML patients the
administration of hypomethylating agents such as decitabine or acazitidine is often
recommended and used. These treatments result in survival benefits but rarely produce long

lasting remissions.’

After achievement of a complete remission (CR) following induction chemotherapy, allogeneic
HSCT is an established form of consolidation therapy for patients at high risk of relapse with a
suitable donor available.®® The therapeutic effects of an allogeneic HSCT are also based on an
immunologic graft-versus-leukemia (GvL) reaction.”” Furthermore, with the introduction of non-
myeloablative conditioning regimes that greatly reduced the toxicity of high doses of
chemotherapy and/or radiation and have a greater reliance on GvL effects, allogeneic HSCT

also became available for older and medically constrained patients.'"'?

1.3 Current risk assessment
Over the past years, the cytogenetic and molecular characterization of AML to determine
phenotype aggressiveness has steadily improved.>'®™ Still, optimisation of risk-adapted

treatment strategies are of high importance and remain an everyday challenge for clinicians.



Today, numerous prognosticators facilitate decisions on therapy de-escalation or intensification,
enrolment in studies testing new agents, and the decision of appropriateness of an allograft
procedure in first CR with its subsequent treatment-related morbidity, mortality, and financial

costs.®

Cytogenetic abberations are among the strongest known prognostic parameters in AML.>'

About 60% of AML patients show cytogenetic aberrations and for some of these abnormalities a
strong prognostic impact on CR achievement, cumulative incidence of relapse (CIR) and overall
survival (OS) has been shown.>'® About 25% of younger adult AML patients present with
cytogenetic aberrations known to associate with a favorable prognosis. These include the
translocation (15;17)(g22;921) in acute promyelocytic leukemia (APL) and the inv(16)(p13g22) /
t(16;16)(p13;922) and t(8;21)(q22;q22) in the core-binding factor (CBF) leukemias.”>'® These
individuals can expect CR rates over 90% and long-term survival in up to 65% of cases. On the
other hand, in about 20% of AML adverse-risk cytogenetics, e.g. monosomies of chromosome 5
(-5), abnormalities of 3q [abn(3q)] and monosomal or complex karyotypes, are found. In patients
harboring these adverse-risk cytogenetics, CR rates in 65% and long-term survival in only 10%
of cases can be exprected. Finally, in approximately 40-50% of newly diagnosed AML, no
chromosomal aberrations can be found and despite their homogenous genetic appearance (46,
XX or XY, normal cytogenetics, CN) clinical outcome in these patients proved highly

heterogeneous.'®

The desire to further dissect the heterogenous outcome of CN-AML patients and to improve
risk-stratification in this large AML subgroup let to the identification of important recurrent
mutations in AML. Among these are mutations in the nucleophosmin-1 (NPM1) gene, which is
one of the most commonly mutated genes in AML. NPM1 mutations are present in up to 20% -
50% of AML cases, depending on the subgroups investigated.'®?® In the latest update of the
World Health Organization (WHO) classification for AML, NPM1 mutations represent a distinct

entity and commonly indicate a more favorable prognosis.®'>?* Approximately one third of AML



patients carry an internal tandem duplications in the FLT3 gene (FLT3-ITD), resulting in a
constitutive activation of several downstream FLT3 pathways. The presence of a FLT3-ITD,
especially with a higher mutated-to-wildtype allelic ratio (= 0.5), is associated with a dismal
prognosis, with a high risk of relapse even after allogeneic HSCT.?** The prognostic impact
along with the observation that FLT3 is frequently overexpressed in a large subset of AML
cases has let to the development of FLT3-targeting strategies, and today several FLT3 kinase
inhibitors are being tested in clinical trials.>**'® Among the most studied proteins in AML is the
CCAAT/enhancer-binding protein alpha (C/EBPa), a transcription factors that is important for
myeloid differentiation. In AML, the encoding gene CEBPA frequently exhibits mutations,
deregulation of expression or other functional alterations. CEBPA mutations lead to an altered
C/EBPa function, affecting expression of downstream genes and consequently deregulated
myelopoiesis.31 Detecting CEBPA mutations at diagnosis identifies patients with better
outcomes, especially in the double mutated patients, and particularly in the molecular high-risk
group (defined by presence of a FLT3-ITD and NPM1 wild-type), thus improving molecular risk-

based classification of AML.32-38

The growing knowledge of molecular changes e.g. cytogenetics, recurrent mutations, or the
aberrant expression of coding and non-coding genes not only allows us to improve risk
stratification, but may also enable re-definition of risk-adapted treatment strategies in AML
patients. It also helps us to better understand the underlying pathogenesis that leads to the
development of AML. Current research also focuses on how we can exploit this knowledge to
develop novel targeted therapies for each patient that finally may result in improved cure rates

of the disease.

In 2010 an international expert panel of the European LeukemiaNet (ELN) provided updated
evidence and expert opinion-based recommendations for the diagnosis and management of
AML.* The standardized reporting system integrated molecular genetic data of the three genes

mentioned above (i.e. NPM1, CEBPA, FLT3-ITD) into the known diagnostic information of



cytogenetics (Table 1). Subsequently, also a prognostic impact of the suggested standardized

reporting system was demonstrated for AML patients focusing on chemotherapy

consolidation.*%*!

Table 1 (Adapted from Dohner et al)*®: Cytogenetic and molecular genetic risk
classification in AML according to the 2010 ELN reporting system

Genetic group Subsets

Favorable t(8;21)(922;922); RUNX1-RUNX1T1

inv(16)(p13.1922) or t(16;16)(p13.1;922); CBFB-MYH11
Mutated NPM1 without FLT3-ITD (normal karyotype)
Mutated CEBPA (normal karyotype)

Intermediate-l Mutated NPM1 and FLT3-ITD (normal karyotype)
Wild-type NPM1 and FLT3-ITD (normal karyotype)
Wild-type NPM1 without FLT3-ITD (normal karyotype)

Intermediate-ll t(9;11)(p22;923); MLLT3-MLL
Cytogenetic abnormalities not classified as favorable or adverse

Adverse inv(3)(921926.2) or t(3;3)(921;926.2); RPN1-EVI1 t(6;9)(p23;q34);
DEK-NUP214

t(v;11)(v;q23); MLL rearranged

-5 or del(5q)

—7 abnl(17p)

Complex karyotype*

* Three or more chromosome abnormalities in the absence of one of the WHO designated recurring translocations or inversions,
that is, t(15;17), t(8;21), inv(16) or t(16;16), t(9;11), t(v;11)(v;923), t(6;9), inv(3) or t(3;3); indicate how many complex karyotype
cases have involvement of chromosome arms 5q, 7q, and 17p

Since then, additional frequent and recurrent mutations have been identified (e.g. in the
DNMT3A, IDH1 and IDH2 genes) in AML.***® The continuous development of next-generation
sequencing and other methods to detect genetic and epigenetic changes allowed to further
characterize the biological AML background. However, the genetic profiling of AML is
heterogeneous and only a few mutations (e.g. FLT3, NPM1, DNMT3A) are present in more than

a quarter of AML patients.’

Very recently, the ELN recommandations for the diagnostic work-up in AML have been updated
and now include screening for mutations in NPM1, CEBPA, and RUNX1 genes, mutations in

FLT3 (activating mutations of FLT3 may also benefit from tyrosine kinase inhibition), and



mutations in TP53 and ASXL1, since they consistently have been associated with poor
5,49-60

prognosis (Table 2).

Table 2 (Adapted from Dohner et al.)®: 2017 European LeukemiaNet risk stratification by
genetics®

Risk Category”® Genetic Abnormality

Favorable t(8;21)(922;922); RUNX1-RUNX1T1

inv(16)(p13.122) or t(16;16)(p13.1;q22); CBFB-MYH11
Mutated NPM1 without FLT3-ITD or with FLT3-ITD"" ©
Biallelic mutated CEBPA

Intermediate Mutated NPM1 and FLT3-ITD"9" ©

Wild-type NPM1 without FLT3-ITD or FLT3-ITD™ © (without
adverse-risk genetic lesions)

t(9;11)(p22;q23); MLLT3-KMT2A°

Cytogenetic abnormalities not classified as favorable or adverse

Adverse t(6;9)(p23;934.1); DEK-NUP214

t(v;11923.3); KMT2A rearranged

t(9;22)(q34.1;911.2); BCR-ABL1

inv(3)(921.3926.2) or (3;3)(q21.3;926.2); GATA2,MECOM (EVI1)
-5 or del(5q); -7; -17/abn(17p)

Complex karyotype,® monosomal karyotypef

Wild-type NPM1 and FLT3-ITD""

Mutated RUNX1°

Mutated ASXL1°

Mutated TP53"

® Frequencies, response rates and outcome measures should be reported by risk category, and, if sufficient numbers are available,
by specific genetic lesions indicated.

® Prognostic impact of a marker is treatment-dependent and may change with new therapies.

° Low, low allelic ratio (<0.5); high, high allelic ratio (>0.5); semi-quantitative assessment of FLT3-ITD allelic ratio (using DNA
fragment analysis) is determined as ratio of the area under the curve (AUC) “FLT3-ITD” divided by AUC “FLT3-wild type”; recent
studies indicate that acute myeloid leukemia with NPM1 mutation and FLT3-ITD low allelic ratio may also have a more favorable
prognosis and patients should not routinely be assigned to allogeneic hematopoietic-cell transplantation.

The presence of t(9;11)(p21.3;q23.3) takes precedence over rare, concurrent adverse-risk gene mutations.

® Three or more unrelated chromosome abnormalities in the absence of one of the World Health Organization-designated recurring
translocations or inversions, i.e., t(8;21), inv(16) or t(16;16), t(9;11), t(v;11)(v;923.3), 1(6;9), inv(3) or 1(3;3); AML with BCR-ABL1.

" Defined by the presence of one single monosomy (excluding loss of X or Y) in association with at least one additional monosomy
or structural chromosome abnormality (excluding core-binding factor AML).

i These markers should not be used as an adverse prognostic marker if they co-occur with favorable-risk AML subtypes.

TP53 mutations are significantly associated with AML with complex and monosomal karyotype.

1.4 AML-associated gene expression
Apart from recurrent mutations at diagnosis, expression levels of some AML-associated genes

e.g. brain and acute leukemia, cytoplasmatic (BAALC), ETS-related gene (ERG), and

10



meningioma-1 (MN1) have been shown to have strong, independent prognostic impact in AML
patients.

High expression of the gene BAALC consistently associated with worse outcomes in younger
and older patients with AML.°"® This gene maps to chromosome band 8q22.3, is highly
expressed in CD34-positive bone marrow progenitor cells and downregulated during
hematopoietic lineage-specific maturation.®"®? Although it's function in hematopoiesis is still not
fully understood, there ist evidence that BAALC blocks myeloid differentiation and may
contribute to leukemogenesis when co-occuring with a second molecular alteration providing a
proliferation advantage.64 The gene ERG, located at chromosome band 21q22.3, was first
shown to be involved in leukemogenesis in the rare, but recurrent in AML t(16;21)(p11;q22).%°
Moreover, ERG overexpression was demonstrated in AML patients with complex karyotypes
with cryptic amplification of chromosome 21.%° It was also found overexpressed in part of
patients with CN-AML where it contributes to poor prognosis in younger and older CN-AML
patients.®””" The MN1 gene is localized at human chromosome band 22q12 and encodes a
transcriptional coregulator.”” MN1 is involved in myeloid malignancies as a fusion partner of the
ETV6 gene in the recurrent translocation t(12;22)(p13q11)”® and has been shown to be
overexpressed in subsets of AML.”*"® Different studies have shown that high MN7 expression

levels are prognosticators for poor outcome in younger and older CN-AML patients.”®"®

The exploration of diagnostic expression levels of these AML associated genes provides
important additional information for risk stratification and treatment strategies. However, the
differential expression of these genes may also contribute to AML leukemogenesis. For
example, Heuser et al.”® demonstrated that MN7 upregulation is involved in development of
resistance mechanisms against all-trans retinoic acid (ATRA), an agent commonly used in APL
treatment. Furthermore, they showed MN1 leukemogenecity to cooperate with a MEIS1/AbdB-
like HOX-protein complex, representing a possible therapeutic target in high MN1 expressing
leukemias.®

1.5 microRNAs in AML

11



Besides the aberrant expression of coding genes the differential expression of microRNAs
(miRs) — small, non-coding RNAs — have been identified to play important roles in the initiation
and progression of various malignancies, including AML.®"# MiRs are essential for many
biological processes by controlling the expression of a number of genes involved in commitment
and differentiation of HSCs, proliferation, apoptosis, immune response, and

leukemogenesis.?'®?

Over the past years, progress has been made in understanding the significance of expression
levels of some miRs in AML. MiR expression profiles associated with outcome and certain
molecular aberations in AML which have shed light on AML biology and also aid in refining AML
risk stratification.?”® As an example Marcucci et al. identified a miR signature that is associated
with clinical outcome in a subgroup of patients with high-risk molecular features of AML (those
who have FLT3-ITD, wild-type NPM1, or both).#? These data suggested that there is a functional
relationship between miR expression and disease biology in AML patients that may render miR
expression levels suitable prognostic markers and will help to further identify important players

in AML biology.

However, a more comprehensive understanding of miR expression within the complex
regulatory networks that are disrupted in AML cells is necessary for the development of better
prognostic systems and novel therapeutic strategies employing miR modulators to improve

patients’ outcomes.

1.6 Leukemia-initiating cells

Another focus of current research in AML lies on the cells of AML origin. AML is a disease
developing from the clonal expansion of early progenitor cells or HSCs that lost the ability to
mature' — often termed leukemia initiating cells — which are believed to exists within the
CD34+/CD38- stem cell compartment.?*® Leukemia initiating cells are postulated to survive

chemotherapy as measurable (minimal) residual disease and cause AML relapse; their non-

12



proliferative state might be one reason for their resistance to chemotherapy.®”*° Some studies
have suggested that a high burden of leukemia initiating cells at diagnosis of AML patients
treated with chemotherapy increased their relapse probability and associated with inferior
outcomes.?%

1.7 Measurable residual disease

Additionally to risk stratification at diagnosis, recently, some studies have shown a strong
prognostic influence of the presence of measurable residual disease (MRD) in AML at different
time points during treatment.*** There is considerable effort in developing reliable techniques
to quantify remaining leukemia cells in CR defined by cytomorphological criteria to better predict
the likelihood of AML relapse. Some study groups cassess MRD by multiparameter flow
cytometric analysis detection of aberrant surface antigen expression on malignant cells.** Other
established methods are quantitative real time polymerase chain reaction (PCR) assays
detecting disease-specific fusion genes or mutations.®*® Recent data indicates that the
detection of genes also expressed in healthy individuals at low levels but upregulated in AML
patients may further extend MRD evaluation possibilities.”® However, today it remains to be
determined which molecular markers at which time points and detected by which techniques are
most suitable for residual disease detection and consequently for AML treatment guidance.

Currently, this remains a very active field of translational research.

13



2. OWN CONTRIBUTION / EIGENER BEITRAG

2.1 Purpose and objective of the presented work

As described above AML is a highly heterogeneous disorder, characterized by the clonal
expansion of AML progenitors arrested at various stages of myeloid differentiation, and by the
progressive accumulation of multiple chromosomal, moleculargenetic, and epigenetic
alterations. Prognosis of patients with AML is strongly influenced by the type of chromosomal
and moleculargenetic alteration, as well as by aberrant (coding and non-coding) gene
expression. Today outcomes of most AML patients remain poor. Thus, there is urgent need to
identify prognostic biomarkers for risk stratification, to identify the underlying AML biology and to
develop new therapeutic targets to subsequently improve AML patients’ survival.

The studies included in this habilitation focus on molecular prognostic biomarkers, their clinical
consequences, how theses markers contribute to a better risk stratification in newly diagnosed
AML as well as how they may be exploited for MRD assessment and novel treatment
approaches in AML.

The frist two paragraphes include publications focusing on recurrent cytogenetic and molecular
changes and also the aberrant expression of AML associated genes, specifically of BAALC,
ERG, and MN1, as prognostic markers at AML diagnosis. These studies expanded the
knowledge on risk stratification in AML and highlighted some of the associated AML-biology.
The third part shows that AML associated gene expression, i.e. BAALC, also functions as MRD
marker if measured in complete remission. The fourth part focuses on a differential expression
of miRs — specifically of miR-181a and miR-29b - as prognostic markers in AML, and reveal
biological, clinical, and therapeutic implications of the identified aberrant miR expression levels.
Finally, the included paper in the last paragraph demonstrates that the burden of leukemia
initiating cells at diagnosis - defined by the bone marrow CD34+/CD38- cell population - impacts
on outcome in patients undergoing allograft procedures, elucidating the importance of treatment

approaches targeting leukemia initiating cells.

In summary, twelve publications are included in this work:
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2.2 Cytogenic aberations and recurrent molecular changes at diagnosis as prognostic
factors in AML

The first paper in this paragraph concentrates on the common genetic alteration
inv(16)(p13922) / t(16;16)(p13;922) in AML that results in various CBFB-MYH11 fusion
transcripts. In AML, the biologic and prognostic implications of different inv(16) fusion-products
remained unclear. This work analyzed CBFB-MYH11 fusion types in inv(16) / t(16;16) patients
and found that no patient with non-type A fusion carried a KIT mutation, whereas about a third
of type A fusion patients did. Among the latter, KIT mutations conferred adverse prognosis.
Furthermore, non-type A fusions associated with distinct clinical and genetic features and a
unique gene-expression profile.

The next study determined the frequency of DNMT3A mutations, their associations with clinical
and molecular characteristics and outcome, as well as the associated gene- and miR-
expression signatures in CN-AML. Missense mutations affecting arginine codon 882 (R882-
DNMT3A) were more common than those affecting other codons (non-R882-DNMT3A).
Furthermore, DNMT3A mutations were age dependent: while DNMT3A-R882 mutations were
associated with adverse prognosis in older AML patients, non-R882-DNMT3A mutations were
associated with adverse prognosis in younger AML patients.

The last paper included in this paragraph analyzed the prognostic impact of the 2010 ELN
genetic groups in AML patients receiving allogeneic HSCT after non-myeloablative conditioning.
While the prognostic utility of the four ELN 2010 genetic groups (favorable, intermediate-I,
intermediate-1l and adverse) in AML patients consolidated with chemotherapy had already been
described, their impact after allogeneic HSCT remained to be elucidated. The data presented
here suggest that the ELN 2010 genetic groups may have a reduced prognostic impact for
patients undergoing allogeneic HSCT after non-myeloablative conditioning as compared to

those receiving a chemotherapy-based consolidation in first CR.

Manuscripts included in this paragraph:

- Schwind S, Edwards CG,* Nicolet D, Mrozek K, Maharry K, Wu YZ, Paschka P, Eisfeld AK,
Hoellerbauer P,Becker H, Metzeler KH, Curfman J, Kohlschmidt J, Prior TW, Kolitz JE, Blum W,
Pettenati MJ, Dal Cin P, Carroll AJ, Caligiuri MA, Larson RA, Volinia S, Marcucci G, Bloomfield CD:
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inv(16)/t(16;16) acute myeloid leukemia with non-type A CBFB-MYH11
fusions associate with distinct clinical and genetic features and lack KIT

mutations
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* Patients with inv(16) non-type
A CBFB-MYH11 fusions lack
KIT mutations and have dis-
tinct clinical and cytogenetic
features.

* inv(16) non-type A fusions
have a distinct gene-
expression profile with up-
regulation of genes associated
with apoptosis, differentiation,
and cell cycle.

The inv(16)(p13q22)/t(16;16){p13:q922) in acute myeloid leukemia resuits in multiple
CBFB-MYH11 fusion transcripts, with type A being most frequent. The biologic and
prognostic implications of different fusions are unclear. We analyzed CBFB-MYHT11
fusion types In 208 Inv(16)1(16;16) patients with de novo disease, and compared
clinical and cytogenetic features and the KIT mutation status between type A (n = 182;
87%) and non-type A (n = 26; 13%) patients. At diagnosis, non-type A patients had
lower white blood counts (P = .007), and more often trisomies of chromosomes
8 (P=.01) and 21 (P < .001) and less often trisomy 22 (P = .02). No patient with
non-type A fusion carried a KIT mutation, whereas 27°% of type A patients did (P = .002).
Among the latter, K/T mutations conferred adverse prognosis; clinical outcomes of
non-type A and type A patients with wild-type KIT were similar. We also derived a
fusion-type-associated global gene-expression profile. Gene Ontology analysis of the
differentially expressed genes revealed—among others—an enrichment of up-regulated
genes involved In activation of caspase activity, cell differentiation and cell cycle
control In non-type A patients. We conclude that non-type A fusions assoclate with

distinctclinical and genetic features, including lack of KIT mutations, and a unique gene-expression profile. (Blood. 2013;121(2):

385-391)
Introduction

Approximately 5%-7% of acute myeloid lcukemia (AML) patients
have an inv(16)(p13g22) or t{16:16)(p13:q22) [hercafter referred to
as inv(16)/1(16;16)]."* This cytogenetic group is usually associated
with high complete remission (CR) rates and a relatively favorable
outcome, especially when treated with repetitive cycles of high-
dose cytarabine as consolidation therapy.* However, 30%-40% of
these patients experience relapse.**” We and others reported that the
presence of a KIT mutation confers worse outcome in inv{16)4(16;16)
patients, &2

Molecularly, inv(16)/t(16:16) results in the juxtaposition of the
myosin, heavy chain 11, smooth muscle gene (MYHIT) at 16pl3

and the core-binding factor, B subunit gene (CBFB) at 16922, and
creation of the CBFB-MYHII fusion gene.'*'* Because of the
variability of the genomic breakpoints within CBFB and MYHII,
more than 10 differently sized CBFB-MYHI] fusion transcript
variants have been reported.'*'® More than 85% of fusions are
type A, and 5%-10% cach are type D and type E fusions.”” ™ Fusion
types B, C, and F-K have been reported mostly in single cases."* "

To our knowledge, only one study examined the biologic and
clinical significance of different CBFB-MYH 11 fusions, but did not
characterize the KIT mutation status.'® Here, we report the fre-
quency of CBFB-MYH11 fusion transcripts, their associations with
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cytogenetic and clinical characteristics, KIT° mutation status, and
the fusion transcripts impact on prognosis in a relatively large
cohort of patients with de novo inv(16)(16:16) AML. Further-
more, to gain insights into the biologic and functional differences
of the distinct fusion types, we derived a fusion-type specific
genome-wide gene-expression profile.

Methods
Patients and treatment

Two hundred eight patients aged 17-74 years with inv(16)1(16;16) de novo
AML, who were enrolied on Cancer and Leukerua Group B (CALGB;
n = 206) or Southwest Oncology Group (SWOG; n = 2) frontline treat-
ment protocols (for details please see supplemental Methods, available on
the Blood Web site; see the Supplemental Materials link 1 the top of the
online article) and had pretreatment material available, were analyzed for
the CBFB-MYHII fusion type. Of these p s 147 pan lled on
CALGB protocols that required = 3 cycles of high-dose cytarabine-based

BLOCOD, 10 JANUARY 2013 - VOLUNME 121, NUMBER 2

of fusion transcripts according to van Dongen el al'7), their associations
with cytogenetic and clinical characteristics, and K/T mutation status,
and their progrostic impact in a relatively large set of patients with de
novo AML and inv(16)/1(16;16). The dillereaces among patients in their
baseline cylogenetics, KiT slatus, de hic and clinical
features according to their fusion transcripl lype were lested using the
Fisher exact and Wilcoxon rank-sum tests for categorical and continuous
variables, respectively.

A subsel of 147 patieats who were enrolled on prolocols requiring at
Jeast 3 cycles of high-dose cylarabine-based postremission reatment, were
eligible for oulcome analyses. These patients had similar pretreatment
characleristics 10 the total set of 208 patients studied (supplemental Table
1). Material 0 determine the pretreatment KT mulation stalus was
available for 141 of these 147 patients. CR was defined as recovery of
morphologically normal BM and blood counts (e, newtrophils = 1.5 X 10%L
and platelets = 100 X 10%L), and no circulating leukemic blasis or
evidence of extramedullary leukemia for more than one month. CR rates
were compared using the Fisher exact test. Cumulative incxdence of relapse
(CIR) was measured from the date of CR untl relapse. Patients alive
without relapse were censored, whereas those who died without relapse

b o

were las a peting cause of failure. Overall survival (OS) was

consolidation treatment were eligible for outcome analyses. All pati
provided written Institutional Review Board-approved informed consent
for participation in these studies in accordance with the Declaration of
Helsinki.

Cytogenetics, determination of fusion type, and KIT mutation
status

For all 208 patienls, peetreatment cylogenelic analyses of bone marrow
(BM) or blood were performed by CALGB-approved institutional cyloge-
nelic leboratories as part of CALGB 8461, and the resulls were reviewed
centrally.®' Three patients did not have mitoses on karyolype analysis, but
were RT-PCR positive for CBFB-MYH 1], aod thus included in this study.

The CBFB-MYHII fusion lypes were determined for all 208 patients
centrally in the Clinical Laboratory Improvement Amendments-certified
Molecular Pathology Laboratory at The Ohio State University, as previ-
ously descrived * The presence of mutations in KIT exoas 8 and 17 was
also determined centrally in pretreatment BM or blood, as previously
described.!!

Gene-expression profiling

For gene-expression proliling, total RNA was extracted from pretreatment
BM or blood monoauciesr cells. Gene-expression proliling was performed
using the Affymetrix U133 plus 2.0 microarray (Affymetnx; ArrayExpress
socession: E-MTAB-1356) as previously reported. ¢ Briefly, summary

of gene exg were computed for each probe-set using the
robust multichip average method, which incorporates guantile normaliza-
tion of arrays. Expression values were logged (base 2) before analysis. A
filtering step was performed 1o remove probe-sets thatl did not display
significant variation in expression across arrays. In this procedure, & x° test
was used 10 test whether the observed variance in expression of & gene was
significantly larger than the median observed variance in expression for all
genes, using a = 01 as the significance level. A 1otal of 6747 genes passed
the filtering criterion.

Normalized expression values were compared between lype A and
non-type A fusion inv(16)1(16;16) patieals and a univariable signilicance
level of 001 was used 1o identify differentially expressed genes (all genes
had false detection rate = 0.05).

CGene Ontology (GO) analysis o assess ennichment of genes associated
with distinet blologie processes for up- and down-regulated genes in non-type A
inv(16)%(16;16) paters compered with type A inv(16)%(16;16) patients was
conducted using & hypergeometric test and Cyloscape.™ P values were
corrected for multiple testing using the false detection rate according to
Benjamini-Hochberg.

Definition of clinical end points and statistical analysis

The main objective of this study was 10 evaluate the frequeacy of
distinct CBFB-MYHII fusion transcripts (we applied the nomenclature

measured from the date of study entry until date of death. Patieats alive at
last follow-up were censored for OS. Eveal-free survival (EFS) was
measured from the date of study entry until induction failure, relapse or
death, regardless of cause; patients alive and in CR were censored al last
foliow-up. Estimates of CIR were calculated, and the Gray k-samples test™
was used to evaluate differences in relapse rates. Est 1 probabilities of
OS and EFS were calculated using the Kaplan-Meier method, and the
log-rank test eval 1 difle by survival distribetions. The
Holm step-down procedure and Sidak adjustment were used 10 adjust
P values for the multiple comparisons analyses of fusion type by KIT slatus
for CR and survival analyses, respectively.” The datasel was Jocked on
Seplember 24, 2012

For the gene-expression profiling, summary measures of gene expees-
sion were computed lized, and fil 1. The inv(16)1(16;16) fusion-
type-associaled signature was denived by companing gene experession
between type A and non-type A patieals with wild-type KIT. Univanable
significance levels of 001 for gene-expression profiling were used o
determine the probe-sets that constituted the signature.

All analyses were performed by the Alliance for Clinical Trials in
Oncology Statistics and Dats Center.

Results

Frequency and associations of inv{16)%(16;16) fusion types
with clinical characteristics and KIT mutation status in de novo
inv(16)/(16;16) AML patients

In our study, 182 (87%) patients with inv(16)/t(16;16) AML had a
type A fusion, whereas 26 (13%) harbored a non-type A fusion.
Eighteen (9%) patients harbored a type E fusion, 6 (3%) a type
D fusion, and 2 (1%) harbored other fusion types (Table I
supplemental Figure 1). There was no significant difference in
non-type A fusion frequencies between patients with inv(16) and
those with t(16:16) (13% vs 6%; P = .70).

Pretreatment characteristics of our patients are presented in
Table 2. Non—type A patients had lower white blood counts (WBC;
P = 007) at diagnosis. Most patients, 60% (n = 124), had inv(16)
or 1(16:16) as a sole chromosome abnormality, whereas 40%
(n=81) had = | sccondary abnormality. Non-typc A paticnts
more often had a secondary abnormality than type A paticnts (58%
vs 37%; P = .07; Table 2). Non-type A paticnts more frequently
had +8 (P = 01) and +21 (P< .001) than typc A paticnts.
However, none of the non-type A patients had +22, whereas 19%
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Table 1. Frequencies of CBFB-MYH11 fusion types among 208
patients with inv(16)(16;16) AML in our study and 162 patients
reported by Schnittger et al*™?

This study Schnittger et al™

{n = 208)" (n = 162)*
Fusion type No, % No. * P
Type A 182 a7 128 79 03
Type E 8 9 8 5 22
Type O 6 3 16 10 0a7
Other types 2§ 1 10 G 005

AML indicates acute myelold leukemia.

“All pasents were giagnosad wih g8 novo AML,

10re hundred thity-cight patients were clagnosed with de novo AML and
24 patients with ragiment-rokated AML, Within the de novo AML cohoe, 839 had type
Afusions; frequences for other fusion types within this cohort were rot provided.

$Pvales are from 1he Fisher exact %at

§Both fusions were type | (0 = 2).

These were the folowing fusion types: Avar (n = 1), Bvar (n = 1), F {n = 1),
Gin=2),H{n=1)J{n = 2),and S {n = 2)

of the type A patients did (P = .02, Table 2). Forty-cight (24%) of
inv(16)/t(16:16) patients harbored KIT mutations. Interestingly,
they were detected exclusively in type A patients, with none of the
non-type A patients carrying a KIT mutation (27% vs 0%; P = .002,
Table 2).

Genome-wide gene-expression profiling

To gain further insights into the biology of inv(16)/t(16;16) AML
with different fusion types, we derived a genome-wide gene-
expression signature. To avoid bias associated with the unequal
distribution of KIT mutations between type A and non-type A
fusion inv(16)1(16:16) patients, and because KIT mutations have
been shown to be associated with a distinct gene-expression
profile,*® we compared non-type A patients (n = 15) with those
with type A fusion and wild-type KIT (n = 86). We observed the
differential expression of 121 genes between non-type A and
type A inv(16)i(16;16) patients (Figure 1). Of these genes,
51 were up-regulated in non-type A patients (supplemental Table
2) and 70 were down-regulated (supplemental Table 3).

Among the up-regulated genes in non—-type A inv(16)t(16;16)
patients, we found genes involved in differentiation, eg, GFIJ that
encodes a transcriptional repressor contributing to myeloid differ-
entiation®*; epigenetics, eg, DNMT3B that encodes one of the
isoforms of DNA methyltransferases mediating DNA methylation
and gene silencing®'; and apoptosis, eg, CYCS that encodes the
small heme protein cytochrome C that is associated with cellular
apoptosis.”**' Among the down-regulated genes in non-type A
inv(16)/t(16:16) patients, we found genes involved in kinase
pathways, cg, CD9 that encodes 2 member of the transmembranc
4 superfamily that has been shown to physically interact with the
aforementioned tyrosine kinase receptor KIT,* and CDS52, that
encodes a surface protein with not fully clucidated function, but
that is expressed on neutrophils and hematologic stem cells and
targeted by alemtuzamab.** We also observed lower expression of
MYH9, a gene frequently linked to inheritable thrombocytopenia,™®
and of SPARC, a gene found to be also down-regulated in AML
with MLL-rearrangements.’

To focus on the functional differences of the different inv(16)
1(16;16) fusion types, we performed a Gene Ontology (GO)
analysis and found an enrichment of genes involved in activation of
caspase activity, positive regulation of cell differentiation, GIVG1
transition and G2/M transition in the up-regulated genes of

CBFB-MYH1T fusion transcripes inir{16) AML 387

non-type A inv{16)/(16;16) paticnts (supplemental Table 4). Among
the genes down-regulated in non-type A fusion inv(16)(16:16)
patients, the GO analysis revealed enrichment of biologic processes
related to actin cytoskeleton, ruffles, uropod, phosphoinositide
binding, barbed-cnd actin filament capping, blood vessel endothe-
lial cell migration, syncitium formation by plasma membrane
fusion and tissuc regencration (supplemental Table 5). These
results suggest a potentially less aggressive phenotype of non-type
Ainv(16)1(16:16) AML.

Prognostic impact of the inv(16)%(16;16) fusion type on clinical
outcome

A subset (n = 147) of the 208 patients reccived high-dose
cytarabine-based treatment and thus was cligible for outcome
analyses. The CR rates (P =1.00), CIR (P =.14), and OS

Table 2. Clinical and cytogenetic characteristics and KIT mutation
status according to CBFB-MYH11 fusion type in 208 patients with

de novo AML and inv(16)1(16;16)
Non-type A Type A
fusion” fusion
Charactaristic (n - 26) (n = 182) P
Age,y 75
Medan 41 41
Range 262 1774
Sex, no. of males (%) 14 (54) 113 (62) 52
Raca, no, (%) 56
White 20(77) 143 (82)
Noahite €(23) aa(18)
Hemaoglobin, gl A2
Madan a9 88
Range 66-13.0 3.1-148
Platelet count, x 10%L .33
Medan 45 42
Range 15-208 7272
WBC, x 107 007
Medan 219 3338
Range 14872 0.4-5000
Parcentage of blood blasts 26
Madan 43 52
Range 3493 0-97
Percentage of BM blasts .58
Medan 53 58
Range 22-93 289
FAB (cantrally reviewed), no. (%) 04
M1 a(1¢) 2(1)
13 0 a(s)
M4 4(19) 21 (14)
Mo 14 (87) 121 (78)
NS 00 @
Cytogenetic char "
sole Inv( 16)4(16;16), no. (%) 10 (42) 114 (53) o7
+8.ro. (%) 7(29) 18 (10) 0
+13.r0. (%) 2(8) 3@ a1
=21, ro. (%) € (25) 1(1) < .00
+22,ro. (%) 0(0) a5 (19) .02
KIT, no. (%)5 o002
Musaned o 48 (27)
Viid-type 24 (100) 132 (73)

FAS ndcales French-Amecican-Beiish classifcation; and WBC, white bicod
count.

*“Type E(n = 18). type D (n = 6), ypel{n - 2),

Pasents may have multple seccrdary abrormalties and $ius can be classifed
in more than 1 gory. 3 patieen ples had no

§Six patierts (2 with non-type A and 4 with type A fusions) had ro material
avalabie % study XIT mutations and thus have an unknown X7 mutaton status.
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Figure 1, Heat map of the dedved gene-expression signature associated with the CEFB-MYHTT fusion type (non-type A vs type A with wild-type KIT) in patients
with de novo AML and Inv(16)%(16;16). Rows represent gere names and columns represent patents. Genes are crdered by hieraschical cluster aralysis. Expresson vaues
of the ganes &8 regrasanted Dy coloe, with dark Dive indicating hgher axpeassion and light biue indicating lower axprassion

(P = .36; supplemental Figure 2A) of non-type A patients (n = 19) Because non-type A fusions and KIT mutations were mutually
and type A patients (n = 128) did not differ significantly (supple- exclusive, we wondered whether the difference in EFS could be
mental Table 6). However, non-type A patients tended to have  attributed to the different distribution of KIT mutations. Therefore,
longer EFS than type A patients (P = .05; 72% vs 50% at 5 years;  we compared the outcome of patients with non-type A fusions with
supplemental Figure 2B). that of type A fusion patients who had wild-type KIT (n = 85). In
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Figure 2. Survival of patients with de novo AML and Inw{16)1{16;16) according
to CBFE-MYHTT fusion type (non-type A va type A) and KIT mutation status,
(A) CS. (B) EFS. Al Avalues from pairwise comparsons are adusted ‘or mutiple
comparisons

this analysis, non—type A patients behaved similarly to type A
patients with wild-type KIT (Figure 2; supplemental Table 7). We
did not find significant differences in CR rates (P = 1.00), CIR
(P = .60), OS (P = .63; Figure 2A) or EFS (P = 99; Figure 2B),
suggesting it was the presence or absence of KIT mutations that
affected clinical outcome rather than the type of fusion transcripe.
Indeed, type A patients with mutated KIT had a shorter OS
(P = 01: 50% vs 74% at 5 years; Figure 2A) and EFS (P = .02;
33% vs 59% at 5 ycars; Figure 2B) than type A patients with
wild-type KIT. Likewise, both OS (P = .02; 50% vs 82% at
5 years; Figure 2A) and EFS were shorter (P = .003; 33% vs 69%
at 5 years; Figure 2B) for KIT-mutated type A patients compared
with non-type A patients. Thus, K/T mutations remain an impor-
tant prognosticator in type A inv{16)t(16;16) paticnts.

Discussion

AML patients with inw(16)t(16;16) usually have favorable out-
come. The resulting CBFB-MYHII fusion gene results in various
transcripts.’*'® However, the biologic and clinical significance of
these different fusion types require further evaluation. In the
presented study, 87% of de novo inv(16)/t(16;16) patients had a
type A fusion, 13% harbored a non—type A fusion (18 had type E,
6 type D and 2 type I; Table 1, supplemental Figure 1). Schnittger
ct al, who also included treatment-related AML (t-AML) cases,
reported a lower type A frequency of 79%'* (P = .03; Table 1).

CBFB-MYH1T fusion transcrips inin(16) AML 388

Since in the study by Schnittger et al treatment-related inv(16)Vi(16;
16) less often have type A fusions,'® we compared only de novo
cases and found no significant difference in type A frequency
between the 2 studies (87% vs 83%: P = .28). Although type E
frequencies were similar (9% vs 5%: P = .22), type D (3% vs 10%;
P = .007) and all other types combined (1% vs 6%; P = .006;
Table 1) were more frequent in the Schnitiger et al study.” This
finding may also be related to the inclusion of t-AML cases by
Schnittger et al, who did not report on the individual non-type A
frequencies in their de novo cases.'®

Consistent with the study by Schnittger et al.'® non-type A
patients in our study also had lower WBC. With respect to
additional cytogenctic aberrations, in our study non-type A pa-
tients more often had a secondary abnormality than type A patients.
While non—-type A patients more frequently had +8 and +21 than
type A patients, none of the non—type A patients had +22. Schnitt-
ger et al found that non-type A patients harbored +8, +21 and
+22 less frequently,'® although a comparison of the individual
trisomy frequencies with our data was not possible because they
combined all trisomies into 1 subset. Because KIT mutations have
been associated with inferior outcome in inv(16)t(16;16) AML we
analyzed the frequency of KIT mutations, and found that KiT
mutations could not be detected in non-type A patients. This
unexpected finding may have implications for treatment and
risk-stratification of inv(16)/t(16;16) patients. Recently, mutated
KIT was found to cooperate with the CBFB-MYHI! fusion toward
leukemogenesis in mice.® Our data suggest that this cooperation
might be limited to type A fusion transcripts and that other cooperative
events occur in inw{ 16)M(16:16) AML with non-type A fusions.

To gain further biologic insights into the biology of inv(16)¥
t(16;16) AML with different fusion types, we performed a microar-
ray analysis to assess differences in the genome-wide gene
expression between patients with non-type A and type A fusion
transcripes with wild-type KIT. We observed that patients with
non-type A fusion showed an up-regulation of genes involved in
the activation of caspase activity, cell differentiation and cell
cycle control in addition to increased expression of other
genes that have been previously linked to myeloid leukemogen-
esis, including GFI! or DNMT3B.*** In addition, we observed
that non-type A patients presented with down-regulation of
CD9, a gene involved in mechanisms of activation of the
receptor tyrosine kinase KIT, which is often found mutated or
aberrantly expressed in inv(16)/1(16:16) AML," and MYHY that
has been previously linked with inheritable thrombocytopenia.®
How the differential expression of these genes ultimately
impact on the leukemia phenotype, clinical characteristics and
outcome of non-type A inv(16)/t(16:16)-patients remains
unknown and should be studied in preclinical models to test
the hypothesis that novel treatment strategies can be tailored to
the type of fusion transcript in inv(16)t(16:16) AML. It is
interesting, however, that the GO analysis suggested a less
aggressive phenotype for non-type A inv(16)t(16:16)-lcuke-
mia, given the activation of genes involved in cell differentia-
tion, cell cycle regulation and apoptosis and conversely the
down-regulation of genes potentially involved in angiogenesis
and cell migration.

In conclusion, non-type A CBFB-MYHI! fusion transcripts
occur in a subset (13%) of inv(16)/t(16;16) patients. Although the
fusion type does not impact on outcome of inv(16)1(16;16)
patients, the presence of non-type A fusions is associated with
distinct clinical and genetic characteristics, as well as a distinct
global gene-expression profile. KIT mutations, not found in non—
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type A patients but occurring in more than one-fourth of type A
patients, conferred adverse prognosis among the latter. The bio-
logic and therapeutic implications of these findings remain to be
investigated, especially in the context of tyrosine kinase inhibi-
tors targeting KIT being used in current clinical trials for
inv(16)/t(16;16) patients (cg, NCT01238211 and NCT00416598).
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Age-Related Prognostic Impact of Different Types of
DNMT3A Mutations in Adults With Primary
Cytogenetically Normal Acute Myeloid Leukemia

Guido Marcucci, Klaus H. Metzeler, Sebastian Schwind, Heiko Becker, Kati Maharry, Krzysztof Mrézek,
Michael D. Radmacher, Jessica Kohlschmids, Deedra Nicolet, Susan P. Whitnan, Yue-Zhong Wu,
Bayard L. Powell, Thomas H. Carter, Jonathan E. Kolitz, Meir Wetzler, Andrew |. Carroil, Maria R. Baer,
Joseph O. Moore, Michael A. Caligiuri, Richard A. Larson, and Clara D. Bloomfield

A B §S TR ATCT

To determine the frequency of DNMT3A mutaticns, their associations with clinical and molecular
charactenstics and outcome, and the associated gene- and microRNA-expression signatures in
primary cytogenetically normal acute myeloid leukemia (CN-AML).

Patients and Methods )
Four hundred fifteen previously untreated adults were analyzed for DNMT3A mutations and

established prognostic gene mutations and expression markers. Gene- and microRNA-expression
profiles were derived using microarrays.

Results

Yeunger (< 60 years; n = 181) and clder (= 60 years; n = 234) patients had similar frequencies
of DNMT3A mutations (35.3% v 33.3%). Missense mutations affecting arginine coden 882
[R8B2-DNMT3A] were more commoen (n = 82; 62%) than those affecting other codons
[non-RBEB2-DNMT2A]. DNMT3A-mutated patients did not differ regarding complete remission
rate, but had shorter disease-free survival (DFS; P = .03) and, by trend, overall survival (OS;
P = 07) than DNMT3A-wild-type patients. In multivariable analyses, DNMT2A mutations
remained associated with shorter DFS (P = .01}, but not with shorter OS. When analyzed
separately, the two DNMT3A mutation types had different significance by age group. Younger
patients with non-REB2-DNMT3A mutations had shorter DFS (P = .002) and OS (P = .02),
whaereas clder patients with R882-DNMT3A mutations had shorter DFS {P = .005) and OS (P =
.002) after adjustment for other clinical and molecular prognosticators. Gene- and microRNA-
expression signatures did not accurately predict DNMT3A mutational status.

Conclusion

DNMT3A mutations are frequent in CN-AML, and their clinical significance seems to be age
dependent. DNMT3A-R882 mutations are associated with adverse pregnesis in older patients, and
non-R8B2-DNMT3A mutations are associated with adverse pregnosis in younger patients. Low
accuracy of gene- and microRNA-expression signatures in predicting ONMT3A mutation status
suggested that the role of these mutations in AML remains o be elucidated.

J Chin Oncol 30:742-750. @ 2012 by American Society of Clinical Oncology

of the best molecularly characterized cytogenetic

Acute myeloid leukemia (AML) is a genetically
heterogeneous disease characterized by nonran-
dom cytogenetic aberrations' and, at the submi-
croscopic level, recurrent gene mutations and
changes in gene expression.” Cytogenetic and mo-
lecular alterations not only define distinct bio-
logic entities, but are also relevant for discase
classification and treatment guidance.”
Cytogenetically normal (CN) AML, comprising
45% to 50% of adults with primary disease,” is one

M2 ©2012 oy Amencan Socety of Clnicy Oncdogy
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groups. Some gene mutations recurrent in CN-
AML are strong, independent prognosticators
(eg, FLT3 internal tandem duplications [FLT3-
ITD),*" CEBPA,*® and WT1'™"" mutations),
whereas others affect outcome in distinct molecular
or clinical subsets of CN-AML (eg, NPM1,'*"
TET2," and IDHI/IDH2""" mutations) or are of
uncertain significance (eg, FLT3-tyrosine kinase do-
main mutations [FLT3-TKD]'"'*). More intense
treatment may modify the prognostic weight of
some molecular markers in CN-AML, such as MLL
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partial tandem duplication (MLL-PTD)'*? or FLT3-1TD.”' Addi-
tionally, altered expression of genes (eg, high BAALC,™ ERG,™*
and MNI7 7 levels) and microRNAs (eg, low miR-181alevel™) iden-
tify high-risk CN-AML patients.

The DNMT3A gene encodes one of the three DNA methyl-
transferase (DNMT) isoforms. Among these, DNMT1 is the most
abundant and preferentially replicates existing DNA methylation
patterns, whereas DNMT3A and DNMT3B are responsible for
establishing de novo DNA methylation. The process of DNA meth-
vlation consists of an enzymatic addition of a methyl group at the
carbon 3 position of cytosine in the context of cytosine-guanine
dinucleotides. When occurring in the promoter region of a coding
gene, it generally results in gene silencing. In AML, all three DNMT
enzymes are reportedly overexpressed in malignant blasts com-
pared with normal bone marrow (BM) cells and contribute to
leukemogenesis by mediating tumor suppressor gene silencing.”
Somatic DNMT3A mutations in AML were first described by Ya-
mashita et al”’ and subsequently by other groups.*** Ley et al™
first reported that DNMT3A mutations conferred worse outcome
in AML. However, the patients analyzed were heterogencous for
biologic and clinical characteristics and treatment received, and the
prognostic value of DNMT3A mutations was not fully evaluated
within the context of other known molecular prognosticators.”
Recently, Thol et al™ reported that DNMT73A mutations are asso-
ciated with shorter overall survival (OS) in cytogenetically diverse
patients with AML who are younger than 60 years and with lower
complete remission (CR) rates and shorter OS in a CN-AML
subset. However, this study included patients with secondary dis-
case and those who received allogeneic stem-cell transplantation
(S$CT) and did not analyze the prognostic impact of different types
of DNMT3A mutations.™

To our knowledge, our study is the first to investigate the prog-
nosticimpact of DNMT3A mutations in a large population of patients
diagnosed exclusively with primary CN-AML, comprehensively char-
acterized for other molecular prognosticators, and receiving intensive
chemotherapy. Additionally, we analyzed the differential impact of
DNMT3A mutations by age group (younger [< 60 years] v older
[= 60 years]) and mutation type (missense mutations at codon R882
[hereafter called R882-DNMT3A] ¥ mutations at other locations [de-
noted non-R882-DNMT3A]). Furthermore, to gain insights into the
biologic role of DNMT3A mutations in CN-AML, we derived
genome-wide DNMT3A mutation-associated gene- and microRNA-
expression signatures.

PATIENTS AND METHODS

Patients, Treatment, and Cytogenetic Studies

Pretrestment BM or blood samples were obtained from 415 patients
with primary CN-AML, 18 to 83 years of age (181 younger and 234 older), who
received intensive fisst-line therapy on Cancer and Leukemiz Group B
trials, ™ Patients received cytarabine-daunorubicin-based induction chem-
otherapy; most younger patients received consolidation with high-dose chem-
otherapy and 2utologous SCT. Per protocol, no patient received allogeneic
SCT during first CR. For details regarding treatment protocols and sample

collection, see the Data Supplement. The diagnosis of ] cytogenelics was
based on centrally reviewed analysis of = 20 metaphases in BM specimens.*
All patients provided written informed consent; study protocols were in 2ocor-
dance with the Ded of Helsinki and approved by local institutional
review boards,

WWW_ .00

Mutational Analyses

For DNMT3A ionssl analysis, the sequences of exons 18, 19,21, 22,
and 24 1o 26 (GenBank reference NM_175629) were analyzed from genomic
DNA by polymerase chain reaction and direct sequencing, Patients were also
characterized for FLT3-ITD,* FLT3-TKD,"” MLL-PTD,™** mutations in
NPM1," CEBPA? wT1,'™ TET2'* and IDHI/IDH2, " and expression levels
of ERG™* and BAALC, ™ as previously reported. Molecular analyses were
performed 2t The Ohio State University.
Microarray Experiments

Gene-expression profiling was performed using oligonucleotide
microarrays (Affymetrix, Santa Clara, CA), and microRNA-expression
profiling was performed using & custom microarray, as previously
reported.”™**** Expression signatures were identified by comparing
DNMT3A-mutated and DNM7T3A-wild-type (DNM7T3A-wt) patients,
and analyses to predict DNMT3A mutation status were performed
{Data Supplement).

Statistical Analyses

Baseline characteristics were compared b DNMT3A dand
DNMT3A-wt patients using Fisher’s exact test for categorical and the Wil-
coxon rank sum test for continuous variables. Clinicsl end points were defined
2ccording to published rec dations (Data Supplement).”’ For time-to-
event analyses, survival estimates were calculated using the Kaplan-Meier
method, and groups were compared using the log-rank test. In addition to
anelyzing all DNMT3A-mutated cases as a combined group, wealso evaluated
the prognostic significance of RES2-DNMT3A and non-RE82- DNMT3A mu-
tations separately, in the entire cohort and in the younger and older groups.

In models considering both age groups, we adjusted for an age-group
effect (= 60 years v << 60 years). We constructed multivariable logistic regres-
sion models to analyze factors influencing achievement of CR and multivari-
able Cox proportional hazards models for factors associated with survival end
points (Data Supplement). All analyses were performed by the Alliance for
Clinical Trials in Oncology Statistics and Data Center.

RESULTS

Prevalence and Spectrum of DNMT3A Mutations in
Primary CN-AML

Excluding known single-nucleotide polymorphisms, 148 non-
Synonymous sequence variations (mutations) in DNMT3A were
found in 142 (34.29) of 415 patients (Data Supplement). The fre-
quencics of these mutations were similar in younger (35.3%) and
older (33.39%6) patients. Six patients had two mutations each, and four
mutations appeared homozygous. Ninety-two mutations (629) were
missense changes in codon R882, leading to an amino acid exchange
from arginine to histidine (R882H, n = 49), cysteine (R882C, n = 36),
proline (R882P, n = 3), serine (R882S, n = 3), or glycine (R882G,
n = 1). R882-DNMT3A missense mutations were the most common
mutation type among both younger (26%) and older (19%) patients.
The remaining non-R882-DNMT3A mutations (n = 56; 38%) in-
cluded 22 nonsense, frameshift, and splice-site mutations found in 22
different patients. These mutations are predicted to cither trigger
nonsense-mediated RNA decay or result in a truncated protein and
thus are likely to impair protein function.” Two of these 22 pa-
tients concomitantly had an R882-DNMT3A mutation (for out-
come analyses, these patients were included in the R882-DNMT3A
mutation group), and two others concomitantly had another non—
R882-DNMT3A missense mutation. Furthermore, there were 32
missense mutations not affecting codon R882 and two short in-
frame deletions. All 32 non-R882 missense mutations were pre-
dicted to be “discase causing” by the MutationTaster software,” a
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Table 1. Clinicsl ard Molecuar Characteristics of 415 Patients Watk Primary Table 1. Circal and Moleculs: Characteristics of 415 Patents With Primary
Cytoganeticaly Normal Acute Myewod Leucems Accordng to DNMT3A Cytogenetcally Normal Acute Myeloid Leukemnia According to DNMT24
Mutation Status Mutastion Status (contnued)
DNMT3A DNMT2A DNMT3A ONMT3A
Mutsted Wik Type Mutated Wild Type
n =142} in=273) (= 142) n=273
Charactanstc No % No % P Charactensic No. % Ne. % P
Age, yeas A6 TET2 54
Meadan 61 62 Mutatec 31 22 67 25
fange 2282 1863 Wid type 1o 78 202 75
Age, years 88 MLL-PTD 1.00
<80 84 45 17 a3 Presant 7 8 15 8
=60 B 55 156 57 Absent ne 94 228 94
Female sex 72 51 135 a5 B4 WOHT 07
Race 48 R132 n 18 26 10
White 124 247 9N Wid type 118 84 246 @0
Nomwhae 16 n 25 9 OHZ
Hemogloon, g/dl 80 Mutated 24 17 51 19 79
Medan 94 94 Codon R140 8 a4
Range 48145 4815 Codor R172 8 7
Platelet count, X10%L 55 Wid type 118 83 n 81
Medan 66 61 ERG exprasson 33
Range 4481 7-850 Qroup?
WEBC, X10°L < 001 Hign 5 55 $2 49
Medan 44 n4 Low 45 45 X3 61
f3nge 0.9434.1 0.9450 BAALC expression .28
P group?
D:t:(? o - Hign 45 47 104 83
Medan 58 57 Low 51 53 53 a7
Range 087 098 Abbreviations: FAB, Franch-American-Sritish classification; ELN, European
Percentage of bore LeukamigNet, FLTFHTO, intena tandam duplcation of the FLTZ pane:
marrow blasts 02 FLTZTKD, tyroame ©nase doman mutation in the FLTZ gane; MLL-PTD,
Medan 70 66 partial tangem duplication of the MLL gene
Asnge 457 7.96 P values for categoncal varablas are from Fisher's exact tast; P valuas for
contnuous variables are from the Wikcoxon rank sum test
FAB category <00 +The ELN favorable panetic group inclucas patients with mutated CEBPA
MO 1 1 7 4 andior mutated NPMT without FLTFITO.# The ELN intermedate- rsk group
M1 28 27 54 27 comprsEas the remaining patents with CN-AML who had wikd-type CEBFA
and wilstype NPMT with or without FLTZITO or mutated NPMT wath
M2 18 17 71 36 FLTZITD
M 33 3 a9 21 +The medan expression value was used 33 a cut point
M3 26 24 21 11
M8 0 0 3 2
NPMT < .001
Mutated 107 75 146 53
Wik type 5 25 27 a7 computational algorithm that evaluates the disease-causing poten-
ﬂg,mml o M e . o tial of gene mutations on the basis of evolutionary conservation
asen I
Absent % pot 186 pos and structural protein features.
CEBPA < 00
Mutsted 7 5 58 21 Associations of DNMT3A Mutations With
Single mutated 4 26 Pretreatment Clinical and Molecular Characteristics
Double mutated 3 32 No differences in age, sex, or race were observed between patients
Wikd type 135 % 215 i with and without DNMT3A mutations. However, DNMT3A-
ELFN W:;': groupt o o o s 10 mutated patients had higher WBC counts (P < .001) and BM blasts
;:‘:Miam P s 133 48 percentages (P = .03) and harbored NPM1 mutations (P <2 .001) and
FLTZTRD 100 FLT3-ITD (P = .01) more often and CEBPA mutations (P < .001) less
Present 10 7 21 B often than those with DNMT3A-wt (Table 1).
Absert 128 ] 245 92 Because AML biology and treatment regimens differ between
w1 7 younger and older patients, and it is unclear whether R882-
Mutated 10 7 2 10 DNMT3A and non-R882-DNMT3A mutations are functionally
Wild typa 132 93 245 90

and clinically equivalent, we performed subgroup analyses taking
age and DNMT3A mutation types into account. Younger R882-
DNMT3A-mutated patients more often had NPMI mutations
(P = .02) and FLT3-ITD (P = .03) and lcss often had CEBPA
mutations (P < .001), WTI mutations (P = .02), and low ERG
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Table 2. Age Group-Adpusted Anzlysis of Outcomes of Patierts With Primary Cytogareticaly Norma! Acute Myelord Leucemis Accordng to DNMTIA
Mutaton Status
RB82-
DNMT3mut DNMT2A  non-REBB2-DNMTIA  DNMTIAW! P DNMT34-mut v P (RES2-DNMTIA v P |non-RB832-DNMT24 v
End Point In=142) in=192) in = 500 In=273) DNMT3A) DNMT3A) DNMT2A401)
Complete ramission 42 85 2
Ocdds ratio 1.22 1.08 1.82 Reference group
%% C 0.75101.96 0861t183 0760342
Dzesse-free survval .03 .03 A9
Hazard rato 134 142 1.30 Reference group
%% C 10210175 10310196 03881190
Overall survivel 07 .06 33
Hazard rato 1.25 132 1.16 Reference group
%% C 056810157 10110174 08310163
AbDravistions: mut, Mutates. wi, wid type

expression (P = .04) than DNMT3A-wt patients (Data Supple-
ment). Younger patients with non-R882-DNMT3A mutations
were more frequently NPMI-mutated (P = .02) and showed
trends toward a higher frequency of FLT3-ITD (P = .11) and lower
frequency of CEBPA mutations (P = .07; Data Supplement).
Among older patients, those with R882-DNMT3A mutations
showed trends toward a higher frequency of NPM1 mutations
(P =.09) and FLT3-ITD (P = .15) and lower frequency of CEBPA
mutations (P = .14; Data Supplement). Older patients with non-

A o
= DNMTIA wt
- w— DNMTIA mutated
& 0.8 4
2
= g 0.6+
2 2
3 & 04-
@
B
'§ 0.2 4
o P = 03 {adjustec for age group|

0 1 2 3 a 5
Time [years)
B 1.04
- DNMTIA wt
w— DNMTIA mutasted
— 08
=
S _
33 041
Be
O 5 04
-
2
o 0.2

P s 07 {adjustec for age group|

0 1 2 3 4
Time [years)

o -

Fg 1. Age group-adyustad chinical cuicome for patents with and without
DNMT3IA mutations. (A) Deesse-free survive. (Bl Cverall survival. The curves
are adjusted for 308 group, wi. wild type

W N0.008

R882-DNMT3A mutations were more likely NPMI-mutated
(P = .003) and, by trend, WT1-mutated (P = .07) and less likely
CEBPA-mutated (P = .05; Data Supplement).

Association of DNMT3A Mutation Status With
Clinical Outcome

When younger and older patients were considered together in
analyses adjusted for age group, DNMT3A mutations were not
associated with the probability of CR attainment (P = 42; Table 2).
With a median follow-up of 7.5 years (range, 2.3 to 12.4 years) for
patients alive, those harboring DNMT3A mutations had shorter
discase-free survival (DFS; P = .03) and a trend toward shorter OS
(P = .07) than DNMT3A-wt patients (Table 2; Fig 1). In a multi-
variable analysis for DFS (Table 3), DNMT3A mutations were
associated with a 47% increased risk of relapse or death (P = .01),
once adjusted for FLT3-ITD, WT1 mutations, MLL-PTD status,
and age group. In contrast, once adjusted for other clinical and
molecular prognosticators, there was no association of DNMT73A
mutation status with OS.

Association of Different DNMT3A Mutation Types
With Clinical Outcome

We tested the association of the two types of DNMT3A muta-
tions with outcome of younger and older patients separately be-
cause these age groups were treated on Cancer and Leukemia
Group B protocols that differ in chemotherapy intensity (Data
Supplement). Neither type of DNMT3A mutation had an impact
on the probability of achieving CR in younger or older patients.

In younger patients, R882-DNMT3A mutations were not sig-
nificantly associated with DFS or OS (Table 4, Figs 2A and 2B). In
contrast, patients harboring non—-R882-DNMT3A mutations had a
significantly shorter DFS (P = .007; 3-year rates, 20% v 49%; Fig
2A) and a trend toward shorter OS (P = .09; 3-year rates, 29% v
52%; Fig 2B) than DNMT3A-wt patients (Table 4). In a multivari-
able analysis for DFS (Table 3), patients with non-R882-DNMT3A
mutations had an almost three-fold increased risk of relapse or
death (P = .002), once adjusted for FLT3-ITD and mutations in
NPM]1, CEBPA, and WT1. Likewise, in @ multivariable model for
OS (Table 3), the risk of death of non-R882-DNMT3A-mutated patients
was more than twice that of DNMT3A-wt patients (P = .02) after adjust-
ment for FLT3-ITD, NPMI, CEBPA, and WT1 mutation status.
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Table 3 Multivariable Aralyses for Cutcome in Patients With Primary Cytogeneticsly Normal Acute Myelod Leukena
Dsease-Free Survival Overall Sunvival
Growp HR %% 0 P HR 85% C P
Al panants
DNMT3ZA, mutated v wid type 147 10810200 om ONMT3A mutation Status was not
FLT3ITD, ITD vne ITD 1.82 1.34102.48 <.001 signdicantly associated with OS
WT?1, mutsted v wid type 217 12610272 005 upon adusting for other veriables
MLL-PTD, present v absent 1.95 1.12103.39 .02
Age group, olger v yourger 253 18910339 < .0
Pavants, age < 60 years
DINMT2A, ron-ABBZ-mutsted v wid type 278 14510 5.38 002 224 11710430 .02
NPM1, mutated vwiki type 052 0.29100.95 .03 038 02310064 < .001
FLTZTO, ITO vne ITD 1.79 107 w03.02 3 1.70 10610276 e
CEBPA. double-mutated v sngle-mutated or wiki type 021 00910050 < .0 015 00610035 <001
WT1, mutsted v wid type 488 237101004 < .001 591 3.2010 10.90 < .001
Patients, age = 60 years
DINMT2A, RES2-mutated v wikd type 1.85 1.20102.84 006 1.78 1.24102.49 .002
NAMI, mutated vwild type 054 03610080 002 043 03510066 <.001
FLTZTO, ITD vno ITD 200 1341025 <.001 180 13110247 <001
Age, eech 10 year increase 098 0.83100.99 02
Abbresiations: FLTHTD, imterra’ tandern duplicstion of the FLT3 gene; HR, hazard ratio; MLLPTD, partaal tanden duplicstion of the MLL gene.

In older patients, R882-DNMT3A mutations were associated
with significantly shorter DFS (P = .006; 3-year rates, 3% v 21%;
Fig 2C) and OS (P = .01; 3-year rates, 4% v 24%; Fig 2D), whereas
non-R882-DNMT3A mutations were not (Table 4, Figs 2C and
2D). In a multivariable model for DFS (Table 3), R882-DNMT3A
mutations remained associated with an 85% increased risk of relapse
or death (P = .005) after adjustment for NPMI mutation and FLT3-
ITD status and age. Similarly, in a multivariable model for OS (Table
3), RBE2-DNMT3A mutations were associated with a 76% increased

risk of death (P = .002) once adjusted for NPMI mutation and
FLT3-ITD status.

Gene- and microRNA-Expression Signatures
Associated With DNMT3A Mutations

To gain insights into the biology of DNMT3A-mutated CN-
AML, we studied mutation-associated gene-expression signaturesin a
subset of patients (n = 278) with available material. Clinical and

Table 4, Cutcoma of Patents With Primary Cytogenetically Normal Acute Myeloid Leukema, Accorging 10 Age Group ang Typa of DNMT3IA Mutaton
RE32- non-RB32- PIONMT3AmMUt v PIRBBZ-ONMTIA v P inon-REB2-ONMT3A v
End Point IMT3A-mut ONMT3A  DNMTIA ONMT3Awt DNMT24890) DNMTZA1 ONMT3Aw
Patants < 60 years of age, no. 64 a7 17 "z
Complete remiss.on rate, % a1 79 83 96 182) 1.00 &6 74
Disease-free surviva' 6 ;B 007
Median, yeers 11 1.3 07 29
% Disease-free at 3 yoars 37 a3 20 43
95% O 241048 271058 51042 351059
Cuverall sunaval 36 78 09
Median, yeers 14 as 13 36
% Alve at 3 years 45 51 2 52
5% O 331057 Hwes w5 431061
Paants = 60 years of age, no 78 a5 <] 156
Complete remisson rate, % 73 n % 65 30 59 3
Dissase-free survivel 1 .008 a1
Median, yeers 0.7 07 10 1.0
% Disease-free a1 3 yaars " 3 20 21
5% 41020 11014 7037 141030
Overzll survival 10 .0 96
Madian, years 1.0 08 11 1.3
% Alve at 3 years 12 4 24 24
5% C 61021 11013 13 17103
ABDrEVatons: Mut. mutated; wt, wikl type
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molecular characteristics and outcome of this subset were similar to
those of patients not analyzed.

A gene-expression signature associated with DNMT3A muta-
tions comprised 1,886 differentially expressed probe sets: 1,323 were
upregulated and 563 downregulated in DNMT3A-mutated patients
(Data Supplement). The most upregulated known gene was VCAN,
encoding a protein involved in cell adhesion, proliferation, migration,
and angiogenesis; the most downregulated gene was ALAS2, involved
in the heme biosynthetic pathway. However, the signature had an
overall cross-validated accuracy of only 67% for predicting DNMT3A
mutation status (629 sensitivity; 70% specificity), thereby suggesting
the contributing effect of other associated molecular aberrations.

When we attempted to derive gene-expression signatures associ-
ated with specific types of DNMT3A mutations, no significant signa-
ture separated patients harboring non-RE882-DNMT3A mutations
(n = 32) from those with DNMT3A-R882 mutation (n = 60).

For microRNA profiling, younger and older patients were ana-
lyzed separately to avoid confounding batch effects. Testing for differ-
entially expressed microRNAs revealed no signature associated with
DNMT3A mutations in the younger group. [n contrast, we derived a
signature consisting of 12 microRNAs associated with DNMT3A mu-
tations in older patients (Data Supplement), with four microRNA
probes upregulated, including a member of the miR-10 family report-
edly associated with NPM1 mutations, " and cight miccoRNA probes
downregulated, induding miR-181¢, a member of the miR-181 family

WWW. G0N

associated with CEBPA mutations.” However, these features might
reflect confounding as a result of the significant positive association of
DNMT3A mutations with NPM] mutations and the negative associ-
ation with CEBPA mutations. This microRNA-expression signature
had an overall accuracy of only 58% for predicting DNMT3A muta-
tion status (499 sensitivity; 629 specificity).

Advanced sequencing technologies have allowed analysis of the whole
genome of AML blasts. Application of these technologies has recently
identified two novel recurrent gene mutations in CN-AML, first IDH]
mutations™ and, more recently, DNMT3A mutations.” As this ap-
proach becomes broadly used, it is likely that previously unrecognized
mutations in AML will continue to emerge. Because these mutations
have the potential to contribute to myeloid leukemogenesis and be-
come prognostic factors and/or therapeutic targets, it is imperative to
rapidly test their biologic and clinical impact on patients with AML.
However, from previously discovered mutated or aberrantly ex-
pressed genes in CN-AML, we have learned that only rarely is testing
for a single genetic alteration sufficient for accurate outcome predic-
tion and treatment guidance.” Instead, the clinical impact of most
molecular markers is influenced by other, concurrent molecular
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aberrations.'******! Therefore, to fully understand the clinical signif-
icance of emerging molecular markers, such as DNMT3A mutations,
they need to be evaluated in large serics of patients homogeneous for
age and type of disease (primary v secondary or treatment-related
AML), similarly treated and fully characterized for established prog-
nostic markers. To our knowledge, our study analyzed DNMT3A
mutations in the largest CN-AML patient cohort to date and is first to
report subgroup analyses and multivariable models considering dif-
ferent types of DNMT3A mutations in distinct age groups.

We found that DNMT3A mutations were among the most com-
mon mutations in CN-AML, occurring in 34% of patients, with a
similar frequency among younger and older patients, and were signif-
icantly associated with NPM1 mutations, FLT3-ITD, and wild-type
CEBPA. Regarding prognostic significance, we showed that DNMT3A
mutations had worse DFS and OS, after adjustment for age. Moreover,
we observed that the prognostic significance of DNMT3A mutations
depended both on age and the type of mutation (R882-DNMT3A v
non-R882-DNMT3A) considered concurrently (see Fig 2 and also
Data Supplement). In younger patients, only non-R882-DNMT3A
mutations were associated with worse clinical outcome, whereas
R882-DNMT3A mutations had no prognostic significance. Con-
versely, in older patients, only R882-DNMT3A mutations, not non—
R882-DNMT3A mutations, were independently associated with
worse outcome. The reasons why the prognostic significance of differ-
ent DNMT3A mutation types varics in younger and older patients are
currently unknown. One could postulate that this is related to their
association with other prognosticators. Thus, in older patients, the
potentially negative prognostic significance of non-R882-DNMT3A
mutations might have been somewhat offset by a high incidence
(79%) of accompanying NPMI mutations, known to favorably affect
prognosis of older patients."” However, two thirds of older patients
with the prognostically adverse R882-DNMT3A mutations also har-
bored NPM1 mutations, and slight differences in frequencies of other
molecular markers between patients harboring R882-DNMT3A and
non-R882-DNMT3A mutations, both in the older and younger age
groups, do not seem sufficient to account for the differential associa-
tion of the two DNMT3A mutation types on treatment outcome.

Our results differ somewhat from those reported by Ley et al,”
who found a strong, independent association of DNMT3A mutations
with O, and those by Thol et al,™ who studied only patients younger
than 60 years and who found that in the CN-AML subgroup,
DNMT3A mutations were associated with a lower CR rate and shorter
OS in multivariable analyses. These discrepancies may be related to
differences in the patient populations analyzed with respect to their
size, cytogencetics, molecular markers, age, discase type, and treatment.
Furthermore, previous studies did not include older patients™ or
included only a small proportion of older patients and did not present
data on CR rates, DFS, or multivariable analyses for patients with
CN-AML." Therefore, a direct comparison of the findings across
studies is not possible.

We also report the first gene- and microRNA-expression sig-
natures associated with DNMT3A mutations. However, the accu-
racy of the genc-expression signature in predicting DNMT3A
mutational status was only 67%. These results are consistent with
an unsupervised analysis of gene-expression array data reported by
Ley et al,”” where no patient cluster was clearly linked to DNMT3A
mutation status. Similarly, a microRNA-expression signature de-

M8 © 2012 oy Armenican Society of Clinics Orcoogy

rived in older patients with CN-AML comprised microRNAs
strongly associated with other markers (ie, NPMI mutations and
wild-type CEBPA) and was not accurate in predicting DNMT3A mu-
tational status. These results suggest that DNMT3A mutations have no
strong impact on genome-wide gene- and microRNA-expression
profiles in CN-AML. The signatures we identified might at least par-
tially reflect the association of DNMT3A mutation status with other
molecular markers that are themselves associated with characteristic
gene- and microRNA-expression signatures.

The mechanisms through which DNM73A mutations con-
tribute to leukemogenesis are not yet characterized. Although two
studies”* found no differences in global DNA methylation or
changes in gene methylation patterns in DNMT3A-mutated pa-
tients, other reports™™* suggested that most of the DNMT3A mu-
tations decrcase the enzymatic activity of the encoded protein.
Uncovering how DNMT3A mutations affect DNA methylation and
epigenetic regulation of gene expression may have ramifications for
treatment sclection because DNA hypomethylating agents, such as
decitabine, are increasingly used for up-front or salvage therapies in
older patients with AML,”" and response to these drugs may be af-
fected by alterations in DNMT3A function.™

In summary, testing for the mutations in DNMT3A may pro-
vide a new tool for refining age-related risk classification of CN-
AML. The strongest prognostic significance was found in older
patients harboring R882-DNMT3A mutations, whereas non—
R882-DNMT3A mutations were associated with relapse risk in
younger patients. The gene- and microRNA-expression signatures
were not accurate in predicting DNMT3A mutational status likely
because they are affected by other, concurrent molecular markers.
Thus the contribution of the DNMT3A mutations to myeloid leuke-
mogenesis requires further investigation, as does the usefulness of
DNMT3A mutations for risk stratification both in patients with CN-
AML and in other cytogenetic and molecular subsets of AML.

AUTHORS’ DISCLOSURES OF POTENTIAL CONFLICTS
OF INTEREST

The author(s) indicated no potential conflicts of interest.

AUTHOR CONTRIBUTIONS

Conception and design: Guido Marcucci, Klaus H. Metzeler,

Clara D. Bloomfield

Financial support: Guido Marcucci

Provision of study materials or patients: Guido Marcucc, Bayard L.
Powell, Thomas H. Carter, Jonathan E. Kolitz, Meir Wetzler, Andrew

|. Carroll, Maria R. Baer, Joseph O. Moore, Michael A. Caligiuri,
Richard A. Larson

Collection and assembly of data: Guido Marcucdi, Klaus H. Metzeler,
Sebastian Schwind, Heiko Becker, Krzysziof Mrozek, Susan P. Whitman,
Yue-Zhong W, Bayard L. Powell, Thomas H. Carter, Jonathan E. Kolitz,
Meir Wewzler, Andrew |. Carroll, Maria R. Baer, Joseph O. Moore,
Michael A. Caligiuri, Richard A. Larson, Clara D. Bloomfield

Data analysis and interp ion: Guido Marcucci, Klaws H. Metzeler,
Sebastian Schwind, Heiko Becker, Kati Maharry, Krzysztof Mrozek,
Michael D. Radmacher, Jessica Kohlschmidt, Deedra Nicolet,

Clara D. Bloomfield

Manuscript writing: All authors

Final approval of manuscript: All authors

JOURNAL oF Cusacar Oxoooay



REFERENCES

1. Byrd JC, Mrézek K Dodge RK, et al: Pretreat-
ment cytogenetic abnormalties are predictive of
Induction success, cumulatve incidence of relapse,
ard ovaral survival n adult patents with de novo
scute myeloid leukerma: Resuts from Cancer and
Leukema Group B (CALGB 8481). Blood 100:4326-
4336, 2002

2. Grrwade D, Hils 3K Moorman AV, et at
Refinement of cytogenetic classfication in acute
myelod leakernia: Determiration of prognostic sig-
nficance of rare recuming chromasomal abnormalk-
ues among 5876 younger adult patients treatec in
the United Kirgdormn Medical Research Counci -
als. Bloed 116:364-385, 2010

3. Mrdzex X, Marcuce G, Paschka P, et at
Cinical relevance of mutations and gene-axpression
changes in adult scute ryeloid leakemia with ror-
mal cytogenetics: Are we ready for @ prognostcally
prioritized molecular classification? Blood 10%:431-
448, 2007

4. Déhner H, Estey EH, Amador S, et al: Diag-
nasis and management of acute myekid leucemis
In aduts: Recommandstions from an intarmatonal
axpert panal on bahalf of the European Leukams-
aNet. Blood 1156:463-474, 2010

5. Mrézex K, Heerems NA, Bloornfiels CD: Cy-
wganatics in acute ukema. Blocd Rev 18115
136, 2004

6. Thiede C, Steudel C, Mo™r B, et al: Aralysis of
FLT3-activating mutations n 979 patents with acute
MYE0gencus leukemia: Associaton with FAB sub-
types and ientfication of subgroups with poor
progross. Blood 99:4326-4335, 2002

1. Whitran SP, Msrarry K, Radmacher MD, et at
FLTS ntend tandem duplcstion assocates with ad-
verse OUiCome and gene- and mMICroSNA-SNNasson
sgranres in patents 60 years of age or older with
prmary cytogenaticaly normal acute rmyelod leckemia:
A Cancer and Leckermia Group B study. Biood 1163622
3626, 20

8. Marcuce G, Maharry &, Radmacher MD, etat
Prognustic significance of, and gene and microRNA
Qresson sig ated with, CEBPA mu-
181015 In cytoganeticaly normal acute myeloid leu-
kemva with hgh-risk molecy/ar features: A Cancer
ard Leukerna Group B study. J Clin Oncel 26:5078-
5087, 2008

9. Tasasen E, Bullnger L. Corbacioghy A et al:
Frognostc impact, concurent genatc mutations,
anrd gene expressicn features of AML with CEBPA
mutations in a cohort of 1182 cytogenetically noemal
AML patients: Further evdence for CEGPA double
mutant AML as a aistnctive disaase antty. Blocd
117:2469-2475, 2011

10. Paschka P, Marcacei G, Ruppert AS, et st
Wilrs” wmor 1 gene mutations indepandantly pre-
dct poor outcome In adults with cytogenatcally
narmal acute myeksid leukema: A Cancer and Leu-
ke Group B study. J Clin Oncel 28:4505-4602,
2008

1, Becker H, Marcuce G, Maharry K, et at
Mutations of the WHms tumar 1 gane (WTT) in older
patients with prmary cytogeneticsly normal acute
myeod leucemis: A Cancer and Leukemss Group B
study. Blood 116:786-752, 2010

12. Dahner K, Schiank RF, Habdank M, et at
Mutsnt nuclecptosmin (NPM1| predicts favorable
progross in younger adults with acute myelod
leukemia and normal cytoganetics: Interaction with
other gane mutatons. Blcod 106:3740-3746, 2005

WNW_NO00

DNMT3A Mutations in Adult Primary CN-AML

13 Becear H, Marcuccl G, Maharry K et al:
Favorable prognostic impact of NPMY mutatons »
alder pat with cytog icaly rormal de rovo
scute myelod leckema and sssocsted pene- and
mcroRNA-axpression signatures: A Cancar and
Leucemiz Group 8 study. J Cin Oncol 28:596-604.
2010

W Metzeler KH, Mabarry K, Radracher MD, et
& TETZ mutations improve the new Eurcpaan Leu-
amaNet nsk classificaton of acute myelo leuke-
ma: A Cancer and Leucerma Group B study. J Cin
Oncel 28:1373-1381, 2011

15 Marcucot G, Maharry K, Wu Y-Z, et al: IDH7
and IDH2 gera mutatons ientdy novel molecuar
Subsets within ge novo cytoganeticaly normal acute
rryeloid leacemia: A Cancer and Leuremis Group B
study. J Clin Oncol 28:2348-2365, 2010

6. Paschka P, Schlenk RF, Gaigzic V', e1al: IDHT
and IDHZ mutatons are fraquant genetic ateratons
in acute myelod leucemis and confer adverse prog-
noesis in cytogeneticsly rormal acute myeloxd leuke-
ma with NPMT mutation wathout FLT3 internal
tardem dupicaton. J Cin Oncol 28:3638-3543,
2010

1). Whitman SP, Ruppert AS, Redmacher MD, et
& FLT3 DEINIESS mutations are associated with
poor misease-free sunaval ard 3 dstinct pane-
expression sgnature among younger adults with de
nevo cytegenetically normal acute myelod leakemia
lacking FLT3 wandem duplcatons. Blood
111:1552-1559, 2008

B Mead AJ, Linck DC, Hils RK, et al: FLT?
tyrosine wrase doman mutstions are biclogically
distinct from and have a sgnificantly more favorable
progrosts than FLTZ | tanckam chupl s N
patients with acute myeloid leukerna. Blood 110:
1262-1270, 2007

19. Dahner K, Tobis X, Ukvich R, et al: Prognastic
sonificance of partial tangem duplcatons of the
MLL gere in adult patkants 16 1o 60 years old with
scute myeloid leukernia and normal oytogenatcs: A
study of the Acute Myelsid Leukernia Study Group
Uim. J Cin Oncol 20:3254-3261, 2002

20. Whitman SP, Ruppert AS, Marcuce: G, et al:
Long-term dsesse-free survivars with cytogenet-
ically norma’ acute myeloid leucemis and MLL par-
tial tandam dupication: A Cancer ang Leukemia
Group 8 study. Blood 103:5164-5167, 2007

2. Schlenk AF, Donner K, Krauter J, et al: Muts-
tiors and treatment outcome i cytogeneticaly nor-
mal acute myelod leukemia. N Engl J Med 358:
15091918, 2003

22 Baldus CD, Tanner SM, Ruppert AS, et al:
BAALC expresson predicts clinical cutcome of de
Novo acute myeleid leukemia patents with normal
cywogenatics: A Cancer ard Leukerna Group B
study. Bloed 102:1613-1818, 2003

2 Schwind S, Marcuco G, Mabarry K, et al:
BAALC ard ERG axpression levels are associated
with outcoma and distinct gene and MIcroRNA
expression peofiles in older patents with de rovo
cytogenetically rormal acute myeloid leucemia: A
Cancer ang Leukernia Group B study. Blood 116
5660-5669, 2010

2. Marcucci G, Maharry X, Whitman SP, et al:
High expression levels of the ETSrelated pere,
ERG, predict adverse outcome and improve molec-
ular risc-based ifi of cytoo by nor-
mal acute myelod leukemia: A Cancer and
Leucemis Group B study. J Clin Oncel 25:3337-
3343, 2007

25 Heuser M, Beutal G, Krauter J, et al: High
maningoma 1 IMNT) expression as 3 predictor for

32

poOr outcome In acute myalo leukama with nor-
mal cytogenetics. Blood 105:3858-3905, 2006

28. Langer C, Marcucsi G, Heollsnd KB, et al:
Progrostic irportance of MNT transcript leve's, and
bicloge Insights from MNI-3ssocated gere and
mMeroiNA axpression sg in cytooa ¥
normal scute myelod leakemia: A Cancer and Leu-
cemis Group B study. J Cin Onrcol 27:3198-3204,
2009

2. Schwind S, Marcuce: G, Konlschmudt J, et al:
Low expr 1 of MN1 ! with batter
treatment respanse in okier patients with de nave
cylogenetcally normal acute myeloid leukemda,
Blkeod 118:4188-4158, 2011

2. Schwind S, Maharry K, Rasdmache MD, et al:
Progrostic signficance of expression of & sngle
mirofiNA, miR-181a, in cytogenetically rormal
acute myelow leykemia: A Cancar and Leukema
Group B study. J Clin Oncol 28:5257-5264, 2010

29. Mzuno S, Chijrea T, Okarmura T, et al: Expres-
sion of DNA methyitransferases ONMTT, 3A, and
38 in normal hematopoess and in acute and
chronic myelogerous leukemss, Blood 97:1172-
1178, 2001

0. Yar Y. Yusn J, Suetake |, et st Array-
based panomc resequencng of human leukemia,
Oncogena 25:3723-3731. 2010

. Ley TJ, Ding L, Walter MJ, et al: DNMT3A
mutaticns in acute myeloid leukernia. N Ergl J Med
363:2424-2433, 2010

3. Yan X-J, Xu J, Gu ZH, et al: Exoma sequenc-
g dentifies somatc mutations of DNA methyl-
transferase gene DNMTIA n scute monocytc
laukema. Nat Ganet 43:309-315, 2011

1, Tho F, Damm F, Lideking A, et al: Incidence
and progroste influence of DNMT3IA mutatons in
soate myeloid leukernia. J Clin Oncol 29268852698,
20m

A, Kotz JZ, George SL. Marcuce G, et al:
Pglycoprotein mhibition usng valspodar |PSC-833)
doas not improve outcomes for patients under age
80 years with newdy diagrosed acute myeloid leu-
kamia: Cancer and Leukeria Group B study 19808,
Blood 116:1413-1421, 2010

3. Kolitz JE, Gecrge SL, Dodge RK, et al: Dose
escalstion studies of optarsbine, daunarubicin, and
arepasde With and without multidrug resistance
maodulation with PSC833 in untreated adults with
scate myelsid leucemis younger than 80 yeers: Firal
mduction results of Cancer ard Leucemis Group B
Study 9621. J Cin Oncol 22:4230-4301, 2004

36, Baar MA, Gaorge SL, Sanford BL. e1al: Esca-
tion of dauncrubicin and additon of etoposide in
the ADE regrmen in scute myeloid leucemss patients
aged 60 years and older: Cancer and Leukema
Group B study 9720, Leukemia 25:800-807. 2011

3. Msyer RJ, Davis RB, Schiffer CA, et sl: Inten-
sve postremisson chematheragy in adults with
acute Myeloid leukamia. N Engl J Med 331:856-503,
1994

38. Store AM, Berg DT, Gearge SL, et al: Postre-
mission therspy in clder patients with de novo acute
myelold leukama: A randomized tial companng
mAoantrone and intermedate-aose cytarabing with
standard-dose cytarsbine. Blood 88:548-653, 2001

3. Lee EJ, George SL, Cabgiuri M, et al: Parallel
phase | studies of dsurorubicin gven with cytara-
bine and etoposice with or without the multdrug
resstance modulator PSC833 In pravously un-
treated patierts 60 years of age or older with acute
myeloid leukema: Results of Cancer and Leukerma
Group B study 3420, J Cin Oncol 17:2831-2639,
1995

© 2012 by American Society of Cincal Oncolegy 789



40. Baar MR, Georpa SL, Docge RK et al: Prase
3 study of tha multicrug resistanca modulater PSC-
833 In previously untreatad patients 60 years of age
and olgar with acute myeiod leukemia: Cancer and
Leukemia Group B Study 9720. Blood 100:1224-
1232, 2002

4. Bser MR, George SL, Csiguri MA, et al:
Lovrdose interleukin-2 imrmunothersgy doas not
rrprave outcome of patierts age 80 yeers and older
with acute myeloid leukamia in first complete remis-
son: Cancer and Leukema Group B study 9720,
J Cin Orcol 26:4934-4539, 2008

2. Marcucci G, Moser 8, Blum W, et al: A
phase /Il randomaed tna of intanswe induction
and consclidstion chermatherapy = cbimersen, a
prospoptotic Bol2 antisense cligonucleatide in
untreated acute myeloid leakerss patients > 60
years okd. J Clin Oncol 25:360s, 2007 {suppl; abstr
7012)

43, Mrdzec X, Carroll AJ, Maharry K, et al: Cantral
revew of CyTogenetics s necassary for cooparative

Marcucei ot al

group correlative and clinical studes of adult acute
leucemia: The Cancer and Leucemia Group B expe-
rance. Int J Oncol 33:239-244, 2008

44, Whnitman SP, Archer KJ, Ferg L, et al: Ab-
senoce of the wild-type alele predcts peor progross
In adut de nove acute Myelowd leucamia with normal
cytogenetics and the internal tandem duplication of
FLT3: A Carcer and Leukema Group B study. Can-
cer Res §1:7233-7239, 2001

45. Calguri MA, Strout MP, Schchrman SA, et al:
Pantia tancem dupicaton of ALLT a5 a recurent
moleculsr dafect in acute myelod leukemia with
trisormy 11, Cancer Res 56:1418-1426, 1998

48, Marcucel G, Radmacner MD, Maharry K et al:
MicrofiNA expression in cytogenetically norms
acute rmryeloid leukernia. N Engl J Med 358:1919-
1928, 2008

4). Chesor BD, Csssleth PA Head DR, et al:
Report of the Natienal Cancer Institute-sponscred
worcshop on definitons of dagnesis and response

Affiliations

In acute myelod leukemia. J Cin Oncol 8:813-818,
1950

&8 Scnolzovd E. Malk A, Sewcik J, et at BNA
regulation and cancer development. Cancer Lett
246:12-23, 2007

8. Scrwerz M, Rodelsparger C, Schueke M, et
al: MutationTaster evaluates disease-causng pater-
tisl of sequence alterations. Nat Metheds 7:576-
576, 2010

S8 Mards =R, Ding L. Dooing DJ, et al: Recumng
musations found by an acute mMyakod
leukernia ganome. N Engl J Med 361:1068-1066,
2009

51, Piass C, Oaas C, Blum W, et a- Epiganetics
in scute myeloid leukernia. Semn Oncol 35:378-
387, 2008

82 Metzeler KM, Walcer A Geyer S, et st
DNMT3A mutatons and response to the hypo-
methylating agent decitabine in acute myelod leu-
kema. Levkema ool 10.1038%eu.2011.342 lepub
ahaad of print on Novermnber 29, 2011)

Guido Marcucdi, Klaus H. Metzeler, Sebastian Schwind, Heiko Becker, Kati Maharry, Krzysztof Mrézek, Michael D. Radmacher, Jessica
Kohlschmidt, Deedra Nicolet, Susan P. Whitman, Yue-Zhong Wu, Michael A. Caligiuri, and Clara D. Bloomfield, The Ohio State University
Comprehensive Cancer Center, Columbus, OH; Kati Maharry, Michael D. Radmacher, Jessica Kohlschmidt, and Deedra Nicolet, Alliance for
Clinical Trials in Oncology Statistics and Data Center, Mayo Clinic, Rochester, MN; Bayard L. Powell, Wake Forest University, Winston-Salem,
NC; Thomas H. Carter, University of lowa, lowa City, IA; Jonathan E. Kolitz, Hofstra North Shore-Long Island Jewish School of Medicine, Lake
Success, NY; Meir Wetzler, Roswell Park Cancer Institute, Buffalo, NY; Andrew ]. Carroll, University of Alabama at Birmingham, Birmingham,
AL; Maria R. Baer, University of Maryland, Baltimore, MD; Joseph O. Moore, Duke University Medical Center, Durham, NC; and Richard A.
Larson, University of Chicago Medical Center, Chicago, IL.

150  © 2012 by American Society of Cinical Oncology

33

Jounsan ar Cuxicar, Oscoosy



Bone Marrow Transplantation {2017}, 1-4
© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved 0268-3369/17

www.nature.com/bmt

LETTER TO THE EDITOR
Prognostic impact of the European LeukemiaNet standardized

reporting system in older AML patients receiving stem cell
transplantation after non-myeloablative conditioning

Bone Marrow Transplantation advance online publication,
3 April 2017; doi:10.1038/bmt.2017.42

AML is a biologically heterogeneous disease with highly diverse
patient outcomes. A reporting system has been developed by the
European LeukemiaNet (ELN) to standardize AML classification.’
The prognostic impact of the four ELN genetic groups (favorable,
intermediate-l, intermediate-ll and adverse) has mainly been
shown in two studies”” While patients within the favorable
genetic group had the best outcome and patients within the
adverse genetic group had the worst outcome, the prognosis for

younger patients [ < 60 years) within the intermediate-ll genetic
group was superior compared to the intermediate-I genetic group.
In older patients (260 years), the outcome was comparable
between the two intermediate genetic groups.” ™ These studies
focused predominantly on patients who did not receive a
hematopoietic stem cell transplantation (HCT) in first cr.'?

HCT is an important treatment option for AML patients for
whom a suitable donor is available.”” To date, only the study by
Réllig et al® has analyzed the prognostic impact of the ELN
genetic groups in a subgroup of 165 patients under 56 years
receiving myeloablative conditioning (12Gy TBI or busulfan
(16 mg/kg) followed by cyclophosphamide (120 mg/kg)) HCT.

H)

Table 1. Characteristics of 159 older AML patients treated with NMA-HCT
Al patients ELN genetic groups
Favorable intermediate-I intermediate-Il Adverse
All patients, n (%) 159 28 (18) 35 (22) 39 (25) 57 (36)
Age, median, years (range) 66 (60-76) 66 (60-74) 67 (61-75) 68 (60-74) 65 (60-76)
Female, n (%) 73 (46) 16 (57) 12 (34) 15 (38) 29 (51)
Male, n (%) 86 (54) 12 (43) 23 (66) 24 (62) 28 (49)
Hemoglobin, g/dL {range) 85 (5.3-14.7) 84 (6.1-12.5) 90 (6.4-14.7) B8 (5.8-11.7) 82 (5.3-133)
Platelet count, x 10°/L {range) 64 (1-305) 75 (3-207) 80 (1-178) 72 (2-305) 41 (2-201)
WBC, % 10%L (range) 4.5 (0.7-385) 10.9 {1-160} 75 (0.9-295) 25 (0.7-385) 37 (0.7-78)
Blood blasts, % {range} 20 {0-97) 23 {2-92) 15 {0-97) 26 (4-97) 17 (0-82)
BM blasts, % {range) 52 {3-95) 56 {3-88) 51 (20-95) 55 (21-95) 52 (21-92)
Therapy cycles to achieve CR1, n (range) 1{1-4) 1{1-2) 1{1-4) 1(1-3) 2(1-3)
Diseases status
De nove, n (%) 81 (51) 18 (64) 21 (60) 11 (28) 31 (54)
Following MOS/MPN, n (%) 61 (38) 8 (29) 11 (32) 25 (64) 17 (30)
Therapy-related, n (%) 17071 2 36 38 91{16)
Median year of Tx {range) 2009 (2003-2013) 2008 {2003-2013) 2008 {2003-2013) 2009 {2000-2014) 2009 (2001-2014)
Denor stotus
Matched-related, n {%) 23 (14) 6(21) 6017 61{15) 519
Matched-unrelated, n (%) 89 (56) 18 (64) 21 (60} 20 (57) 30 (53)
Mismatched-unrelated, n (%) 47 (30) 4 15) 8{23) 13 (34) 22 (37)
Remission stotus
CR, n (%) 114 (72) 24 (85) 30 (86) 27 (70) 33 (58)
CR1, n (%) 89 (56) 20 (71) 22 (63) 19 (49) 28 (49)
CR2/CR3, n {%) 25 (16} 4 14) 81{23) 821 519
CRi, n {%) 24 (15) 3 2(6) 61{15) 13 (23)
PR, n (%) 21 (13} 1(4) 3(9) 6{15) 11 (19)
Abbreviations: BM =bone marrow; CRIi=CR with incomplete recovery; ELN =European LeukemiaNet; HCT =hematopoietic stem cell transplantation;
MOS = myelodysplastic syndrome; MPN = myeloproliferative neoplasm: NMA = non-myeloablative; Tx = transplantation; WBC = WBC count.
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Fgure 1. Distribution of the ELN genetic groups (a) and leukemia-free survival (b), cumulative incidence of relapse (c), and overall survival

(d) according to the ELN genetic groups of 159 older AML patients (=60 years) after NMA-HCT.

For these patients, the authors observed no significant outcome
differences between the favorable, intermediate-l and
intermediate-ll genetic groups, but a worse prognosis of the
adverse genetic group. Ancther study by Oran et al.’” analyzed
the prognostic impact of a modified ELN dassification system—
lacking information on NPM1 or CEBPA gene mutation status—in
423 AML patients (including 101 patients =60 years) who
underwent HCT in first CR after various conditioning regimens.
Here, the modified favorable risk and modified intermediate-|l risk
genetic groups had the best outcomes for both younger and older
patients.

In the last decade, non-myeloablative (NMA) conditioning
regimens for HCT have been used increasingly, since they allow
patients to benefit from HCT, who are not eligible to receive
myeloablative conditioning due to advanced age or comorbidities.
NMA regimens are mainly immunosuppressive with low toxicity,
and their therapeutic action is based almost exclusively on an
immunological GvL effect. However, to our knowledge, studies
analyzing the prognostic impact of the ELN standardized
reporting system in AML patients receiving NMA-HCT have not
been previously reported.

Here, we analyzed 159 older AML patients (260 years) with
a median age of 66 years (range 6076 years) diagnosed between
May 2000 and December 2012 at our institution. All patients
received NMA-HCT (2Gy TBI with or without fludarabine)

Bone Marrow Transplantation (2017), 1-4

after cytarabine-based induction cycles (for further details,
see Supplementary Information). Written informed consent for
participation in these studies was obtained in accordance with the
Declaration of Helsinki. Basic clinical and biological characteristics
of the analyzed patients are shown in Table 1 and Supplementary
Table S1. The median follow-up for patients alive was 2.9 years.
Bone marrow or peripheral blood from the day of diagnosis was
used for analyses. Cytogenetics were determined using standard
techniques for banding and FISH. We analyzed the presence of
FLT3-ITD (internal tandem duplication)” and the mutation
status of NPM1,’ as previously described, and that of the
CEBPA gene (see Supplementary Information and Supplementary
Table S2) and classified the patients into four genetic groups
according to ELN recommendations.’

Patient distribution according to the ELN genetic groups was:
176% favorable (n=28), 220% intermediate-l (n=35), 24.5%
intermediate-ll {n =39) and 35.8% adverse (n=57; Figure 1a). The
ELN genetic group distribution of our cohort was comearable to
previously published data, for example, by Mrézek et al.” for older
patients (P=0.59; 20%, 19%, 30% and 31%, respectively, according
to ELN genetic groups).

We observed a leukemia-free survival of 42.5% {95% confidence
interval 34.4-526%), a cumulative inddence of relapse of 37.9%
{95% confidence interval 29.1-46.6%) after 3 years, a median
overall survival after NMA-HCT of 2.0 years and a 3-year overall

© 2017 Macmillan Publishers Limited, part of Springer Nature.
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survival of 46.5% (95% confidence interval 38.6-84.8%). These
data are comparable with data from previous publications for TBI-
based NMA conditioning regimens (see Supplementary
Information)."*"'

We found a significantly different leukemia-free survival
(P=0.031, Figure 1b), a trend for a different cumulative incidence
of relapse (P=0.062, Figure 1c) and a significantly different overall
survival (P=0.033, Figure 1d) by grouping AML patients according
to the ELN classification system. Non-relapse mortality was not
significantly different between the ELN genetic groups (P=0.56,
Supplementary Figure S4). However, pairwise comparisons of
overall survival among the ELN genetic groups yielded
a significant difference only between the favorable and
intermediate-Il (P=0.01), and between the favorable and adverse
(P=0.005) genetic groups. Notably, with the caveat of limited
group sizes, no significant outcome differences were cbserved
between the intermediate-), intermediate-Il and adverse genetic
groups, suggesting that the ELN genetic grouping may have
a reduced prognostic impact in NMA-HCT-treated AML patients
compared to patients receiving a chemotherapy-based consolida-
tion in first CR*? Interestingly, Réllig et al.” detected no clear
outcome differences between favorable, intermediate-l and
intermediate-|l genetic groups in their MAC-HCT patient set, while
adverse genetic group patients had a significantly worse
prognosis. Thus, HCT may reduce the prognostic impact of the
ELN reporting system at AML diagnosis.

Since it has been recommended' to report outcomes for
specific subsets within each ELN genetic group, we analyzed those
with a sufficient number of patients available (Supplementary
Figures 51-53).

The favorable genetic group consists of patients with a
core-binding factor AML (t{8;21)(q22:922) and inv{16)(p13.1q22),
or t{16;16)(p13.1,922)), a mutation in the gene CEBPA or a NPM1
mutation without FLT3-ITD (both with normal karyotype). In our
cohort, no significant difference between the subsets was
observed (Supplementary Figure S1). A significantly improved
outcome within the favorable genetic group has been described
for older patients with core-binding factor AML receiving
a chemotherapy-based consolidation in first CR* However,
our set included only three patients with core-binding factor
AML, preventing further analysis.

Similarly, no difference in outcome for the subsets was
observed in the intermediate-l genetic group (Supplementary
Figure S2). Interestingly, Mrozek et al” and several other
publications described a significantly worse outcome for older
patients with FLT3-ITD who were consolidated with chemotherapy
in first CR'*'* In our cohort of NMA-HCT treated patients, we
found no significant impact of the presence of a FLT3-TD on
outcome within the intermediate-l genetic group, similar to
a previous report analyzing the FLT3-ITD status in patients
receiving HCT.”'* However, the number of patients in the
intermediate-] group was low (n=35), showing the need of
further investigations of the impact of the presence of a FLT3-ITD
in older NMA-HCT treated AML patients.

The adverse genetic group consists of several subsets, of
which the complex karyotype is the largest. We found that
the subsets within the adverse genetic group differed with
regard to leukemia-free survival {(P=0.03) and overall survival
(P=004; Supplementary Figure S53). Patients with compiex
karyotype had the pcorest prognosis within the adverse genetic
group (data are shown in Supplementary Information). This is in
concordance with data on older patients treated with chemother-
apy in first CR, in which patients with complex karyotype also had
the worst outcome within the adverse genetic group.”™” The
second and third largest subsets in our cohort were patients with
a monosomy 7, known to be the most frequent monosomy in
AML, and loss of chromosome 5, respectively. Both aberrations
have been described as negative prognosticators'™' in AML

© 2017 Macmillan Publishers Limited, par of Springer Nature.
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patients who for the most part did not receive HCT as
consolidation in first CR. However, patients of both subsets
treated with NMA-HCT showed an improved outcome compared
to the complex karyotype within the adverse genetic group, which
is similar to previous publications for older, transplanted patients.”

In conclusion, we observed outcome differences between the
ELN genetic groups for AML patients receiving NMA-HCT, with
patients within the favorable genetic group having the best
prognosis. However, pairwise comparison revealed that only
patients within the favorable genetic group performed better
than patients in the intermediate-ll or adverse genetic groups. The
data presented here suggest that the ELN genetic grouping may
have a reduced prognostic impact for patients receiving NMA-HCT
as compared to those receiving a chemotherapy-based consolida-
tion in first CR.
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2.3 Aberrant BAALC, ERG, and MN1 expression at diagnosis as prognostic factors in
older AML patients

BAALC, ERG, and MN1 expression levels have been identified as prognostic markers in
younger (< 60 years) CN-AML adults at diagnosis. However, most AML patients are diagnosed
aged over 60 years, thus the prognostic impact of BAALC, ERG, and MN1 expression levels in
older patients required further investigation.

In the first paper integrated in this paragraph, diagnostic expression levels of BAALC and ERG
in older AML patients were evaluated. Low BAALC and ERG expression levels were associated
with better outcome in univariable and multivariable analyses. Expression levels of both BAALC
and ERG were the only factors significantly associated with OS upon multivariable analysis.
Furthermore, gene and miR expression signatures associated with BAALC and ERG expression
were assessed.

In the second paper included in this paragraph, MN1 expression levels prior to therapy were
analyzed in older CN-AML patients. Low MN1 expressers had higher CR rates and longer OS
and event-free survival (EFS). MN1 expresser-status-associated gene- and miR-expression
signatures revealed underexpression of drug resistance and adverse outcome predictors, and
overexpression of HOX genes and HOX-gene-embedded miRs in low MN1 expressers.
Interestingly, similarities in the expression signatures in older AML patients in both papers
compared to younger patients were revealed, suggesting that the historically evolved 60 years
might not be the optimal age cut-off regarding biological differences in AML patients. In
conclusion these two papers expanded the knowledge on the strong prognostic impact of
BAALC, ERG, and MN1 expression levels in older AML patients and elucidated the associated

biology by demonstrating gene- and miR-expression signatures.

Manuscripts included in this paragraph:

- Schwind S, Marcucci G, Maharry K, Radmacher MD, Mrézek K, Holland KB, Margeson D, Becker H,
Whitman SP, Wu Y, Metzeler KH, Powell BL, Kolitz JE, Carter TH, Moore JO, Baer MR, Carroll AJ,
Caligiuri MA, Larson RA, Bloomfield CD: BAALC and ERG expression levels are associated with
outcome and distinct gene- and microRNA-expression profiles in older patients with de novo
cytogenetically normal acute myeloid leukemia: A Cancer and Leukemia Group B study. Blood. 2010;
116:5660-9.
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- Schwind S*, Marcucci G*, Kohlschmidt J, Radmacher MD, Mrézek K, Maharry K, Becker H, Metzeler
KH, Whitman SP, Wu Y, Powell BL, Baer MR, Kolitz JE, Carroll AJ, Larson RA, Caligiuri MA,
Bloomfield CD: Low expression of MN1 associates with better treatment response in older patients
with de novo cytogenetically normal acute myeloid leukemia. Blood. 2011; 118:188-98. *shared first-
author

39



MYELOID NEOPLASIA

BAALC and ERG expression levels are associated with outcome and distinct gene
and microRNA expression profiles in older patients with de novo cytogenetically
normal acute myeloid leukemia: a Cancer and Leukemia Group B study

Sebastian Schwind,' Guido Marcucci,'2 Kati Maharry,’# Michael D. Radmacher,'= Krzysztof Mrézek,' Kelsi B. Holland, "2
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Jonathan E. Kolitz, Thomas H. Carter,® Joseph O. Moore,” Maria R. Baer,?2 Andrew J. Carroll,? Michael A. Caligiuri,'#
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'Dmsion ot Hematology and Oncology, Department of Internal Medicing, Comprehansive Cancer Center, The Ohio State University, Columbus, OH;
Depanimant of Microbiciogy, Virology, Immunciogy, and Medical Genatics, Comprenensive Cancer Cantar, The Onlo State University, Columbus, OH; The
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BAALC and ERG expression levels are
prognostic markers in younger (< 60 years)
cytogenetically normal acute myeloid leu-
kemia (CN-AML) adults; their prognostic
impact in older (= 60 years) patients re-
quires further investigation. We evalu-
ated pretreatment expression of BAALC
and ERG in 158 de novo patients treated
on cytarabine/daunorubicin-based proto-
cols. The patients were also character-
ized for other established molecular prog-
nosticators. Low BAALC and ERG
expression levels were assoclated with
better outcome in univariable and multiva-

riable analyses. Expression levels of both
BAALC and ERG were the only factors
significantly assoclated with overall sur-
vival upon multivariable analysis. To gain
blological insights, we derived gene ex-
pression signatures assoclated with
BAALC and ERG expression In older CN-
AML patients. Furthermore, we derived
the first microRNA expression signatures
assoclated with the expression of these
2 genes. In low BAALC expressers, genes
assoclated with undifferentiated hemato-
poletic precursors and unfavorable out-
come predictors were down-regulated,

whereas HOX genes and HOX-gene-
embedded microRNAs were up-regulated.
Low ERG expressers presented with
down-regulation of genes involved Iin
the DNA-methylation machinery, and up-
regulation of miR-148a, which targets
DNMT3B. We conclude that in older CN-
AML patients, low BAALC and ERG ex-
pression assoclates with better outcome
and distinct gene and microRNA expres-
sion signatures that could aid in identify-
ing new targets and novel therapeutic
strategles for older patients. (Blood. 2010;
116(25):5660-5669)

Introduction

Acute myeloid leukemia (AML) is a cytogenetically and molecu-
larly heterogencous discase characterized by clonal proliferation of
myeloid precursors and maturation arrest. Despite progress in our
understanding of the biology of this discase and investigation of
therapies targeting distinct clinical, cytogenetic, and/or molecular
subscts, outcome remains poor for the majority of patients. This is
especially true for patients aged 60 years or more, of whom only
approximately 79%-15% achieve long-term survival.'? The reasons for
the poor outcome of this older patient population may not only relate to
higher froguencies of secondary discase (ic, AML after antecedent
hematologic disorders and/or therapy-related discase), high-risk cytoge-
netics, clinical comorbid conditions, and poor performance status, but
also to the presence of specific molecular genetic alterations, including
gene mutations and changes in gene expression.”

To date, the prognostic significance of molecular genetic alterations
has been studied most extensively in younger (<< 60 years) patients
and found its maximum applicability in cytogenetically normal AML
(CN-AML), which constitutes the largest AML subset.* In this cytoge-
netic subset, mutations in the NPMJ* and CEBPA genes,™” and lower

expression levels of the BAALCY and ERG'"' genes have been
associated with favorable outcome, whereas intemal tandem duplication
of the FLT3 gene (FLT3-ITD)" and W7/ mutations' have been shown
to confer adverse prognosis. Furthermore, because these molecular
alterations are not mutually exclusive, combinations of 2 or more of
them have been used to refine prognostication of CN-AML patients and
are recommended by best practice guidelines for cytogenetic/molecular
risk stratification of AML patients.

CN-AML is also the largest cytogenetic subset among patients aged
60 years or older.'* But, despite the relatively large number of patients
presenting with this feature, few studies have investigated the prognostic
significance of molecular markers in this age group. Recently, we
reported a study demonstrating that NPMJ mutations are associated
with a moee favorable outcome in older CN-AML patients.” However,
to our knowledge, studies testing the prognostic impact of BAALC and
ERG gene cxpression levels in relatively large cohorts of older
CN-AML patients have not been reported.

The BAALC (brain and acute leukemia, cytoplasmic) gene,
located at chromosome band 8922.3, was cloned in the course of

Submined June 11, 2010; accepted August 31, 2010, Prepublished online as Blood
First Edition paper, September 14, 2010; 10.1182blced-2010-08-230536.
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rescarch aimed at the identification of genes associated with a
trisomy of chromosome 8 in AML.'"™ High levels of BAALC
expression were, indeed, found in AML patients with trisomy 8, but
also in a subset of CN-AML patients.**® The ETS-rclated gene,
ERG, located at chromosome band 21q22.3, was first shown to be
involved in leukemogenesis as a fusion partner with the FUS gene
in the rare, but recurrent in AML, t(16;21)(p11:922)." Moreover,
ERG overexpression was demonstrated in AML patients with
complex karyotypes with cryptic amplification of chromosome
21,5 which was first discovered using spectral karyotyping,'® and it
was also found in a fraction of patients with CN-AML."” Our group
was the first to report that high expression levels of the BAALC and
ERG genes contribute to poor prognosis in younger CN-AML
patients,*!” and these results have been corroborated by others, ™ 2
Herein, we sought to determine the prognostic impact of the
expression of BAALC and ERG in older de novo CN-AML patients.
We show, for the first time, that low levels of expression of these
2 genes are significantly associated with improved outcome in
older CN-AML paticnts, even after adjustment for other prognostic
clinical and molecular variables, including NPMJ mutations. In
addition, using genome-wide microarray profiling, we reveal
changes in the expression of specific genes and microRNAs in low
BAALC and ERG cxpressers that may contribute to the less
aggressive discase in these patients. These biological features may
potentially be exploited and lead to new treatment strategics.

BAALCAND EAGINOLDERCN-AML 5661

Gene and microRNA expression profiling

For gene and microRNA expression profiling, total RNA was extracied
from pretreatment BM or blood mononuclear cells. The gene and micro
RNA expression profiling was performed using the Affymetrix U133 plus
2.0 array (Affymetrix) and The Ohio State Universily cusiom microRNA
array (OSU_CCC Version 4.0), respectively, as previously reported ™= and
detailed in supplemental Methods. The microarray dats are available on
ArrayExpress under accession numbers E-TABM-1071 and E-TABM-1072.

Definition of clinical endpoints and statistical analysis

The main objective of this study was o ¢va.ua!.¢ the prognostic impact of
BAALC and ERG e wa oa cli in older CN-AML
patients. The median BML(.MBL) or ERGIABLI copy number values,
respectively, were used o define Jow and high BAALC or ERG expressers.
This cutofl was based oa the trends for overall survival (OS) of patients
divided into quartiles by expression values, where patients in quartile 1 had
beller oulcome than patients in quartile 2, followed by patients in
quartiles 3 and 4 for BAALC and ERG expression (P << 001 and
P << 001, test for trend™).

Definitions of clinical endpoints (eg. CR, disease-free survival [DFS)
and OS) and detals of statistical analyses, including variable selection for
statistical modeling, are provided in the supplemental material. Associa-
tions belween patients with low or high expression of BAALC or ERG for
biseline demographic, clinical, and molecular features were compared
using the Fisher exact and Wilcoxon rank-sum tests for categorical and
conlinuous variables, respectively. Estimated probabilities of DFS and OS
were calculated using the Kaplan-Meier method, and the log-rank test
eval § differences between survival distnibuls Muluvanable logistic

Methods
Patients and treatment

Atotal of 158 patients aged 60 years or older with de novo CN-AML, who
had pretreatment blood available, were analyzed for BAALC and ERG
expression. The patients were treated with intessive cylarabene/daunorubicin-
based regimens on Cancer and Leukemia Group B (CALGB) froat-line
clinical prolocols 8525, 8923, 9420, 9720, or 10201 (see supplemental
Methods for details, available on the Blood Web site; see the buppltmznlal
Vlax:na.s link al the top of the oaline article). Patients with

regression models were constructed 1o analyze factors related 0 the
probability of achieving CR using & limited backward selection procedure.
Muluvaniable proportional h | dels were § for DFS and
OS 10 evaluate the impact of BAALC and ERG expression (low/high) by
adjusting for other variables using & limited backward sel procedure.
For achievement of CR, estimated odds ratios, and for survival endpoents,
hazard ranos with Lhtir cor g 95% ficl intervals were
otained for each sig prognostic faclor.

For the gene and microRNA expression profili mg. -summa:) measures of

gene and IcroRNA ion were normalized, and fillered

b i disorders or therapy-related AML, and those transplanted in
first comp)cl: remission (CR), were excluded. The Ohio State Universily
Institutional Review Board-approved, writlen informed consent for partici-
pation in these studies was oblained from all p in accordance with the
Declaration of Helsinki.

Cytogenetics and additional mutation markers

Pretreatment cytogeneli lyses of bone (BM) were perfoemed by
CALGB-appeoved mstitutional cylogenetic laborsionies as part of CALGB 8461,
apmsquwnzmamwmsnub and the resulls were reviewed
lly.* To be considened cytogy Ly noernal, a Jeast 20 metaphase cells
hdbbcam&ynaﬂandﬂnku)mypc Rmﬂwbcmmml‘

The presence or absence of FLT3-1TD, FLT3 tyrosine kinase domain
mutations (FLT3-TKD), MLL partial tandem duplication (MLL-PTD), and
mutations in the NPMI, CEBPA, WT1, IDHI, and IDH2 genes was also
determined centrally in blood or marrow prelreatment samples, &5 previ-
ously described 5712133627

RNA extraction and real-time RT-PCR to measure BAALC and
ERG expression levels

Preparation of pretreatment blood samples and analysis of BAALC and ERG
expression were performed as peeviously described.™ ! Briefly, total RNA
was extracted using the Trizol method and complementary DNA was
synihesized from tolal RNA. Quantitative real-lime reverse-lranseription—
polymerase chain reaction (RT-PCR) amplification of BAALC, ERG, and
ABLI was performed using standard curves. SAALC and ERG expression
levels are reported a3 copy numbers normalized 1 ABLI copy numbers.

(see suppl 1 maicnal) The profiles wcrt derived by comparing gene
and RNA ¢ n b low and high BAALC expressers and
between low and hlsh ERG exp Univarniable signili e Jevels of
001 for gene and 005 for microRNA expression profiling were used 10
determine, respectively, the probe sets and microRNA probes thal com-
prised the signatures,

All analyses were performed by the CALGB Statistical Center.

Results

Assoclations of BAALC and ERG expression with clinical and
molecular characteristics

At diagnosis, low BAALC expression was associated with mutated
NPM1 (P < .001), wild-type CEBPA (P = .02), and low ERG
expression levels (P < .001; Table 1).

Low ERG expression was associated with lower white blood
count (WBC; P = .005), lower percentages of blood (P < .001)
and BM (P = .001) blasts, the absence of FLT3-ITD (P < .001),
and low BAALC expeession (P << 001; Table 1).

Prognostic value of BAALC and ERG expression

Low BAALC expressers had a higher CR rate (86% vs. 54%:
P < 001)and longer DFS (P = .01; Figure 1A) and OS (P < .001;
Figure 1B) than high expressers (Table 2). Similarly, patients with
low ERG expression had a trend for better CR rates (76% vs. 65%:
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Table 1. Clinical and molecular characteristics at diagnosis according to BAALC and ERG expression status in older CN-AML patients

Charactoristic Low BAALC (n = 79) High BAALC (n = 79) P Low ERG(n = 79) High ERG (n = 79) P

Age,y AT 85
Medan &7 &3 8 (-]
Range £0-78 €083 5081 60-83

Sex, no. (%) 52 M
Male 46 (58) 41 (52) 38 (48) 49 (62)
Female 33 (42) 38 (48) 41(52) 30 (38)

Race, no. (%) 40 1.0
Vihite 73 (34) 68 (89) 70(92) 71 (91)
Norrwhine 5(8) 8(11) 68) 7

Hemoglobin, gidL 43 76
Medan 26 a5 85 85
Range 5.4-15.0 EB145 54136 6.0-150

Plataiet count, x10%L 31 51
Mackan 55 67 69 55
Range 5281 4850 &2m 11850

WBC count, x10%L ] 005
Meackan 278 335 206 380
Range 1.4-4500 1.0-173.1 11-2345 1.0-4500

Blood blasts, % .36 < .00
Medan 52 52 34 68
Range 0-97 09 0-83 0-58

BM blasts, % 80 001
Medkan 70 &7 59 L]
Range 1197 797 787 2a.a7

Extramedullary involvement, no. (%) 16(21) 18 (25) .70 16421) 19 (25) 56

NPMT, 1o, (%) < .001 33
Mutaned 64 (81) 33 (42) 45(57) 52 (68)
Vidtype 15(19) 46 (58) 34 (43) 27 (34)

FLT3ITD, no. (%) 14 < 001
Presert 24 (30) 34 (43) 12{18) 25 (58)
Absent 55 (70) 45(57) 67 (85) 33 (42)

FLT3TKD, no. (%) &1 61
Prosent 10(13) 709 10{13) 78
Absent 68 (87) 72(91) €9 (87) 72 (31)

WT1, no. (%) 21 21
Mutanad 34 8(10) 344) 8(10)
Vid-type 76 (95) 71 (90) 76 (56) 71 (30)

CEBPA, no. (%) o2 65
Mutated 6(8) 17 (22) 10013) 13 (18)
Wig-typa 73 (%2) 62 (78) 6287 66 (B4)

1DHT, no. (%) 09 A0
Mutated 4(5) 10(17) 5(8) a(18)
viidtype 59 (34) 50(83) 59 (82) 53 (85)

MDHZ*, no, (%) 30 A0
R140 IDH2 18 (23) 7(12) 17 {28) 8(13)
R172 IDH2 ] 5(8) 2{3) 3(5)
Vi type 45(1) 48 (80) 42 (68) 51 (82)

MLL-PTD, no. (%) .ce A2
Preaant 2(4) 4 4(N 23
Absent 55 (98) 55 (93) 51(93) 59 (97)

ERG expressiont, no. (%) < .00
Low 51 (65) 28 (35)
High 28 (35) 51 (85)

BAALC expressiont, no, (%) < 001
Low 51 (65) 28 (35)
Hgh 28 (38) 51 (65)

B0, bone marrow; FLTETD, internal tandem duplcation of te FLYI gere; FLY3TKD, tyrosre knase doman mutation of the FLTS gene: MLL-PTD, partial tandem
duplcation of the MLL gene; WBC, white bicod coun,
*Pvalue is for the companison of ADH2 mtated (R140 or R172) versus (0M2 wiki-type.
1The median expression value was used 88 a Gt point,

P = .12) and longer DFS (P = .03; Figure 2A) and OS (P = .003;
Figure 2B; Table 2). The median follow-up for patients alive was  material for full model building description), BAALC cxpression
remained a significant prognosticator (P << .001) after adjustment

3.8 years (range: 2.8-11.6 ycars).
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Figure 1. Outcome of cytogenetically normal older
AML pa ding 10 BAALC exp lov-
els. (A) DFS. (2) OS.

A,

;u

o4

o

Ee-

o2

for NPM 1 mutation status (P = .04) and WBC (P = .02; Table 3).
The odds for achieving a CR were more than 4 times higher for the
low BAALC-expressing group than for high BAALC expressers.
BAALC expression, but not ERG expression, was also a significant
factor for DFS (P = .03), after adjustment for the FLTI-ITD
(P < .001) and age (P = .05; Table 3). The risk of relapse or death
was reduced by 36% for low BAALC expressers. Furthermore,
expression levels of both BAALC and ERG were the only factors
significantly associated with OS upon multivariable analysis
(P < 001 and P = .03, respectively; Table 3). The risk of death
was reduced by approximately one-half in the low BAALC-
expressing group and by approximately one-third in the low
ERG-expressing group.

Because both expression markers were significantly associated
with OS, we investigated the combination of the 2 markers.
Paticnts who had lower expression of BAALC or ERG, or both, had
a significantly longer DFS and OS (P < .001 for both DFS and OS;
Figure 3) than those expressing both markers at high levels. At
3 years, 26% of the patients with low expression of BAALC or
ERG, or both, were alive, compared with only 6% of paticnts who
expressed BAALC and ERG at high levels. However, there were no
significant differences in outcome between patients with low
expression of both BAALC and ERG and those who had low
expression of only 1 of these 2 genes.

We recently reported a strong prognostic impact of NPMJ
mutations on CR rates, DFS, and OS in older CN-AML patients.”®
However, in the set of patients investigated here, NPM/ mutation
status was retained only in our model for CR. Therefore, we
compared different multivariable models for CR attainment, DFS,
and OS using the Akaike information criterion (AIC; supplemental
Table 1A-C). We found that the multivariable model for DFS that
included BAALC expresser status, FLT3-ITD mutation status, and
age, excluding NPMI mutation status, appeared to be better than
other cvaluated models that comprised NPM/ mutation status
(supplemental Table 1B). For OS, we found that a model including
only the BAALC and ERG cxpresser status was better than 2 other
evaluated models that comprised NPMJ mutation status (supplemen-
tal Table 1C).

‘We have also recently reported a trend toward a lower CR rate
and shorter OS in older CN-AML patients harboring W77 muta-
tions.'” This report suggested that the impact of WTJ/ mutation
status might be obscured by the generally poor outcome of older
CN-AML patients. In the current study, we only had 11 patients
who harbored W77 mutations, and we did not see a significant
impact of W7/ mutation status on outcome upon univariable
analyses. Furthermore, only 3 of the 11 WT'/-mutated cases were
low BAALC or low ERG expressers. Therefore, we were not able to
develop multivariable regression models for outcome that would
have evaluated W77/ mutations in the context of low BAALC or
ERG expression status.

Genome-wide gene expression profiling

To gain insights into the biology of older CN-AML patients, we
derived gene expression signatures associated with BAALC and
ERG cxpresser status.

We observed that BAALC cxpression was associated with the
differential cxpression of 482 probe sets, representing 292
annotated genes. Of these, 283 probe sets, which represented
165 annotated genes, were up-regulated, and 199 probe sets,
representing 127 annotated genes, were down-regulated in low
BAALC cexpressers (Figure 4A; supplemental Table 2). Probe
sets representing BAALC were among the most down-regulated
probe sets in low BAALC expressers, confirming our real-time
RT-PCR results. The gene expression signature of BAALC
derived in older CN-AML patients was very similar to that we
reported in patients younger than 60 years.” Low BAALC
expression was associated with up-regulation of genes of the
HOXA and HOXB clusters, as well as the HOX cofactor, MEISI,
that are important for developmental processes and hematopoi-
ctic stem cell function.™ We also observed a higher expression
of CTSG and AZUJj—genes that are cxpressed in mature
neutrophils.’’ As in younger paticnts and consistent with the
more favorable prognosis associated with low BAALC expres-
sion, we found that low BAALC expressers had down-regulation

Table 2. Outcomes according to BAALC and ERG expression in older CN-AML patients

Quicome Low BAALC (n = 79) High BAALC(n = 79) P Low ERG (n = 79) High ERG (n = 79)
Complate remission rate, no. (%) 68 (86) 43 (54) < 001 60 (76) 51(65) a2
Disease-free survival o0 03
Modian, y 1.0 06 10 06
Dissase-¥ee a1 3y, % (85% C1) 19 (11-29) 12 (4-23) 18 (10-29) 14 (6-25)
Qvarall survival < 001 003
Median, y 15 08 14 08
Aveat3y, % (56% CI) 29(19-38) 10 (5-18) 24 (15:34) 15 (8-2¢)

Cl indcates confidence interval.
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of genes previously associated with worse outcome in CN-
AML, including the transcription coregulator, MN1,* the sur-
face marker, CD200," and the growth factor, HGF™* (Figure
4A). Furthermore, we observed a down-regulation of genes
found cxpressed in less differentiated precursors, such as
PROMI, CD34, JUP, C5orf23, FZD6, B4GALT6, and APP
(Figure 4A),'*"* and ABCBI (MDRI), a gene encoding the
multidrug resistance protein, whose high expression has been
associated with worse outcome in older AML patients.”

The gene expression signature associated with ERG expres-
sion comprised 1554 differentially expressed probe sets, repre-
senting 1089 genes, of which 208 probe scts, representing 127
genes, were up-regulated, and 1346 probe sets, representing 962
genes, were down-regulated in low ERG expressers (Figure 5A;
supplemental Table 3). Probe scts representing ERG were
among the most down-regulated in low ERG expressers, again
confirming our real-time RT-PCR results. We found previously
identified putative ERG targets and binding partners, such as
ICAM2, SOCS2, and FLI1® down-regulated in low ERG
expressers. Also down-regulated were DNMT3A and DNMT3B,
genes associated with aberrant DNA hypermethylation in AMLY;
SET, which inhibits active DNA demethylation via chromatin
modification and inhibits the activation of the tumor suppressor,
PP2A phosphatase*’*?; and the histone methyltransferases,
SMYD2 and SMYD3, that have a role in cell proliferation in
cancer.**# Among the overexpressed genes associated with low
ERG levels were TGFBR3, which was shown to suppress breast
cancer progression,” and TOPI, which has been associated
with enhanced sensitivity to chemotherapy.** Furthermore,

when we compared the gene expression signature of ERG
derived in older CN-AML patients to the signature reported in
patients younger than 60 years, we found them to be very
similar.'” We found that genes such as BCLIIA, DAPKI,
GUCYIA3, and KLHDC1,'" were also down-regulated in low
ERG expressers in the current study.

Genome-wide microRNA expression profiling

To further investigate the biology related to low BAALC and ERG
expression, we derived microRNA expression signatures associ-
ated with BAALC and ERG expresser status. For the first time, we
were able to derive 2 microRNA expression signature associated
with BAALC expression (Figure 4B). We found 22 differentially
expressed probes, representing 18 microRNAs, with 10 up-
regulated and 8 down-regulated in low BAALC-expressing patients.
Consistent with the higher expression of HOX genes in low BAALC
expressers, we observed up-regulation of microRNAs embedded in
the HOX cluster, namely, miR-10a, miR-10b, and miR-9. Underex-
pressed was miR-126, which we previously found correlated with
MNI expression in younger patients,” as well as miR-222, which is
known to target KIT and has been linked to hematologic lincage
differentiation*’

We also report here the first microRNA expression signature
associated with ERG expression in CN-AML. We observed 11
differentially expressed probes, representing 11 microRNAs, asso-
ciated with ERG expression (Figure 5B), with 5 up-regulated and 6
down-regulated in low ERG expressers. Among the up-regulated
microRNAs in low ERG-expressing patients was miR-707, known

Tabie 3. Multivariable logistic regression analysis for achievement of CR, DFS, and OS in older CN-AML patients

ca* DFSt 05t
Group OR 95% C1 P HR 95% C1 P MR 95% C1 P
BAALC, 'ow vs high 432 1831020 < 001 064 0420497 03 049 034-0.71 «<.001
ERG, low vs high 069 0.48-0.97 03
NPMJ, mutated vs wid-type 224 1.03-5.35 04
FLT311D, presert vs absent 1.79% 111287 < .00
WBC, each S0-unit increase 0.68 049-0.93 e
Age, aach 10-yaar ncrease 065 0.42-1.00 05

Cags ratios greater than (less 1han) 1.0 maan higher lower) CR rate for 1he higher vaies of the coninucys varables and the first category Isted for e calegoncal
variables. Hazard ratios greater than (Jess than) 1.0 indcale higher (lower) sk for relapse or death (DFS) or death (OS) for the higher values of the continuous vanables and

the fest category Ested 10r the categorical varakies,

*Variables consdered in the mode! based on urivariable analyses were BAALC expressicn (low vs high: modan cut), EAG expression (low vs high; meaian cut), NPMT

(rananed vs wid-yype), WBC (in 50-unit incramants), and a6 (in 10-year ncrements)

+Varables considered in the model based on were BAALC

(positive va negative), FLTS-TKD (posisve va negative), and ags (in 10-y8ar increments)

{low vs bigh; medan o), ERG expressicn (low vs bigh; median cut), FLT3TD

2Vanables consdered in The model based cn univariable analyses were BAALC expression (low vs high; median o), ERG expression (low vs Righ: median cut), NPMT

(ranaed vs wid-yype), FLTI-ITD (posiive vs negative), and platelet count
|Dces not meet the hazards
Tha hazard rato for BAALC, ow vs high, is reportad at 1 year

Low BAALC was assccied with botier OS untl approximately 2 years, and after that, did not seem to impact OS.

§Does not meet the proportional hazaros assumpton. FLT3-TD was asscciated with worse DFS until appreximately 1 year, and after that, its aoverse impact for DFS

decined. The hazard rasc for FLY3ITD is reported at 8 months.
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to target NFIX, a gene involved in a regulatory feedback loop
involving miR-223 and CEBPA during granulocytic differentia-
tion.** Interestingly, also up-regulated was miR-148a, which is
shown to targes DNMT3B.* and miR-208, which is predicted in
silico to target ERG itself. Another noteworthy down-regulated
microRNA was miR-3024 that has been associated with carly
developmental stages and “stemness.””

Discussion

Although some studies have shown an association of mutation
markers and outcome in older CN-AML patients, %2 relatively
little is known with regard to the prognostic value of gene
expression markers in older patients with CN-AML. The aim of
this study was to clucidate the prognostic impact of BAALC and
ERG cxpression, in the context of other well-established molecular
markers, in older de novo CN-AML patients similarly treated with
intensive chemotherapy.

First, we demonstrate that low expression levels of both BAALC
and ERG are associated with better outcome in older patients with
CN-AML. As in younger CN-AML patients,” low BAALC expres-
sion was associated with a higher CR rate and longer DFS and OS
in older CN-AML patients investigated here. Low ERG expression
was also associated with longer DFS and OS and a trend toward a
higher CR rate in older patients, which is similar to our findings in
younger CN-AML patients, where low ERG expressers had higher
CR rates and longer event-free survival (EFS) than high ERG
expressers.! In multivariable analyses, BAALC, but not ERG,
expression levels were significant factors for CR attainment and
DFS. Expression levels of both BAALC and ERG were the only
factors associated with OS in our cohort of older CN-AML
patients.

To our knowledge, only 3 studics that analyzed the prognostic
significance of BAALC expression and one study analyzing ERG
expression in CN-AML included patients age 60 years or older. '
Two of these studies that comprised, respectively, 67 and 98 adults
with CN-AML, including an unspecified number of patients age 60
years or older, showed that low BAALC expression was associated
with better outcome, but did not evaluate older patients separately.
The third study™ also included older paticnts and showed that low
BAALC expression was associated with higher probability of CR
achievement and longer EFS and OS. In their subgroup of 101
patients age 60 years or older, low BAALC expression showed a
trend toward a higher CR rate (66% vs. 50%; P = .1) and a longer
EFS (P = 03; Klaus H. Metzeler, Ludwig-Maximilians-Universitit
Mitinchen, e-mail, April 26, 2010). On the other hand, low ERG
expression seemed to be a stronger factor for outcome in the study
of Mezzeler et al,” where it was significantly associated with a

higher CR rate and longer EFS and OS in all patients analyzed.
Subset analyses revealed a significant impact of low ERG expres-
sion on OS in both the younger patients and those aged 60 years or
older, but neither of these age groups was evaluated separately in
multivariable models considering other molecular markers.

Second, because we recently reported a strong prognostic
impact of NPMJ] mutations on CR rates, DFS, and OS in older
CN-AML patients, it was of particular interest to us to investigate
the relationship of ¥NPMI mutation status with BAALC and ERG
expresser status. In multivariable models, NPMJ mutation status
remained a strong, favorable prognostic marker for achicvement of
CR, but did ot remain in the models for DFS and OS. Interest-
ingly, in our previously reported gene expression signature associ-
ated with NPMJ] mutations in older patients with CN-AML,
expression of both the BAALC and ERG genes was low.' We
believe that measuring BAALC and ERG expression at diagnosis
scems to provide more prognostic information with regard to
survival than NPM 7 mutational status alone. Indeed, patients with
high BAALC expression had worse outcome irrespective of their
NPM1 mutational status. This is supported by the comparison of
different multivariable models in our dataset. Thus, once reliable
methods to measure the pretreatment expression levels of BAALC
and ERG in individual patients are available, these markers should
be included in diagnostic testing for a more accurate risk stratifica-
tion of older CN-AML paticnts.

Finally, to gain insights into the biology of the discase, we
derived gene and, for the first time, microRNA expression signa-
tures associated with BAALC and ERG cxpression. Many genes in
the BAALC signature for older patients reported here have also
been found in the gene expression signature in younger patients.”
This indicates that low BAALC expression defines a distinct subset
of biologically similar patients, regardless of age. The characteris-
tic features of this signature included overexpression of the HOXA
and HOXB gene clusters, underexpression of known adverse
outcome predictors, and down-regulation of genes associated with
an undifferentiated state. Furthermore, in the first microRNA
expression signature associated with BAALC expression, we found
down-regulation of microRNAs embedded in the HOX cluster and
up-regulation of miR-222, which is known to target the tyrosine
kinase, KIT. The lower expression of ABCBI (MDR1I) observed in
older CN-AML patients with low BAALC expression may account,
at least in part, for the observed higher CR rate and better survival.

Interestingly, patient subgroups characterized by mutated NPMJ
or low BAALC expeession shared some common features in their
gene and microRNA expression profiles. The second most down-
regulated gene in NPMI mutated patients was BAALC."® Both the
gene and microRNA expression profiles associated with mutated
NPM1'" and those associated with low BAALC expression show
down-regulation of HOX genes and cofactors such as MEIS] and
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up-regulation of CTSG, as well as overexpression of miR-9,
miR-10a, miR-10b, and miR-100, and underexpression of miR-126
and miR-130a. Thus, both low BAALC cxpression and mutated
NPM 1 appear to share some biological features. To our knowledge,
no molecular link between the 2 markers has been hitherto found.
Further studies of possible biological links between those
2 markers are needed.

As with BAALC, the gene expression signature associated with
ERG was similar to the signature we previously derived in younger
patients.”" Not surprisingly, we found lower expression of previ-
ously identified putative ERG targets and binding partners associ-
ated with low ERG expression. Up-regulation of topoisomerase 1
might, in part, explain outcome differences caused by enhanced
sensitivity to chemotherapy of low ERG expressers. Furthermore,

46



BLOCD, 16 DECEMBER 2010 - VOLUME 116, NUMBER 25 BAALCAND ERGINOLDERCN-AML 5667
B ERG expression
Low ngh
- - e
" .- l. .
.{.I.‘ I.lb-lh . .l
- '1
iy .h 1 ks
rorans  n WIRE Py
ow I I e
: SMYD3
;1
t
N DAPKY
o3 GUCYIAI
s BCLITA
| ¥ 4F KLWOC!
G
£i
B
B
4 o5
E SET
:
2
3 SuY02
S
<
, .
-
g <
B 7
[ R}
8 -t 5
A .l" |
e g S |
: g 38 ONMTIS
r 34 - 4! DNMTIA
AL
T 3 socs?
’;q ) Fut
14
Figure 5. Heat maps of the EAG signatures. Denved gene expresson (A) and microRNA exp -l 8) with ERG 2 in the group of CN-AML

patents = 60 years. Patients are ordarad from ke 10 fight by ¥

g ERG

1values of the gene probe sets (MIcroRNA probes) am reprasented by

cclor, with blue ndicatrg expeession less than ard red ndicatrg expression greater than $e meaian vale for the given gere probe set (microRNA peobe). For the gene

SRprassion heal map. up- and down-reguiatad genes Mentiaoned in the 16x1 are ingicaned,

low ERG cxpressers also had down-regulation of DNA methyltrans-
ferases, histone methyltransferases, and an up-regulation of miR-
148a, which targets DNMT3B.* We also obscrved a down-
regulation of SET, which inhibits active DNA demethylation. This
may indicate a higher activity of the DNA methylation machinery
in high ERG expressers, which could contribute to their worse
outcome. This should be further investigated and, if confirmed,
might potentially lead to new treatment strategies in this subset of
patients.

The similarity of the respective BAALC and ERG gene expres-
sion signatures between younger and older CN-AML patients, and
the fact that these expression markers affect outcomes of both
younger and older CN-AML paticnts, suggest that 60 years might
not be an optimal age cutoff to scparate younger and older patients’
cligibility for treatment trials. Older patients with favorable
molecular risk factors, such as low BAALC and/or ERG expression,
if treated more intensively, might have outcomes comparable with
those of younger patients with comresponding molecular features.
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In conclusion, we show that low BAALC expression is an
important factor for CR achievement and longer DFS; low BAALC
and ERG cxpresser status are both significant factors associated
with improved survival in older CN-AML patients. However,
before the pretreatment expression of the 2 genes can be used for
risk-stratification of older CN-AML patients, future studics should
establish a standardized method of BAALC and ERG expression
quantification and define absolute cutoff points. Once this obstacle
is overcome, these important markers should be included in future
risk-classification schemas. Furthermore, the derived gene and
microRNA expression signatures shed light on the biology of this
complex discase and identified new targets that might help in
developing new therapeutic strategics for older CN-AML patients.
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Low expression of MN1 associates with better treatment response in older patients
with de novo cytogenetically normal acute myeloid leukemia
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Low MN1 expression bestows favorable
prognosis in younger adults with cytoge-
netically normal acute myelold leukemia
{CN-AML), but its prognostic significance
in older patients is unknown. We analyzed
pretherapy MNT expression in 140 older
(=60 years) de novo CN-AML patients
treated on cytarabine/daunorubicin-based
protocols. Low MN17 expressers had higher
complete remission (CR) rates (P = .001),
and longer overall survival (P = .03) and
event-free survival (EFS; P = .004). In multi-
variable models, low MNT expression was

assoclated with better CR rates and EFS.
The impact of MN1 expression on overall
survival and EFS was predominantly in pa-
tients 70 years of age or older, with low MN7
expressers with mutated NPM1 having
the best outcome. The impact of MN7
expression was also observed In the
Intermediate-l, but not the Favorable
group of the European LeukemiaNet clas-
sification, where low MNT expressers had
CR rates and EFS similar to those of
Favorable group patients. MN71 expresser-
status-assoclated gene- and microRNA-

expression signatures revealed underex-
pression of drug resistance and adverse
outcome predictors, and overexpression
of HOX genes and HOX-gene—-embedded
microRNAS In low MNT expressers. We con-
clude that low MN1 expression confers bet-
ter prognosis in older CN-AML patients and
may refine the European LeukemiaNet clas-
sification. Blologic features associated with
MN1 expression may help identify new
treatment targets. (Blood. 2011;118(15):
4188-4198)

Introduction

Over the past 3 decades, there has been relatively steady improve-
ment of outcomes of patients with acute myeloid leukemia (AML)
younger than 60 years. However, this has not occurred in older
AML patients. Despite advances in our understanding of discase
mechanisms and investigation of new therapies targeting distinct
clinical, cytogenetic, and molecular subsets, the outcome of AML
patients older than 60 years remains poor, with long-term survival
rates of ~ 7%-15%." The shorter survival of older AML patients
compared with younger patients is probably related to clinical and
biologic differences between them, including the failure to achieve
a complete remission (CR) as a result of an increased intrinsic
resistance of leukemic blasts to chemotherapy and the presence of
specific cytogenetic and/or molecular alterations associated with
waorse outcome.*

As in younger patients, older patients with cytogenetically
normal (CN) AML represent the largest AML subset.” This group is
molecularly heterogeneous.™” To date, however, the prognostic
significance of molecular genetic alterations has been studied most
extensively in younger (<< 60 years) patients.”* Recently, some,
but not all, of these markers have also been shown to impact on
outcome of older (= 60 ycars) CN-AML patients. For example,

NPM I mutations,” and lower cxpression levels of the BAALC and
ERG' genes have been associated with favorable outcome,
whereas FLT3 internal tandem duplication (FLT3-1TD)' and WT!
mutations'? have been shown to confer adverse prognosis in older
patients, as they do in younger patients. However, to our knowl-
edge, no study has investigated the prognostic impact of meningi-
oma | (MNJ) gene expression levels exclusively in CN-AML
patients aged 60 years of age and older.

The MN1 gene is localized at human chromosome band 22q12
and encodes a transcriptional coregulator.'* MN/ is involved in
myeloid malignancies as a fusion partner of the ETV6 gene in the
recurrent translocation t(12;22)(p13:gl1)** and has been shown to
be overexpressed in subsets of AML.S' We and others have
shown that high MN] expression levels are prognosticators for
poor outcome in younger CN-AML patients. ™'

With the hope to better predict the course of the discase, adjust
therapeutic approaches, and improve outcome, we explored herein
the prognostic significance of MNJ expression in older de novo
CN-AML patients. We have also analyzed genome-wide gene- and
microRNA-expression profiles associated with MNJ expression in
these patients, to gain insights into MN/-associated discase.

Subrnitted May 31, 2011; accepted July 27, 2011, Prepublished online as Blood
First Edition paper, August 8, 2011; DOI 10.1182/bloog-2011-08-357764.

*S.S. and G M. contriduied equaly to this study.
tM.A.C. and C 0B, are co-senior authors and convbuiad agqually 10 Tis sudy.

The onine version of this articke contains a data supplemant

4188

Presanted in pant & the 1015 annual meetng of the American Assocation for
Cancer Research, Washinglon, DC, Aoril 18, 2010, and published in abstract form =

The publication costs of this articde were cefrayed in patt by page charge
payment. Therefore, and solely to indicate this fact, this aticle is hereby
marked “advertisament” in sccordance with 18 USC section 1724,

© 2011 by The American Society of Hemaslogy

BLOOD, 12 OCTOBER 2011 = VOLUME 118, NUMBER 15

50



BLOOD, 13 OCTOSER 2011 » VOLUME 118, NUMBER 15

Methods
Patients and treatment

Pre nl bone (BM) samples of 140 adults 60 years of age or
older anh de novo (_N-AML and matenial available were analyzed for MNT

The g were lled on Cancer and Levkemiz Group B
((.AL(:B) I‘mm line intensive cytarabine/daunorubicin-based treatment
protocols (for protocol details see supplemental Methods, available on the
Blood Web site; see the Supplemental Materials link 21 the top of the online
a.mclc] Institutional Review Board-approved, writlea informed consent for
particig in these studies was obtained from all pat: in accord
with the Declaration of Helsink:.

Cytogenetics and additional molecular markers

Pretreatment cngcnem ana]rses of BM were performed by CALGB-
approved i 1 cytogeneli tes as part of CALGB 8461, a
prospective cytogenetic companion study, and the results reviewed cen-
trally. %20 For & case Lo be considered CN, at Jeast 20 metaphase cells had o
e amalyzed and the karyolype found to be normal ™

The presence or absence of FLTZ-ITD mutations in the lyrosine kinase
domain of the FLT? gene (FLT3-TKD) and mutations in the CESPA, IDHI,
IDF2, NPM1, TET2, and WT1 genes was delermined centrally in pretreat-
ment samples as described previously, %! 1122138 The expression levels of
the BAALC and ERG genes in peripheral blood were also assessed centrally
in pretreatment samples as previously descrived." " miR-J8Ja expres-
sion was evaluated as previously described ™

RNA extraction and real-time RT-PCR to measure MN1
expression levels

Preparation of pretreatment BM samples and the analysis of MNT expres-
sion were performed as previously descrived." Briefly, wotal RNA was
extracted using Trizol reagent, and complementary DNA was synthesized
from total RNA. Quanttative real-time RT-PCR amplifications of MNT and
ABLI were perfi d using dard curves. MV/ copy numbers were
normalized W ABLI copy numbers.

Gene- and microRNA-expression profiling

For gene- and microRNA-expression profiling, total RNA was extracted
from pretreatment BM or blood mononuclear cells. Gene- and microRNA-
expression proliling was performed using the Aflymetnx U133 plus Version
2.0 array (AfTymetrix) and The Ohso State Universily custom microRNA
array (OSU_CCC Version 4.0), respectively, as previously reported” and
detailed in supplemental Methods.

Definition of clinical end points and statistical analysis

The main objective of this study was 1o evaluale the prognostic value of
MNI expression oa clinical outcome in older de novo CN-AML patieats.
For these patients, the median MNJ/ABLJ copy number value was chosen o
define the Xow and high MNJ expressers. This cut-off was based on the trend
in overall survival (OS) of patients divided into quartiles by MNJ level
values; patients in the first 2 quartiles had & better oulcome than patieals in
quartiles 3 and 4 (P =~ 04 1est for trend).™

Definitions of clinical end points (ie, CR, disease-free survival [DFS),
OS, and event-free survival [EFS]) are provided in supplemental Methods.
Associations belween patients with low or hlsh expression of MN/ for
baseline demographic, clinical, and were |
unn,s the Fisher exact and Wilcoxon rank-sum lests for caleg

"'and
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Table 1. Clinical and molecular characteristics according to MNT
expression status in CN-AML patients 60 years of age or older

peclively. Esi d probabilities of DFS, OS, and
I:PS were calculated using the Kaplan-Meier method, and the log-rank test
evaluated differences between survival distributions. Multivaniable maly

Low MNT High MNT
Characteristic {n=70) {n=70) P
Age,y &7
Madian €6 L]
Range 60-81 081
Sex, no. (%) of males 0 (57) 32 (45) 2¢
Race, no. (%) 49
Wnite 65 (96) 63 (23)
Nonwhite 34 5
Hemoglobin, gfal 16
8.1 94
Range 54136 6.0-13.1
Platelets, x 10°%L 43
Madian 63 72
Range 20-271 11850
WaC count, x 10%L 15
Median 338 215
Aange 1.0-450.0 1.0-434.1
Blood blasts, % 1.0
Madian 45 49
Aange 095 093
BM blasts, % 32
Median m &4
Aange 1597 796
Extramedullary involvement, no. (%) 19 (28) 15(22) 35
FLT3ITD, no. (%) 59
Prosent 22 (31) 26 (37)
Anssnt 48 (69) 44 (63)
FLT3-TKD, no. (%) 08
Prasent 10 (14) 34)
Adzert 0 (885) E7 (95)
CEBPA, no. (%) R
Mutated 89 13(19)
Single mutated 5 7
Deubie mutated 1 L]
Wild-type 64 (91) §7(81)
101, no. (%) 30
Mutated 10 (14) 6(9)
Wikd-type 59 (26) €3 (91)
10M2, no. (%) 5
DHZ-mutated 13 (19) 17 (24)
R140-10M2 mutated 12 13
R172-10H2mutated 1 4
Wilg-type 56 (81) 53 (76)
NPM1, no. (%) < 001
Mutated 55 (79) 26 (37)
Wild-type 15 (21) 44 (53)
TET2, no. (%) a5
Mutateg 19 (28) 18 (26)
Wid-type 23 (72) 51 (74)
WT1, ne. (%) 10
Mutateg 34) 3(4)
Wikd-type &7 (56) &7 (96)
BAALC expeassion,» no., (%) < 001
Low 28 (73) 24 (3¢)
High 18 (27) 46 (66)
ERG axpression, no, (%) 23
Low 35 (55) 30(43)
High 30 (45) 40 (57)
miR-181a expression (continuous) 0e
Median (log expression units) 1188 1223
Range 9.06-1543 8.61-14.66
ELN risk group,t no. (%) 03
Fi <0 (57) 26 (37)
Imenvedate-| 30 (43) 44 (63)
«The median exprassion value was used 85 8 cUpont
1F risk group conssts of patients with CEBPA mutations or those who

ses are dcuuhd in supplemental Methods. Briefly, muluvanable log
fels were c d o analyze factors related 0 the

pmbabuhly of achieving CR using a limited backward selection procedure.,

Multivarisble proportional hazards models were constructed for OS and

&0 FLTHTO-negative and harbor NFMT mutstons. Inteemediane-l ganesc Group s
compesed of patents who are not in e Faveeable group (i, those with wikdtype
CEBFA and wid-type NPMI with of withoul FLTITD or mutated NPM7 with
FLT3ITD).
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EFS 1o evaluate the impact of low or high expression of MN/ by adjusting
for olher variables using & limited backward selection procedure. For
achievement of CR, estimated odds ratios, and for survival end poents,
hazard ratios with their comresponding 95% confidence intervals (Cls) were
examined.

For the gene- and microRNA-exp profiling, ¥
of gene and microRNA exp were I, normalized, and fliered
(supplementa]l Methods). MNJ-associated signaiures were derived by
comparing gene and microRNA expression between low amdd high MNV/
expressers. Univariable significance levels of 001 for gene and .005 for
microRNA expression profiling were wed 1o determine, respectively, the
probe sets and microRNA probes thal conslituled the signatures.

All analyses were performed by the CALGB Statistical Center.

Results

Assoclations of MN1 expression with clinical and molecular
characteristics and clinical outcome in older CN-AML patients

At diagnosis, the low and high MN] expresser groups did not differ
significantly with regard to any of the clinical pretreatment
characteristics. However, low MN/ expression was associated with
mutated NPMI (P < .001), lower BAALC expression levels
(P < 001), and lower miR-181a expression levels (P = .04), as
well as a trend for the presence of FLT3-TKD (P = .08; Table 1).

With a median follow-up for living patients of 4.0 years (range,
3-11.6 years) and for those who did not have an cvent of 4.2 years
(range, 3.3-11.6 years), low MNJ cxpressers had a higher CR rate
(B0 vs 53%, P = .001) and longer OS (P = .03; Figurc 1A) and
EFS (P = .004; Figurc 1B) than high MNJ expressers (Table 2).
We did not observe a significant difference in DFS between high
and low MN/ expressers (P = .29; Table 2)

BLOOD, 130CTOBER 2011 » VOLUME 118, NUMBER 15

In a multivariable model for CR, MN! expression was a strong
prognostic factor (P = .01), when controlling for BAALC expres-
sion (P < .001) and WBC (P = .01; Table 3). In a multivariable
analysis for EFS, MNT expression remained prognostic (P = .03),
after adjustment for BAALC cxpression (P = .002), WBC
(P << .001), and platelets (P = .002; Table 3). The risk of having an
event (ic, induction failure, relapse, or death) for low MNJ
expressers was half that for high expressers (hazard ratio
[HR] = 0.54; 95% CI, 0.34-0.86). However, MN] expression did
not remain an important predictor in a multivariable model for OS.

Prognostic impact of MN1 expression by 60 to 69 years of age
and 70 years of age or older subgroups

‘We recently reported that the prognostic significance of FLT3-ITD
and NVPMI! mutations in older adults differed between patients
60-69 years of age and thosc 70 years of age or older, with the
adverse impact of FLT3-ITD being found mostly in the former*!
and the favorable impact of NPMJ mutations in the latter.’
Therefore, we analyzed the prognostic impact of MNT expression
in these 2 age subgroups (Table 2). Low MNJ expression was
associated with higher CR rates both in patients 60-69 years of age
(80% vs 54%, P = .03) and in those 70 years of age or older (81%
vs 519, P = .03). In contrast, a significantly longer OS (P = .006;
3-year OS rates, 31% vs 9%) and EFS (P = .007; 3-ycar EFS rates,
27% vs 6%) and a trend toward longer DFS (P = .09; 3-year DFS
rates, 33% vs 11%) were observed only in patients 70 years of age
and older (Table 2).

MN1 expression status remained independently associated with
probability of achieving a CR for both age subgroups (60-69 ycars
of age, P = .02, data not shown: 70 years of age or older, P = .02,
Table 3), with no other variable remaining in the final model.
Concerning patients 70 years of age or older (Table 3), low MNI
expressers had almost 4 times greater odds of attaining a CR (odds
ratio [OR] = 3.97; 95% CI, 1.22-12.90; Table 3). When we
considered OS and EFS in this age group, we found an interaction
between MN/ expression and NPMT mutation status. The favorable
impact of low MN/ expression on OS and EFS appeared to be
limited to paticnts who simultancously carried an NPM] mutation
(P = (4 and P = .02, respectively: Table 3), whereas there was no
significant difference in OS or EFS between low and high MNJ
expressers with wild-type NPMJ (P = 58 and P = .87, respec-
tively; Table 3).

Taking into account the aforementioned OS and EFS interaction
and the fact that we previously reported that the impact of NPMJ
mutations on outcome was much stronger in the 70 years of age or
older subgroup,” we examined the relationship between NPMJ
mutation status and MNJ expression status within this patient
subgroup more closely. Among CN-AML patients 70 years of age
or older, those with NPM ] mutations who had low MN/! expression
had a trend for better CR rates (P = .15) and significantly longer
DFS (P = .003), OS (P = .002; Figure 2A), and EFS (P = .002;
Figure 2B) compared with the 3 other molecular subsets
combined (ie, low MNI expressers with wild-type NPMJ, high
MN1 expressers with mutated NPMI, and high MNJ expressers
with wild-type NPM1).

Prognostic impact of MN1 expression within the ELN
classification

Recently, the European LeukemiaNet (ELN) guidelines classified
CN-AML patients into Favorable or Intermediate-1 genetic groups
based on the mutational status of the CEBPA, NPM1I, and FLT3
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Table 2. Outcomes according to MNT expression status in all CN-AML patients 60 years of age or older and, separately, in those 60-69 years

of age and 70 years of age or older
Outcome Low MNT High MN1 Pe OR/HR (95% CI)
All patients n=70 n=70
CR rate, ma. (%) 56 (BO) ar(s3) .ot A.57(1.68, 7.55)
DFS 29 0.79 (051, 1.23)
Medkan, y 09 [
Disoasedree at 3y, % (95% CI) 18(5-29) 11323
0s o3 0.68 (0.48, 0.95)
Median, y 1.2 03
Alve 813y, % (95% C1) 23(14-33) 10 {4-18)
EFS 004 0.501 (0.33,0.76)
Medan, y 0.7 0z
Eventfroe 21 3y, % (95% CI) 14 (7-23) 6(213)
Patiems 60-69 y n =44 n=35
CR rate, n0. (%) 35 (80) 19 (54) 03 3.28(122,881)
DFS B2 0.4 (0.52, 1.59)
Median, y 0.7 05
Disoasedroe at 3y, % (95% CI) a(z21) 11 (228
os £ 0.83 (0.52, 1.33)
Median, y 1.1 0a
Alve at 3y, % (85% C) 18(3:31) 11(4-2¢)
EFS 1n 0.68 (0.42, 1.10)
Median, y 06 02
Event-froe a1t 3y, % (95% C1) 727 G(1-17)
Patients 70 y or older n=26 n=35
CR rate, n0. (%) 21(87) 16 (51) 03 3.97(1.22,12.90)
DFS 09 054 (027,1.10)
Median, y 13 a7
Discasedrecat 3y, % (95% CI) 33(1553) 11 (2-30)
os .cce 0.4€ (0.25,0.81)
Median, y 20 09
Alve 813y, % (95% C1) 31(15-49) 9(2-21)
EFS .0o7 0.48 (0.27, 0.8¢)
Median, y 1.0 03
Evant-free #13 v, % (85% C) 27 (12-44) 6(1-17)

Of indicates the odds of achieving a CR for low MN 7 vs high MN) expressers; HR, the hazard of having an event for low MV 1 vs high MV T expressers: and Cl, conddence

niaeval

100es not meel the peoporicral hazasds assumption, HR repenad a1 3 months,

genes.* The ELN Favorable genetic group is composed of CN-AML
patients with CEBPA mutation and/or NPMJ] mutation without
FLT3-1TD, whereas the Intermediate-1 genetic group encompasses
all other CN-AML patients (ic, CN-AML paticnts with wild-type
CEBPA and cither NPMJ] mutation with FLT3-1ITD or wild-type
NPMI with or without FLT3-ITD). We thus investigated the
prognostic impact of MN/ expression within these ELN genetic
groups. Among the 140 patients, 66 were in the Favorable
genetic group and 74 in the Intermediate-I genctic group. Lower
MNI cxpression levels were found more frequently in the
Favorable than Intermediate-I group patients (57% vs 43%,
P = .03; Table 1).

Within the ELN Favorable group, we observed no significant
differences in CR rates (P = .24), DFS (P = .84), 0S8 (P = 81),0r
EFS (P = .69) between low and high MNT expressers (Table 4). In
contrast, within the Intermediate-1 genetic group, CN-AML pa-
tients with low MN/ expression had better CR rates (77% vs 43%,
P = [008), a trend toward longer DFS (P = .15; 3-ycar DFS rates,
13% vs 0%), and significantly longer OS (P = .05; 3-ycar OS rates,
10% vs 29%) and EFS (P = .003; 3-year EFS rates, 10% vs 0%;
Table 4). The CR rate of 77% in patients with low MN 7 expression
in the Intermediate-I genetic group was comparable to CR rates of
patients with both low and high MN] expression in the ELN
Favorable group (83% and 69%, respectively). Likewise, the EFS

P values for calegerical varables are from Fisher exact fost. Pvalues for tme-io-event variables are from $e log-rank test (OS5, DFS, and EFS).

of low MNT expressers in the Intermediate-I genetic group was not
significantly different from the EFS of patients in the ELN
Favorable genetic group (Table 4; Figure 3B).

Because cach of the ELN genetic groups is composed of
specific molecular subsets, the ELN guidelines recommend
reporting outcome measures also by these specific subsets.
There was no impact of MNJ cxpression on cither of the
2 CN-AML molecular subsets within the ELN Favorable genetic
group (data not shown). The situation was different when we
analyzed the impact of MN/ cxpression in the 3 molecular
subscts composing the Intermediate-I genetic group. As seen in
supplemental Table 1, all patients in the subset characterized by
wild-type NPM! genes and the presence of FLT3-1TD had high
MNI expression, thus precluding assessment of the prognostic
significance of MN/ expression in this subset. Of the remaining
2 subsets, significant differences in CR rates, OS, and EFS
between the low and high MNJ expressers were observed only
among patients with mutated NPMJ who harbored FLT3-1TD,
whereas these outcome measures did not differ significantly in
the subset encompassing patients with wild-type NPM! and no
LT3-ITD (supplemental Table 1). However, because the numbers of
petients in cach subset composing the ELN Intermediate-1 genetic group
were relatively small (29, 11, and 34 patients, respectively), our analyses
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Table 3. Multivariable regression analysis for outcome according to the MN1 expression status in all older patients with de novo CN-AML,

and in those 70 years of age or older

End paint Variables in final models ORMR 95%Cl P
All patients
CHe MNT, low vs high 316 1.28, 7.70 01
BAALC, kow vs high 439 1,85, 10.44 < 001
WBC, sach 2-fold incresss 076 062,053 01
EFSt MNT, low vs high 054 0.24, .86 031
BAALC, low vs high 043 0.27,0.68 0029
WHC, cach 2-fold increase 1.2 1.09, 1.35 < .001%
Platekens, each S0-unit incrasss 115 105,125 002
Patients 70 y or older
CAt MNT, low vs high asr 1.22,1250 02
(¢35 Interacion of MNT and NPMT 29
Mutaned NPT 041 017,097 04
MNT, Jow w8 high
Vi type NPMT: 58
MN, Jow vs hgh
EFS) Interacion of MNT and NPMT 12
Mutaned NPT 037 015, 088 a2
N, Jow ws high
Viic-type NPIMI: Aar
MN, Jow vs ngh

OR =1 (< 1} indicates kigher (lower]) CA rate for the higher values of the continucus variables and the first calegery listed for the casegorical vanables. HR = 1 (< 1)
indicates highee (kower) risk 10r an event for 1 higher valsas of the continucus varabies and the first category listed 1o the calegoncal variables.

«Variables corsidered in the model based on ur lyses were MV expe

(pasitive v negative), IDHZ (mutated vs wig-type), NPMT (mutaled v wild-type), WBC (comtnuous, log base 2, and p (¢

(nigh vs low; medan out), BAALC expressicn (high vs low; modlancul) FLTZITO
i . SO-unit i

tVanables considered in the model based on uniarable aralyses were MNT eapeession (Righ vs low; median o), BAALCmmssnn (high vs low; mednn cut), EAG
axpraasion (high va low, madan cut), FLTIHTD (positive v8 negative), IDH2 (mutaed va wikl-type), NPMT (musaed va wikd-type), WT1 (musated vi wikl-type). WEC

(cortinucus, log base 2), and patelets (comruous, 50-unit ncroase).

$Variables consicecad in the model Lased on unvarnable analyses ware MNT axprassion (high vs low; median cut), BAALC expression (high vs low. median cut), platelets

(cortinucus, 50-urit rcrease), and NPMT (mutated vs vaypo)

§variables considand in the modal based on | lys0s ware MNT
(MAa10d v8 wild-type), NPMI (mutated v wikd-lyDe), ang plaseiets,
Nariables considered in the medel based cn wr hy were MNI

y (high va low; median cut), BAALC exprassion (high vs iow. median o), IDHT

¥y

(Muta1ed v8 wig-type), NPM1 (mutated vs wikd-type), and plaaiets,
$O0es not meet the p t

should be considered preliminary and of a descriptive nature, and the
results have to be confirmed by larger studies.

Genome-wide gene-expression profiling

To gain insights into the biology of older CN-AML paticnts
differentially expressing MNI, we derived a genome-wide gene
expression signature. The MN/-associated gene expression signa-
ture consisted of 507 probe sets, representing 323 annotated gencs
(Figure 4).

In low MNT expressers, 258 probe scts, representing 158 genes,
were found underexpressed, and 249 probe sets, representing 164
genes, overexpressed compared with high MN/ expressers. The
probe sct representing MNJ was among the most underexpressed
probe sets in the low MN/-expressing patients, corroborating the
quantification of MNJ expression obtained by real-time RT-PCR
(Figure 4). All microarray gene expression data are available on
ArrayExpress under accession number E-TABM-1189.

Consistent with our observation in younger patients,'* patients
with low MNI expression had lower expression of genes previ-
ously associated with worse outcome in AML, such as BAALC, %990
the surface marker CD200,* the growth factor HGF,* and CD34,
as well as the adhesion molecule CD44, a key regulator of AML
leukemic stem cells necessary for the stem cells to interact with
their microenvironment (Figure 4).7°% We also observed lower
expression of ABCB! (MDRI), a gene encoding the multidrug
resistance protein, whose high expression also has been associated

1 (high vs low. median out), BAALC expression (high vs low. median cut), ADM2

Fer EFS, e HA for BAALC, high vs low (modian o), MIV?, high vs low {median aut), and WEC are reporied it 2 months.,

with worse outcome in older AML patients.*® Furthermore, paticnts
with low MNJ expression had lower expression of AKT3, a
member of the AKT kinase family, which has a central role in cell
proliferation, survival, and drug resistance in AML,* and of the
transcription factor STATSB. Indeed, Heuser et al'' previously
showed that STATS signaling is critical for leukemia stem cell
self-renewal in an MNT and HOXAY-cxpressing leukemia model.
Highly expressed in low MNI-cxpressing patients were the
HOXA and HOXB cluster genes, as well as the HOX cofactor
MEISI, which arc important for developmental processes and
hematopoietic stem cell function (Figure 4).*” We also observed
higher expression of the tumor suppressor TP53BP2, which is
known to interact with and inhibit the antiapoptotic protein BCL2.#

Genome-wide microRNA expression profiling

To further clucidate the biologic features associated with low MN7
expression, we derived a microRNA expression signature. The
MNi-associated microRNA expression signature was composed of
20 probes (Figure 5), 13 of which, representing 9 microRNAs,
were underexpressed, and 7, representing 7 microRNAs, overex-
pressed in low MNJ expressers compared with high MNT express-
ers. All microRNA data arc available on ArrayExpress under
accession number E-TABM-1190.

In the low MN/I-expressing patients, we found miR-726 and
its passenger strand miR-126*% among the most underexpressed
microRNAs, which is consistent with our previous findings in
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Figure 2. O of CN-AML 70 yenrs of age or older with respact to ANT
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younger paticnts.'® In addition, underexpressed were miR-146a,
low expression of which has been associated with the 5q—
syndrome,** and miR-146b. Furthermore, we observed a lower
expression of miR-30b, whose amplification and overexpression
have been linked to medulloblastoma.®

Consistent with the higher expression of HOX genes in low
MNI expressers, we observed higher expression of the HOX-gene

MNTIN CLDER CN-AML PATIENTS 4183

embedded microRNAs miR-I/0a and miR-J10b. We also observed
higher expression of ler-7b, a member of a known tumor-suppeessor
microRNA family, which has been found down-regulated in AML with
favorable cytogenetics [ic, 1(8;21), inv(16) and t(15;17)]. We observed
higher expression of miR-44%, shown to target HDACT and induce
growth arrest in prostate cancer.”

The majority of patients with AML are older than 60 years at
diagnosis. Although our knowledge of molecular prognostic mark-
ers is most extensive in younger CN-AML patients,” recently there
has been progress in our understanding of the role molecular
alterations play in prognostication of older patients.*'?7"# The
main objective of this study was to elucidate the prognostic impact
of MNJ expression in older CN-AML paticnts, and to determine
whether this knowledge can be integrated into the landscape of
other established molecular markers.

We demonstrate here that CN-AML patients 60 years of age or
older with low MN1 expression have higher CR rates and that their
OS and EFS arc longer than those of paticnts with high MN/
expression. However, we did not observe a significant difference in
DFS, which is somewhat different from our findings in younger
patients, where low MN/ expression associated with higher CR
rates and longer DFS, OS, and EFS.'® This discrepancy might be
related to the differences in the intensity of treatment regimens
administered to the younger and older patients. As in younger
CN-AML patients, we observed an association of low MN/
expression with mutated NPMJ and lower BAALC expression. In
multivariable analyses, MN/ expresser status remained a signifi-
cant prognosticator for CR attainment, even in the context of other
molecular markers, including NPMJ mutation and BAALC ex-
presser status. Indeed, the expresser status of MNJ and BAALC
were the only molecular markers associated with CR achievement

Table 4. Outcomes according to MNT expression in older CN-AML within the ELN genetic groups

End point All Low MNT High MNT P ORMRA (35% CI)
ELN Favorable group n= 65 n =40 n=26
CR.ro. (%) 107 33 (83) 18 (69) 24 210(0865,672)
DFS B4
Median, y 08 [ g 1.07 (0.56, 2.03)
Discasedree at 3y, % (95% CI) 22(12:3¢) 21 (9-35) 22 (7-43)
os 81 0.94 (0.54, 1.61)
Median, y 15 14
Alve at 3y, % (85% C) 29 (18-40) 32 (19-47) 23 (5-40)
EFS 65 0.0 (0.53, 1.53)
Median, y 08 05
Event-free #13 v, % (85% C1) 17 (8-27) 18 (8-31) 15 (5-31)
ELN Imermadiate-| group n=74 n=30 n=-44
CR.ro. (%) 42 (57) 2a(r7) 15 (43) Jooe 4.32(1.58,12.17)
DFS A5 0.63 (0.33, 1.20)
Medkan, y 05 as
Disaase-lrea a1 3y, % (95% CI) 7(2-17) 13 {3-30) O (NA)
os 05 0.61 (0.38, 1.00)
Median, y o7 [:k4
Alve at 3y, % (85% C1) 5(212) 10(32¢) 2(.1-10)
EFS 003 .49 (0.30, 0.80)
Median, y 03 02
Event-froe 21 3y, % (35% CI) 2(1110) 10(32¢) O (NA)

OR indicales the 0008 ol achieving & CR for low MNT vs high M7 expressees. HR, the hazard of having an event for iow MINT vs high MNT expressars; Cl, configence

rterval; and NA, not applicaibie (Cl coukd not be attainea).

P values for calegencal vanabies are from Fisher exact fost. Pvalues ‘or tme-io-event variables are from $e log-rank test (OS, OFS, and EFS).

55



4184 SCHWIND et al

w
o
; .
s
e
L Hgh AN /¥ et albbe (ne 26)
Inter mediate | (n-44) mediste | (ne30)
e
L Al 2 oors 3 . s
“w P 003
P
L ———
. —
Low AN 1/% ovar sibie (-850
! o
-
AN 2 /Y s st (7 26)
L)
Lo ABN L SWtar mnadiate | (ne 300
00 | Mgh MN1/ ntermediate |

o ' L . .

Figure 3. Outcome of CN-AML patients 60 years of age or older with respect 1o
MNT expression within the ELN Favorable and ELN Intermediate-l genetic
groups. (A} OS (B) EFS,

in the patients investigated in the current study. We did not find an
independent impact of MNJ expression status on OS in the entire
cohort of older patients that we analyzed, in contrast to younger
patients.'® This might be accounted for by differences in discase
biology but might also be related to the lower intensity of
postremission treatment administered to older AML patients com-
pared with younger patients.

To our knowledge, only onc recent study of the prognostic
significance of MNJ cxpression in CN-AML included paticnts
60 years of age or older among those analyzed.® This study
showed that high MN/ ecxpression was associated with lower
probability of CR achievement and shorter relapse-free survival,
OS, and EFS*® However, in contrast to our findings, MNJ
expression was not an independent prognostic factor in the entire
cohort of 210 patients analyzed by Metzeler et al** and the
outcome data were not reported separately for a subgroup of
101 patients 60 years of age or older.**

Our group recently reported age-related differences with respect
to the impact on outcome of 2 molecular markers in older
CN-AML patients. We found a stronger impact of NPMJ mutations
in patients 70 years of age or older as opposed to those 60-69 years
of age,” and a stronger impact of FLT3-ITD in patients 60-69 years
of age as opposed to those 70 years of age and older.” The current
study provides cvidence that the prognostic impact of MNJ
expression is also influenced by the patients’ age. Although low
MNI expressers in both age subgroups had higher probability of
achieving a CR, MN/ expression was prognostic with respect to
OS and EFS only in the subgroup 70 years of age or older
Morcover, our data suggest that our finding of better outcome
associated with NPMJ mutations in patients 70 years of age or
older does not pertain to all such patients but mostly to those who,
in addition to NPMJ mutation, have low MN/ cxpression. Conse-
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quently, if our findings arc confirmed and a standardized method of
MNI expression gquantification is cstablished, testing for both
NPM I mutations and MN/] expression could be recommended to
achieve the best prognostic stratification of CN-AML patients
60 years of age or older. The reasons for the age-related differences
in the impact of MNJ expression, NPM! mutations, or FLT3-ITD
on outcome of older patients remain unknown.

Recently, the ELN expert panel proposed a novel risk classifica-
tion for AML based on cytogenetics and molecular markers.*
Within this classification, CN-AML patients arc assigned to
Favorable or Intermediate-I genetic groups based on the mutational
status of the CEBPA, NPM1, and FLT3 genes." To evaluate whether
determination of MN/ expression levels can improve this classifica-
tion, we analyzed the prognostic significance of MNJ expression
status separately within the ELN Favorable and the Intermediate-1
genetic groups of CN-AML. In our patient cohort, MN/ expression
did not impact on outcome of the Favorable group. However, we
observed a strong impact of MVJ expression status on patients
belonging to the Intermediate-1 genctic group. Within this
group, patients with low expression of MN/ had better outcome
than those with high MNJ expression, and their CR rates and
EFS were not significantly different from those in the ELN
Favorable group. However, DFS and OS of low MN/ expressers
in the Intermediate-1 genetic group were better than high MNJ
expressers, but not comparable with those in the ELN Favorable
group. If our findings are confirmed, MNJ expression status
might become a molecular marker that will help refine the ELN
classification. Furthermore, our analysis of molecular subsets
within the Intermediate-1 genctic group suggests that patients
who benefit most from having low MN/ expression are those
who harbor both NPM] mutation and FLT3-ITD. This finding
requires corroboration in a larger set of patients.

The molecular mechanisms by which MN/ contributes to
leukemia remain clusive. To gain deeper insights into the biology
of the discase, we derived gene- and microRNA-expression
signatures associated with MN/ expression. The genome-wide
microarray profiling supports the prognostic significance of low
MNI expression levels by demonstrating concurrent underexpres-
sion of genes and microRNAs associated with biologic features of
aggressive phenotypes. Not surprisingly, we found the gene
expression signature associated with MNT expression derived in
older CN-AML patients to be similar to the one we reported in
patients younger than 60 years.”® It is known that MNJ expression
not only negatively impacts on cell differentiation but also affects
chemotherapy response,” which is in line with our finding of the
importance of low MNJ expression for CR achicvement. Heuser
et al” previously showed that genes that are associated with
undifferentiated hematologic precursor cells also associate with a
poor response to induction therapy. Consistently, in both younger
and older patients, low MN/ expression was associated with higher
CR rates and lower expression of known adverse outcome predic-
tors and of genes involved in chemotherapy resistance, such as
ABCBI. These findings may, at least in part, explain the observed,
independent association with better treatment response of low
MN1 expressers in older CN-AML. We also found overlapping
microRNA expression features in younger and older patients
with low MNIJ expression, including down-regulation of
miR-126 and miR-130b, and this may indicate that these
microRNAs play an important role in modifying patients’
response to therapy.
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In conclusion, we show that MNT expression is an important
predictor of treatment response in older de novo CN-AML patients.
Prognostic impact of MNJ expression is especially strong in
patients 70 years of age or older, and a combination of low MN/
expression and mutated NPM/ identifics a subset of these patients
with a particularly good outcome. Furthermore, the gene- and
microRNA-expression profiles we derived may help to shed light
on the complex biology of MN/-associated discase. Once a
standardized method of expression quantification is cstablished
(cg, by digital mRNA quantification technologics) and absolute
cutpoints are defined, measurements of pretreatment MNJ expres-
sion may be included in diagnostic pancls and used to improve risk
stratification of older CN-AML patients and to guide treatment
decisions in clinical trials testing new agents targeting genes, such
as ABCBI or even MN1I itself.
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2.4 High BAALC expression as residual disease marker prior to allogeneic stem cell
transplantation

Over the last years, assessment of MRD for risk stratification during AML disease course
became of growing interest. MRD allows the detection of a small residual disease population
despite morphologic remission. Thus, it has the potential to add valuable prognostic information
for AML patients and will likely guide treatment decisions in the future.

The paper included in this paragraph evaluates the feasability of BAALC copy number
assessment for MRD detection by the novel digital droplet PCR technique, prior to allogeneic
HSCT in CR. It shows that a BAALC copy number in peripheral blood prior to an allogeneic
HSCT that is higher than the copy number expressed in a healthy control cohort associates with
a higher CIR and shorter OS in AML patients. These findings are most likely mediated by
residual disease cells in patients with high BAALC copy numbers. The paper is the first to
analyze BAALC as a MRD marker in a patient cohort receiving allogeneic HSCT and shows the

feasability of MRD assessment independent of a disease-specific molecular alteration.

Manuscripts included in this paragraph:

- Jentzsch M, Bill M, Grimm J, Schulz J, Schubert K, Beinicke S, Hantschel J, Pénisch W,
Franke GN, Vucinic V, Behre G, Lange T, Niederwieser D, Schwind S. High BAALC copy
numbers in peripheral blood prior to allogeneic transplantation predict early relapse in acute
myeloid leukemia patients. Oncotarget. 2017. doi: 10.18632/oncotarget.21322
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ABSTRACT

High BAALC expression levels at acute myeloid leukemia diagnosis have been
linked to adverse outcomes. Recent data indicate that high BAALC expression levels
may also be used as marker for residual disease following acute myeloid leukemia
treatment. Allogeneic hematopoietic stem cell transplantation (HSCT) offers a curative
treatment for acute myeloid leukemia patients. However, disease recurrence remains
a major clinical challenge and identification of high-risk patients prior to HSCT is
crucial to improve outcomes. We performed absolute quantification of BAALC copy
numbers in peripheral blood prior (median 7 days) to HSCT in complete remission (CR)
or CR with incomplete peripheral recovery in 82 acute myeloid leukemia patients using
digital droplet PCR (ddPCR) technology. An optimal cut-off of 0.14 BAALC/ABL1 copy
numbers was determined and applied to define patients with high or low BAALC/ABL1
copy numbers. High pre-HSCT BAALC/ABL1 copy numbers significantly associated
with higher cumulative incidence of relapse and shorter overall survival in univariable
and multivariable models. Patients with high pre-HSCT BAALC/ABL1 copy numbers
were more likely to experience relapse within 100 days after HSCT. Evaluation of
pre-HSCT BAALC/ABL1 copy numbers in peripheral blood by ddPCR represents a
feasible and rapid way to identify acute myeloid leukemia patients at high risk of early
relapse after HSCT. The prognostic impact was also observed independently of other
known clinical, genetic, and molecular prognosticators. In the future, prospective
studies should evaluate whether acute myeloid leukemia patients with high pre-
HSCT BAALC/ABL1 copy nhumbers benefit from additional treatment before or early
intervention after HSCT.

INTRODUCTION of measurable residual disease (MRD) through
multiparameter flow cytometric (MFC) or quantitative

The identification of cytogenetic, molecular, and Feal time. PCR (qRT-PCR) assays may allow treatment

clinical factors impacting on outcome at acute myeloid intervention before overt relapse oceurs [3-5]. MFC
leukemia (AML) diagnosis improved risk stratification enables MRD assessment tl'.lrough detectlon.of. aberrant
[1, 2]. But pre-treatment AML characterization may surface antigen expression in complete remission (CR)
not capture all parameters important for outcome, e.g. [Wormann et al, ASH 19?1’6’7]- However, h.eterogemc
response or resistance to therapy [3]. Early detection outcomes were observed in MFC-MRD studies [8] and
www.impactjournals.com/oncotarget 1 Oncotarget
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reproducibility of MFC-MRD assessment is limited by
the need of specialized laboratories [3, 4]. Sensitive qRT-
PCR enabled MRD detection in AML cases with common
fusion genes and in NPMI mutated AML [3, 9, 10].
Thus qRT-PCR MRD monitoring is widely restricted to
patients carrying specific molecular alterations [11] with
the exception of Wilms' tumor gene 1 (WT71) expression
[9, 12]. Because clonal evolution can occur at disease
progression and might complicate early disease detection
at relapse [13], it seems reasonable to track several MRD
markers per patient.

The gene brain and acute leukemia, cytoplasmic
(BAALC) has been suggested as a suitable MRD marker as
it is expressed at low levels in peripheral blood and bone
marrow of healthy individuals [14, 15], but upregulated
in AML patients [15]. High BAALC expression levels
at AML diagnosis have been shown to associate with
adverse outcomes [16-19]. Recently, high BAALC levels
have also been linked to worse outcome if measured by
qRT-PCR after achievement of CR [15], completion of
induction therapy [11, 20] or after allogeneic stem cell
transplantation (HSCT) [21]. However, qRT-PCR has
the disadvantage of the need of calibration curves and
poor inter-laboratory comparability. In chronic myeloid
leukemia (CML) this led to complex harmonization
efforts for BCR-ABLI detection [22], which are not yet
clinical practice for MRD markers in AML. Here we
adopted digital droplet PCR (ddPCR), a new technique
which allows an absolute quantification without the need
of standard curves [23].
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Allogeneic HSCT is a potential curative treatment
option for AML patients and offers the highest chance of
sustained remissions [2]. Non-myeloablative conditioning
regimens (NMA), in which the therapeutic success is mainly
based on graft-versus-leukemia (GvL) effects, enabled
allogeneic HSCT in comorbid or older individuals [24].
Disease recurrence after HSCT remains a major clinical
problem with short patient survival [25]. Until today, no
study evaluated the feasibility of BAALC expression levels
for risk stratification in AML patients prior to allogeneic
HSCT in CR or CR with incomplete peripheral recovery
(CRi), which was the main objective of our study. Early
identification of AML patients at high risk of relapse
may result in adjustment of treatment strategies prior to
morphologic relapse and subsequently improve outcomes.
With the goal of a robust, rapid, and reproducible approach,
we used peripheral blood to assess the feasibility of ddPCR
for absolute quantification of BA4LC/ABLI copy numbers.

RESULTS

BAALC/ABLI copy numbers in AML patients
prior to HSCT and in healthy individuals

Within the patient cohort in CR or CRi prior to
HSCT, we observed a median pre-HSCT BAALC/ABLI1
copy number of 0.03 (range 0.00-2.58, Figure 1). In
the healthy control cohort, median BAALC/ABLI copy
numbers were 0.04 (range 0.03-0.10). Overall, there
was no significant difference in the BAALC/ABLI copy

healthy controls

(n=7)
Cut: 0.14
BAALCIABL1
_’_ copies
0
median 0.04
(0.03-0.1)

Figure 1: Comparison of absolute BAALC/ABL1 copy numbers in AML patients pre-HSCT (n=82) and healthy

controls (n=7).
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numbers between both groups (P=.34). The patient cohort
and the healthy control cohort were evenly matched in age
(P=1) and sex (P=1, Supplementary Table 2).

Associations of high pre-HSCT BAALC/ABL1
copy numbers with clinical and biological
characteristics

Patients with high and low pre-HSCT BAALC/ABLI
copy numbers did not differ significantly in the evaluated
characteristics at diagnosis (Table 1, Supplementary Table 1).
However, there was a trend for a lower incidence of CEBPA
mutations in patients with high pre-HSCT BAALC/ABLI
copy numbers (P=.09). Patients with high and low pre-
HSCT BAALC/ABLI copy numbers also did not differ
significantly in pre-HSCT characteristics; specifically, no
significant differences were found regarding the remission
status at HSCT, white blood count at time of blood sampling
for BAALC/ABLI copy number evaluation or time from
blood sampling to HSCT (Supplementary Table 1).

Prognostic significance of pre-HSCT BAALC/
ABLI copy numbers

Patients with high pre-HSCT BAALC/ABLI copy
numbers had a significantly higher cumulative incidence
of relapse (CIR, P=.02, Figure 2A) and shorter overall
survival (OS, P=.03, Figure 2B) which was reproduced
when we restricted our analysis to patients with a normal
karyotype (n=38, P=.007 and P=.11, respectively, Figures
2C and 2D). Subgroup analyses for patients harboring de
novo disease (n=52, Supplementary Figure 2), patients
transplanted in CR (n=68, Supplementary Figure 3),
CD34-positive AML (n=31, Supplementary Figure 4),
patients surviving longer than 100 days after HSCT
(n=71, Supplementary Figure 5), as well as patients
with diagnostic BAALC/ABLI copy number information
available (n=51, Supplementary Figure 6) are shown in the
Supplementary Material.

One year after HSCT, 52% of patients with high pre-
HSCT BAALC/ABLI copy numbers relapsed compared to
25% of patients with low pre-HSCT BAALC/ABLI1 copy
numbers. Furthermore, 38% of patients with high pre-
HSCT BAALC/ABLI1 copy numbers were alive compared
to 68% of patients with low pre-HSCT BAALC/ABLI copy
numbers. Patients with high pre-HSCT BAALC/ABLI copy
numbers suffering relapse had a trend for shorter time
to relapse after HSCT (median 78, range 19-244 days)
compared to patients with low pre-HSCT BAALC/ABL1
copy numbers (median 116, range 27-543 days, P=.07).
Furthermore, for patients without non-relapse mortality
after 100 days and six months after HSCT, those with
high pre-HSCT BAALC/ABLI copy numbers more
often relapsed compared to patients with low pre-HSCT
BAALC/ABLI copy numbers (37% vs. 11%, P=.02
[Figure 3], and 73% vs. 27%, P=.002, respectively). In

multivariable analysis, high pre-HSCT BAALC/ABLI copy
numbers significantly associated with higher CIR (Hazard
Ratio [HR] 2.6, Confidence Interval [CI] 1.2-5.7, P=.01)
after adjustment for disease status at HSCT (P=.003) and
disease origin (P=.009) and shorter OS (HR 2.1, CI 1.1-
4.1, P=.03, Table 2).

Detailed comparisons between the four groups of
patients experiencing relapse or remaining in remission
with high or low pre-HSCT BAALC/ABLI copy numbers
are shown in the Supplementary Material.

DISCUSSION

Assessment of residual disease provides a powerful
tool to measure treatment responses and to identify
patients at high risk of relapse [4]. Although we still lack
data of prospective MRD-guided trials in non-APL (acute
promyelocyte leukemia) AML, MRD assessment may
allow preemptive therapy to delay or even prevent relapse
and improve outcomes [5, 26, 27]. However, about 40%
of AML patients do not harbor the today commonly used
molecular MRD targets [3, 4], reflecting a need for new
MRD markers.

While the prognostic impact of high BAALC
expression levels at diagnosis has been widely evaluated
[3, 16-19], only a few studies with limited patient
numbers evaluated BAALC expression levels during
disease course using qRT-PCR [11, 15, 20, 21]. For MRD
evaluation in AML in general, it remains unclear whether
peripheral blood or bone marrow should be analyzed [7,
28]. For BAALC, high correlations of expression levels
in peripheral blood and bone marrow in both newly
diagnosed AML patients and healthy individuals have
been shown [15, 16]. While some authors only used
bone marrow [21], others used BAALC expression levels
of either blood or bone marrow for survival analysis at
diagnosis and during disease course [11, 20]. Peripheral
blood is derived faster, with lower risk of complications
and a higher convenience for the patient than bone
marrow aspiration and results in comparable BAALC
expression data [15, 16]. Therefore, we decided to restrict
our analysis to peripheral blood samples to examine the
prognostic impact of absolute pre-HSCT BAALC/ABL1
copy numbers in patients receiving NMA-HSCT.

None of the aforementioned studies focusing
on BAALC expression levels during disease course
reported significant diagnostic clinical or genetic
associations with different BAALC expression levels
at a defined point in time in CR. In our study, we also
did not detect any significant association of high pre-
HSCT BAALC/ABLI copy numbers with tested pre-
treatment or pre-HSCT parameters. This may indicate
that the observed higher CIR and subsequent shorter
OS is indeed driven by residual disease detected by
high pre-HSCT BAALC/ABLI copy numbers rather than
other commonly tested prognostic parameters. The first
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Table 1: Clinical characteristics of 82 AML patients treated with HSCT according to absolute pre-HSCT
BAALC/ABLI copy numbers (high vs. low, 0.14 cut)

- All patients Low pre-HSCT High pre-HSCT
Characteristic (n=82) BAALC/ABLI copy BAALC/ABLI copy p
numbers (n=61) numbers (n=21)
Pre-HSCT BAALC/ABLI copy numbers <.001
Median 0.03 0.02 0.44
Range 0.00-2.58 0.00-0.11 0.14-2.58
Age at HSCT, years 79
Median 63.9 64.9 63.9
Range 50.8-76.2 51.5-76.2 50.8-74.9
Sex, n (%) .80
Male 37 27 (44) 10 (48)
Female 45 34 (56) 11 (52)
Hemoglobin at diagnosis, g/dL .54
Median 8.7 9.0 8.5
Range 4.5-14.4 5.5-14.4 4.5-11.3
Platelet count at diagnosis, x 10°/L .76
Median 65 71 63
Range 3-224 3-167 13-224
WBC count at diagnosis, x 10°/L 13
Median 7.2 4.6 224
Range 0.7-385 0.8-324 0.7-385
Blood blasts at diagnosis, % 48
Median 22 21 28
Range 0-97 0-97 2-97
BM blasts at diagnosis, % .87
Median 50 52 43
Range 3-95 3-95 10-95
Karyotype, n (%) 45
Abnormal 41 32(55) 9 (43)
Normal 38 26 (45) 12 (57)
ELN 2010 Genetic Group, n (%)[36] .86
Favorable 17 12 (22) 5(26)
Intermediate-I 19 13 (24) 6 (32)
Intermediate-11 19 15 (27) 4(21)
Adverse 19 15 (27) 4(21)
Disease origin, n (%) .60
De novo 52 40 (66) 12 (57)
Secondary 30 21 (34) 9 (43)
(Continued)
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Low pre-HSCT

High pre-HSCT

Characteristic A“(rl:i‘;iz")“ts BAALC/ABLI copy ~ BAALC/ABLI copy P
numbers (n=61) numbers (n=21)

NPM1 at diagnosis, n (%) .76
Wild-type 51 36 (77) 15 (71)
Mutated 17 11 (23) 6(29)

FLT3-ITD at diagnosis, n (%) 1
Absent 54 38(79) 16 (80)
Present 14 10 (21) 4(20)

CEBPA at diagnosis, n (%) .09
Wild-type 51 34 (83) 17 (100)
Mutated 7 7(17) 0(0)

ABLI, Abelson murine leukemia viral oncogene homolog 1 gene; BAALC, brain and acute leukemia, cytoplasmatic gene;
BM, bone marrow; CEBPA, CCAAT/enhancer-binding protein alpha gene; ELN, European LeukemiaNet classification
2010; FLT3-ITD, internal tandem duplication of the fms like tyrosine kinase 3 gene; HSCT, hematopoietic stem cell
transplantation; NPM1, nucleophosmin 1 gene; WBC, white blood cell.

study to propose BAALC as a potential MRD marker
analyzed 45 patients with de novo acute leukemia, but
also included six patients with APL and 11 patients with
lymphoid leukemia in their analysis [15]. The authors
were able to show a superior disease-free survival in
patients with lower BAALC/GAPDH expression levels in
bone marrow after CR achievement. Another small study
focused on 45 patients harboring core-binding factor
(CBF) AML that received an allogeneic or autologous
HSCT and evaluated BAALC/ABLI expression levels
in bone marrow at diagnosis, as well as in CR after the
first induction cycle, pre-HSCT, and at day 60 post-
HSCT. While the authors showed significantly shorter
OS, event-free survival (EFS) and higher CIR in patients
with high BAALC/ABLI expression levels at diagnosis
and post-HSCT, there was no significant impact on
outcome after first induction cycle or pre-HSCT [21].
In contrast, we observed a strong prognostic impact of
high pre-HSCT BAALC/ABLI copy numbers on CIR
and OS in univariable and multivariable models. These
differences might be explained by a lower patient number
(n=45) and/or the restriction to CBF AML in the study
of Yoon et al. [21] In 27 CN-AML patients with high
initial BAALC/ABLI expression levels, Weber ef al. [11]
observed shorter EFS for individuals with sustained high
BAALC/ABLI expression levels in peripheral blood or
bone marrow after two induction cycles. Later, this data
was extended to 46 and 33 patients after completion of
two induction cycles and 3-6 months after completion
of two induction cycles, respectively [11]. Again,

patients with high BAALC/ABLI expression levels
at either of both time points had shorter EFS. Despite
this promising data, possible limitations of BAALC as
MRD marker still have to be determined. While most
studies showed a prognostic impact without a prior
assessment of the CD34 expression status [11, 20, 21],
Najima et al. [15] postulated BAALC as MRD marker
limited to CD34-positive AML as BAALC is upregulated
in CD34-positive AML [14]. Restricting our analysis to
patients with CD34-positive AML, we also observed a
trend for higher CIR in patients with high pre-HSCT
BAALC/ABLI copy numbers despite low patient numbers
(P=.06, n=31, Supplementary Material). Limited
numbers of patients with CD34-negative AML prevented
a separate analysis for this subset. However, we observed
no difference in CD34-positivity or CD34 expression at
diagnosis between patients with high or low pre-HSCT
BAALC/ABLI copy numbers (Supplementary Table 1).
Further studies are needed to evaluate whether there are
specific AML subgroups for which BAALC represents a
more suitable MRD marker than for others.

To our knowledge until today all studies used qRT-
PCR for BAALC evaluation but different approaches
to define a cut-off for high or low BAALC expression
levels during follow-up. Najima ez al [15]. used the two-
fold standard deviation over the median of a healthy
cohort, while Yoon et al. [21] focused on the relative
BAALC/ABLI expression of the tested patients and used
a ROC (receiver operation characteristic) curve to define
the optimal cut for each point in time individually. The
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latter resembles our approach and — despite different
methodology - the evaluated cut-off in our cohort was
also slightly higher than the two-fold standard deviation
over the median of healthy BAALC/ABLI copy numbers
in peripheral blood (0.14 vs. 0.10, respectively). Finally,
Weber et al. used the median BAALC/ABLI expression
at diagnosis of the initial cohort [11] to define high or
low expression during disease course but restricted their
analysis to patients with initially high BAALC/ABLI
expression levels [11, 20]. In our study, for a subset
of the analyzed patients (n=51) diagnostic material for
BAALC/ABLI copy number assessment was available.
For patients’ characteristic, as well as clinical and
biological associations linked with high BA4ALC/ABLI

copy numbers at diagnosis see the Supplementary
Material. When we restricted our outcome analyses to
patients with low or high BAALC/ABLI copy numbers
at diagnosis - despite the limited number of patients
- we observed a trend for higher CIR and shorter OS
for patients with high pre-HSCT BAALC/ABLI copy
numbers in patients irrespective of the diagnostic
BAALC/ABLI copy number (Supplementary Figure
6). In fact five of the patients with low diagnostic
BAALC/ABLI copy numbers had high pre-HSCT
BAALC/ABLI copy numbers, of which three
subsequently relapsed (see Supplementary Material for
details). Thus, despite the limited number of patients,
our data indicate that pre-HSCT BAALC/ABLI copy
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Figure 2: Outcome of patients according to pre-HSCT BAALC/ABLI copy numbers, high vs low, 0. 14 cut, (A) Cumulative Incidence of
Relapse and (B) Overall Survival for the entire set (n=82) and (C) Cumulative Incidence of relapse and (D) Overall Survival in patients

with a normal karyotype (n=38).
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number determination can provide valuable clinical
information also in patients with low diagnostic
BAALC/ABLI copy numbers.

Considering the small number of studies focusing on
BAALC expression as a MRD marker, the optimal cut-off
needs validation. However, assessment of BCR-ABLI as
MRD marker in CML showed us the technical difficulties
of standard curves and in achieving an inter-laboratory
comparability to ensure consistent analyses [22]. ddPCR
has already been shown to provide comparable sensitivity
to qRT-PCR but seems to have an improved day-to-day
reproducibility and greater precision [23, 29, Huang et al,
ASH 2015]. Therefore, ddPCR may represent a promising
new method for gene expression analyses for MRD
monitoring in the future.

Our here presented study is the first to demonstrate
that ddPCR is a feasible method for evaluation
of absolute BAALC/ABLI copy numbers prior to
allogeneic HSCT. We were able to show that patients
with high pre-HSCT BAALC/ABLI copy numbers had
a significant higher CIR and shorter OS (P=.02 and
P=.03, respectively, Figure 2). Patients with high pre-
HSCT BAALC/ABLI copy numbers had an over 2.5-fold
higher risk of relapse and an over 2-fold higher risk of
death after HSCT compared to patients with low pre-
HSCT BAALC/ABLI copy numbers (Table 2). Patients
with high pre-HSCT BAALC/ABLI copy numbers
more often suffered relapse within the first 100 days
after HSCT (37% vs. 11%, P=.02) and the time from
HSCT to relapse was shorter in patients with high pre-
HSCT BAALC/ABLI copy numbers by trend (P=.07,
Figure 3). To our knowledge, no other study reported
on early relapses detected by high BAALC expression
levels. We postulate that high pre-HSCT BAALC/ABL1
copy numbers might indicate a residual disease burden

Relapse within 100 days
after HSCT, high vs. low, P=.02
1
|

pre-HSCT
BAALC/ABL1
copy numbers

in AML patients that subsequently may lead to early
relapse during follow-up. Noteworthy, for all patients,
peripheral blood was used in the analyses facilitating
repetitive MRD assessment. We and others [11, 15, 20,
21] were able to show that BA4LC has the potential to
allow further risk stratification during disease course and
subsequently may improve MRD assessment in addition
to other established MRD markers such as PML-RARA,
CBFB-MYH11, RUNXI-RUNXITI or NPMI mutations.
Furthermore, since BAALC is expressed at different
amounts in all AML patients, it might allow molecular
MRD detection in patients lacking molecular alterations
commonly used for MRD assessment.

Restrictions of our study are the retrospective nature
and the limited patient numbers. Future prospective
clinical trials are needed to validate the here-established
cut-off value and the resulting outcome findings in larger
patient populations.

Even with a variety of possible treatment options
such as reduction of immunosuppression, donor
lymphocyte infusions or treatment with hypomethylating
agents, patients suffering from morphologic relapse
after HSCT have a very poor prognosis [25, 30, 31].
Pre-HSCT BAALC/ABLI copy number evaluation
allows early identification of patients at higher risk of
relapse and subsequently closer monitoring for relapse
in the post-transplant period. In the future pre-HSCT
BAALC/ABLI evaluation might guide preemptive
treatment to improve the poor prognosis of AML patients
with a risk for morphologic relapse. Furthermore,
prospective studies will be required to evaluate whether
AML patients with high pre-HSCT BAALC/ABLI
copy numbers might benefit from additional treatment
or intensification of the conditioning regimen prior to
allogeneic HSCT.
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Figure 3: Time from HSCT to relapse according to high (median 78, range 19-244 days) or low (median 116, range
27-543 days) absolute pre-HSCT BAALC/ABLI copy numbers in relapsed patients (n=28).
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Table 2: Multivariable outcome analyses of 82 AML patients treated with HSCT

Cumulative Incidence of Relapse

Overall survival

Variable

HR* (95% CI) P HR* (95% CI) P
pre-HSCT BAALC/ABLI copy numbers . )
(high vs. low, 0.14 cut) 2.6 (1.2-5.7) 012 2.1 (1.1-4.1) .03
Disease origin (de novo vs. secondary) 0.4 (0.2-0.8) .009 - -
Disease status at HSCT (CR vs. CRi) 0.3 (0.1-0.7) .003 - -

ABL]1, Abelson murine leukemia viral oncogene homolog 1 gene; BAALC, brain and acute leukemia, cytoplasmatic gene;
CI, confidence interval; CR, complete remission; CRi, CR with incomplete peripheral recovery; HSCT, hematopoietic cell

transplantation; HR, hazard ratio.

* HR, hazard ratio, <1 (>1) indicate lower (higher) risk for an event for the first category listed for the dichotomous

variables.

Variables considered in the models were those significant at 0=0.20 in univariable analyses. For OS endpoint, variables
considered were hemoglobin count at diagnosis, white blood cell count at diagnosis, pre-HSCT BAALC/ABLI copy numbers
(high vs. low) and HLA match (antigen match vs mismatch) while for CIR endpoint, variables considered were disease origin
(de novo vs. secondary), BAALC/ABLI copy numbers (high vs. low), disease status at HSCT (CR vs. CRi) and ELN 2010

Genetic Group.

MATERIALS AND METHODS

Patients and treatment

A total of 82 adult AML patients who received
allogeneic HSCT at the University of Leipzig between
September 2002 and December 2015 were retrospectively
included in this analysis. All patients had peripheral blood
samples up to 14 days prior to HSCT (median 7, range
0-14 days) for BAALC/ABLI copy number assessment
available. White blood count (WBC) was assessed at time
of blood sampling for analysis. Additionally, for 51 of
these patients diagnostic peripheral blood or bone marrow
samples were available for BAALC/ABLI copy number
analysis. For details see Supplementary Material and
Supplementary Table 3.

All patients received age-dependent cytarabine
based chemotherapy protocols (under or over 60 years)
and were consolidated with HSCT in first (60%) or
second CR (23%) or CRi (17%). For details please see
Supplementary Material. Median age at HSCT was 63.9
(range 50.8-76.2) years. Written informed consent for
participation in these studies was obtained in accordance
with the Declaration of Helsinki.

All patients received NMA conditioning with
fludarabine 30 mg/m? for three days followed by 2 Gy
total body irradiation [32, 33] and infusion of granulocyte
colony stimulating factor (G-CSF)-mobilized peripheral
blood stem cells on day 0. Reasons for choosing a NMA
protocol were age over 50 years for patients receiving
unrelated HSCT (n=71) or age over 55 years for patients
receiving related HSCT (n=11). Patients’ characteristics

are shown in Table 1 and Supplementary Table 1. For
Information regarding prevention and incidence of acute
and chronic graft-versus-host disease see Supplementary
Material. Median follow-up after HSCT for patients alive
was 1.8 years.

Healthy control cohort

In a control cohort of 7 healthy volunteers (median
age of 62.7, range 39.6-82.0 years), absolute BAALC/ABLI
copy numbers in peripheral blood were evaluated. Written
informed consent was obtained for all healthy individuals;
their characteristics are shown in Supplementary Table 2.

Cytogenetic, moleculargenetic, and flow
cytometric analyses

At diagnosis, cytogenetic analyses, the presence
of internal tandem duplication in the FLT3 gene (FLT3-
ITD) as well as mutations in the FLT3 tyrosine kinase
domain (FLT3-TKD), NPM1 and CEBPA genes were
determined as previously described [34]. For details
see Supplementary Material. For patients with material
available, the CD34 and CD38 expression on mononuclear
cells in bone marrow at diagnosis was determined as
previously described [35].

ddPCR assessment of BAALC/ABLI copy
numbers

Absolute BAALC copy numbers were assessed
using a specific ddPCR assay (BioRad, Hercules,
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California, USA; Assay ID: dHsaCPE5025566) according
to manufacturer’s specifications. Primers and probe
sequences for ABLI copy number assessment (Biomers,
Ulm, Germany) are shown in the Supplementary Material.
ddPCR was performed on a QX100 platform (BioRad)
and QuantaSoft software (Biorad) was used for raw data
processing. With the droplet generator, each sample was
divided into approximately 10,000 - 20,000 partitions
(droplets). After PCR amplification (for details see
Supplementary Material) the samples were placed into the
droplet reader, where each droplet was read as positive
or negative for the gene expression by issuing specific
fluorescence signals (FAM and HEX). Redistribution
according to the Poisson’s algorithm determined the target
copy number in the original sample. Two examples of the
ddPCR droplet reader output are given in Supplementary
Figure 1.

BAALC/ABLI cut-off point definition

Using the R package ‘OptimalCutpoints’ a cut-
off point of 0.1397 absolute pre-HSCT BAALC/ABLI
copies was determined and used to define patients with
high (n=21, 26%) and low (n=61, 74%) pre-HSCT
BAALC/ABLI copy numbers in peripheral blood. For
details see Supplementary Material.

End points and statistical analyses

For definition of clinical endpoints and statistical
analyses for associations and survival (univariable and
multivariable) see Supplementary Material.
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2.5 Aberrant microRNA expression as prognostic markers in AML and their clinical and
therapeutic implications

In recent years it became clearer that differential miR expression levels may not only be used
for risk stratification but that exploring their biology may provide important insights into AML
pathogenesis. Furthermore, identifiying ways to manipulate their expression levels may present
new therapeutic avenues for AML treatment.

The first part of this paragraph focuses on miR-181a. The first presented paper evaluated the
prognostic significance of miR-181a expression levels in the context of established molecular
markers in CN-AML, and aided to gain insight into the leukemogenic role of miR-181a. This
paper was the first to provide evidence that the expression of a single miR is associated with
clinical outcome of patients with CN-AML, as higher miR-181a expression associated with
longer diseas-free survival (DFS) and OS.

The second paper included in this paragraph demonstrates that high miR-181a expression
levels lead to a less aggressive AML phenotype by directly downregulating KRAS, NRAS, and
MAPK1 and decrease AML growth. Furthermore, the paper shows that miR-187a expression
levels not only represent a strong prognostic marker in AML, but are also involved in AML
biology by targeting the RAS-MAPK-pathway, and that miR-187a mimics represent a novel
promising therapeutic approach for AML and possibly for other RAS-driven cancers.

In the second part of this paragraph the role of miR-29b in AML is characterized and potential
new treatment strategies are discussed. High expression levels of miR-29b expression
associated with clinical response to the hypomethylating agent decitabine in older AML patients.
Bortezomib-induced miR-29b up-regulation resulted in loss of transcriptional activation for
several genes relevant to AML leukemogenesis. In the third paper a phase 1 trial is presented
that demonstrates the feasibility and preliminary clinical activity of bortezomib plus decitabine in
AML, and identified FLT3 as a novel pharmacodynamic end point for future trials.

In the fourth paper it is demonstrated that the potent histone deacetylase inhibitor AR-42
increased miR-29b levels and led to downregulation of known miR-29b targets (i.e. SP1,

DNMT1, DNMT3A and DNMT3B). It also shows that the sequential administration of AR-42
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followed by decitabine resulted in a strong anti-leukemic activity. These preclinical results with
AR-42 priming before decitabine administration represent a promising, novel treatment
approach and a paradigm shift with regard to the combination of epigenetic-targeting
compounds in AML, where decitabine has been traditionally given before histone deacetylase
inhibitors.

In the final paper included in this paragraph it is demonstrated that treatment with a transferrin-
conjugated nanoparticle loaded with synthetic miR-29b (Tf-NP-miR-29b) significantly
downregulated DNMTs, CDK6, SP1, KIT, and FLT3, decreased AML cell growth and impaired
colony formation. Mice engrafted with AML cells and then treated with Tf-NP-miR-29b had
significantly longer survival. Furthermore, priming AML cell with Tf-NP-miR-29b before
treatment with decitabine resulted in marked decrease in cell viability and showed improved

antileukemic activity compared with decitabine alone in vivo.

Manuscripts included in this paragraph:

- Schwind S, Maharry K, Radmacher MD, Mr6zek K, Holland KB, Margeson D, Whitman SP, Hickey C,
Becker H, Metzeler KH, Paschka P, Baldus CD, Liu S, Garzon R, Powell BL, Kolitz JE, Carroll AJ,
Caligiuri MA, Larson RA, Marcucci G, Bloomfield CD: Prognostic Significance of Expression of a
Single microRNA, miR-181a, in Cytogenetically Normal Acute Myeloid Leukemia: A Cancer and
Leukemia Group B Study. J Clin Oncol. 2010; 28:5257-64.

- Huang X*, Schwind S§*, Santhanam R, Eisfeld AK, Chiang C, Yu B, Hoellerbauer P, Dorrance A, Jin
Y, Tarighat SS, Khalife J, Walker A, Chan KK, Caligiuri M, Perrotti D, Muthusamy N, Bloomfield CD,
Garzon R, Lee RJ, Lee JL, Marcucci G. Targeting the RAS/MAPK pathway with miR-187a in Acute
Myeloid Leukemia. Oncotarget. 2016; 7:59273-86. *shared first-author
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Prognostic Significance of Expression of a Single
MicroRNA, miR-181a, in Cytogenetically Normal Acute
Myeloid Leukemia: A Cancer and Leukemia Group B Study

Sebastian Schwind, Kati Maharry, Michael D. Radmacher, Krzysztof Mrézek, Kelsi B. Holland,

Dean Margeson, Susan P. Whitman, Christopher Hickey, Heiko Becker, Klaus H. Metzeler, Peter Paschka,
Claudia D. Baldus, Shujun Liw, Ramiro Garzon, Bayard L. Powell, Jonathan E. Kolitz, Andrew J. Carroll,
Michael A. Caligiuri, Richard A. Larson, Guido Marcucd, and Clara D. Bloomfield

A B S TR ATCT

Purpose

To evaluate the prognostc significance of expression levels of a single microRNA, miR-181a, in the
context of established mclecular markers in cytogenetically normal acute myeloid leukemia
{CN-AMLI, ard to gain insight into the leukemogenic role of miR-181a.

Patients and Methods )
miR-187a expression was measured in pretreatment marrow using Ohio State University

Comprehensive Cancer Center version 3.0 arrays in 187 younger (< 60 years) adults with
CN-AML. Presence cf other molecular prognosticators was assessed centrally. A gene-exprassion
profile associated with miR-181a exprassion was derived using microarrays and evaluated by
Gene-Ontology analysis.

Results

Higher miR-1817a expression associated with a higher complete remission (CR) rate (P = .04),
longer overall survival (OS; P = 01) and a trend for longer diseass-free survival {DFS; P= 09). The
impact of miR-187a was most striking in poor molecular risk patients with FLT3internal tandem
duglication (FLT3-ITD} and/or NPM 1 wild-type, where higher miR-181a expression associated with
a higher CR rate [P = .003), and longer OFS (P < .001) and OS (P < .001). In multivanable analyses,
higher miR-181a expression was significantly associated with better outcome, both in the whole
patient cohort and in patients with FLT3ITD andfor NPMT wildtype. These results were also
validated in an independent set of older (= 60 years) patients with CN-AML. A miR-18Ta
associated gene-expression profile was characterized by enrichment of genes usually involved in
innate immunity.

Conclusion

To our knowledge, we provide the first evidence that the expression of a single microRNA,
miR-181a, 1s asscciated with clinical cutcome of patients with CN-AML and may refine their
molecular nsk classification. Targeted treatments that increase endogenous levels of mif-187a
might reprasent novel therapeutic strategies.

J Clin Oncol 28:5257-5264. @ 2010 by American Society of Clinical Oncology

such as core-binding factor (CBF) -AML with t(8;

Several recent studies have revealed that micro-
RNAs, short noncoding RNAs that hybridize to
their target mRNAs and repress the expression of the
encoded proteins,’ are not only involved in such
biologic processes as cellular differentiation, prolif-
eration, and survival, but also play an essential role
in the development of solid tumors and acute my-
cloid leukemia (AML).”® In AML, genome-wide
microRNA-expression profiling has revealed dis-
tinctive microRNA-expression signatures capable of
differentiating among specific cytogenetic subtypes,
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21}, CBF-AML with inv{16) or t{(16;16}, and acute
promyelocytic leukemnia with t(15;17), and setting
them apart from other AML subtypes.”® Moreover,
microRNA expression signatures have been associ-
ated with mutations of NPM1,7'? FL13,7"" and
CEBPA,""? which are genctic alterations known to
affect clinical outcome of patients belonging to the
largest subset of AML—cytogenctically normal
AML (CN-AML),

Furthermore, we have recently demonstrated
that deregulated microRNA expression may also be
associated with outcome in CN-AML.™"' Using

© 2010 by Amarican Scooty of Oinical Oncology 5257
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microRNA-expression profiling in patients with CN-AML with unfa-
vorable molecular features—FLT3-ITD and/or NPMI wild-type
(NPMIwt)—we discovered a prognostic microRNA signature con-
sisting of 12 microRNA probes, five of which corresponded to mem-
bers of the miR-181 family.” Although these data provided initial
support for the usefulness of microRNAs for assessment of molecular
risk in AML, microRNAs have been linked to prognosis in AML
mainly in the context of genome-wide profiling. This approach, how-
ever, is based on population analysis, and therefore, is relatively diffi-
cult to implement for prospectively assessing the molecular risk of
individual patients. Thus new strategies are needed to increase the
clinical applicability of microRNA expression—based prognostication
n AML.

To our knowledge, theindependent prognostic impact of expres-
sion levels of individual microRNAs, which are relatively casy to mea-
sure for molecular risk assessment of individual patients at diagnosis,
has not been demonstrated in CN-AML outside of miccoRNA expres-
sion profiles. Thus, we sought evidence here that the expression levels
of a single microRNA, miR-181g, could provide prognostic informa-
tion in patients with CN-AML independently from a comprehensive
panel of other established clinical and molecular predictors, and there-
fore, be readily applicable as a risk-stratification tool. We show that
expression of miR-181a is strongly associated with outcome, which
suggests that niR-181a expression could be used for individual pa-
tients’ molecular risk assessment and perhaps as a potential therapeu-
tic target.

PATIENTS AND METHODS

Patients, Treatment, and Cytogenetic Analysis

Atotal of 187 adult patients younger than 60 years (range, 18 to 59 years)
with untreated, primary CN-AML and 1al available for analysis were
included. Patients were treated similarly with i ive induction chemaoth
apy and consolidation with autologous peripheral blood stem-cell transplan-
tation on Cancer and Leukemia Group B (CALGB) protocols 9621 (n = 89)
and 19808 (n = 98).">* Of those who achieved 2 complete remission (CR),
82% received an 2utologous transplant. Cytogenetic analyses of pretreatment
bone marrow (BM) samples were performed by CALGB-approved institu-
tional cytogenetic laboratories as part of CALGB 8461, a prospective cytoge-
netic companion study, and centrally reviewed.™'® All patients gave informed
consent for the research use of their specimens, in accordance with the Decla-
ration of Hekinki. No patient received allogeneic stem-cell transplantation in
first CR.

A cohort of 122 CN-AML patients age 60 years or older, treated on
first-line CALGB protocols {Appendix, online only), constituted an indepen-
dent validation set for outcome analyses.

Molecular Analyses

The presence or absence of additional molecular markers such as FLT3-
ITD, FLT3 tyrosine kinase domain mutations (FLT3-TKD), mutations in the
NPM1, CEBPA, WTI, IDH1, and IDH2 genes, MLL partial tandem duplica-
tion (MLL-PTD), and BAALC and ERG expression levels were assessed cen-
trally, & previoudy reported.'*'***

miR-181a Expression Analyses

For microRNA expression, total RNA was extracted from pretreatment
BM or blood mononuclear cells, and biotinylated first-strand complementary
DNA was synthesized and hybridized to microRNA microarray chips.” Images
of the microRNA microarray chips were acquired, and calculation, normaliza-
tion, and filtering of signal intensity for each microarray spot and batch-effect
adjustment were performed.” miR-181a expression was measured using Ohio
State University Comprehensive Cancer Center version 3.0 arrays. Log inten-

© 200 ty Amercan Society of Cincal Oncology

sities for miR-181a probes were averaged and used s a continuous variable for
analyses. To validate messurements of miR-181a expression made using the
microRNA microarrays, quantitative real-time reverse transcriptase poly-
merase chain reaction (RT-PCR) was performed in 2 subgroup of younger
patients (Appendix).

Gene Expression Profiling

To gain further insight into the biologic processes associated with miR-
181a in CN-AML, we performed gene-expression profiling using the Af-
fymetrixU133 plus 2.0 array (Affymetrix, Santa Clars, CA), and Gene
Ontology analysis as reported previously,™ and described in the Appendix.

Definition of Clinical End Points and Statistical Analysis

The main objective of our study was to evaluate the impact of miR-181a
expression on outcome (for definition of dinical end points, see Appendix).

The associations of miR-181a expression, considered 23 a continuous
variable, with baseline dlinical, demographic, and moleculer features were
analyzed using one-way analysis of variance. Univarisble logistic regression
modeks were constructed to evaluate miR-181q expression for achievement of
CR, and univariable Cox proportional hazards models were used 1o evaluate
the associations of miR-181a exp with di free survival (DFS) and
overall survival (OS). Multivariable logistic regression models were con-
structed 10 analyze factors related to the probability of achieving CR, and
multivariable Cox proportiona] hazards models were constructed to analyze
factors important for DES and OS {multivariable analyses are detailed in
the Appendix).

RESULTS

Associations of miR-181a Expression With Clinical and
Molecular Characteristics in Patients With CN-AML

At diagnosis, higher expression of miR-181a, analyzed here as a
continuous variable, was significantly associated with higher hemo-
globin (P = .05) and percentage of circulating blasts (P < .001),
French-American-British M1 and M2 subtypes (P < .001) and the
absence of extramedullary discase, especially skin and gum involve-
ment (P = .04; Table 1). Higher miR-181a expression was also signif-
icantly associated with higher frequency of wild-type NPMI
(P=.003), CEBPA mutations (P < .001), IDH1 mutations (P = .007),
and lower ERG (P = .02) and higher BAALC (P = .05) expresser status
(Table 1).

Prognostic Value of miR-181a Expression in CN-AML

Patients with higher miR-181a expression had a higher CR rate
(odds ratio [OR], 1.38; P = .04). With a median follow-up time for
patients alive at the last follow-up visit of 6.5 years (range, 3.1to 11.0
years), higher miR-18la expressers had a trend for longer DFS
(P =.09) and had longer OS (hazard ratio [HR], 0.82; P = .01; Table
2). The prognostic impact of miR-181a expression levels measured
using microRNA microarrays was technically validated by outcome
analyses in a subgroup of 30 patients for whom niiR-181a expression
was also determined using real-time RT-PCR (Appendix).

In multivariable analyses (Table 3), higher miR-181a expression
levels were associated with an increased rate of CR (OR, 2.36; P = .02),
after adjusting for ERG (P = .008) and BAALC expression status
(P = .01) and age (P = .01). Higher miR-181a expression was also
associated with longer DFS (HR, 0.8; P = .02), after adjusting for
CEBPA (P = .005), NPMI (P < 001), WTI (P = 003), FLT3-ITD
(P < .001) and FLT3-TKD (P = .02) mutational status, and with
longer OS (HR, 0.81; P = .01), after adjusting for CEBPA (P < 001),

JoumnaL oF Cusicas, Oxouosy
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Table 1. Relationship of Cincal and Moeculsr Charactenstics With
miR-187a Expression in the Whole Group of 187 Yourger Patients With
Cytogenatically Normal Acute Myeloid Leukerria st Dagnosis

Table 2. Felsticnship Between /miR-181a Expression ard Outcome of
Younger Patients Witk Cytogeneticaly Naormal Acute Myeod Leucemss

Apbresiations: FAS, French-Amencan-8ratish dassification; FLTHTD, imema
tardem duplcstion of the FLTS gene; FLTSTKD, tyrosine kinese dormain mutation
of the FLT3 gere; MLL-PTD, partal ardem dupicstion of the MLL gane.

“Pualues are from the one-way ansysis of vanance averall F-test, evaluating
the presence of ary linea relat onship between mifi-187s express on ard the
variable tested. For tests with a Pyvalue < 20, 1 indcates that higher values
of the continucus varable asscciate with higner miR-181a expression and
indicates that lower values of the continuous variable assocate with higher
mifi-1812 expresson; for the categoncel varsbles, those sssocisted with
higher miR-181a expresson are indicated usng bold type.

1Primarily extrameduliary s<n ard gum rvolvement

WWW.§C0.008

End Pairt ORMHA 95% CI P
Charactenstic No % Pt — i ol CN-AML pationts
Madian age. years 45 o8 Complete remission 1.38 101101868 04
So?@ 1859 . Disease-free suvive - - 09
Overall sunival 082 07110056 0
:Lm“ : i; Analyses n FLTFTO andlor
ace - - NPM v patients
White 163 88 ' Complete remisson 164 1120242 009
Norwhite 23 12 Disease-free survive 068 0531w084 < 001
Madian hemogodin, g 93 051 Overall survival [ | 0680w0Bs < 001
Aange 46136 NOTE: An OR greatar than 1.0 maans a hgher compiete remisson rate for
Median platelet court, X10%L 58 29 hgher values of miR-187a axpression. An HA lower than 1.0 means longer
Range 7-466 survival for nighar vaiues of miA-1875 exprasson. The sample s2e for the
Magian WBC, x10°/L 275 13 entre sat was n « 187 for compiate ramisson and oversll surnvval and
Range 092950 n = 154 for diseasedree survive!. The sampla size for FLTFHTD andlor
M;(::;o biood blasts, % 05:7 <001t f‘:“”sg‘,‘o?a;:‘;:&wf 02 ;u'l‘:s a1]0' compieta remission and overal surviva and
Median bone merrow blasts, % i ca Abarevations: HR, hazad ratio; OR, odds ratio
Rarge 2185
EAB < 001
Mi/mM2
MAMS 2 b NPMI (P < 001), WTI (P < 001), and FLT3-ITD (P = .003)
Extramedullary mvolvementt 04 mutational status, and WBC (P = .005).
No 129 70
P = i o Association of miR-181a Expression Levels With
Negstive 117 81 : Outcome in Distinct CN-AML Molecular Groups
Positive 70 a7 The presence or absence of FLT3-ITD and NPMI mutations has
FLIZTKD 05 been reported to stratify patients with CN-AML into prognostically
Aapsthve “ b distinct categories. Patients with NPMI mutations, but no FLT3-ITD
NEMT 003 had a more favorable outcome, whereas those with FLT3-ITD and/or
Wild type 67 36 NPM 1wt had worse prognosis.” Thus, to better understand the prognos-
Mutasted 120 64 tic significance of higher miR-18la expression levels in CN-AML, we
CEBPA < 001 I 1 their i on the afk ti i 4 bsets. While
Wild type 152 a3 i .. - N N .
Mutsted 22 17 there was no prognostic impact of miR-181a expression on patients with
wrTT 6 NPM1 mutations and no FL13-ITD (n = 65; CR rate, P = .58 DFS, P =
Wild type 161 a8 .76;and OS, P = .66), we observed that higher miiR-18]a expression levels
M:"_:;d - - o were associated with a significantly higher CR rate (OR, 1.64; P = .009),
Negstive 175 a4 and longer DFS (HR, 0.66 P < .001) and OS (HR, 0.71; P < .001) in
Pesitve 12 3 petients with FLT3-ITD and/or NPMIwt (n = 122; Table 2).
IDH! 007 In multivariable analysis restricted to patients with FLT3-1TD
wll “ml ‘:: 2; and/or NPMIwt (Table 3), higher miR-181a expression levels were
10H2 &8 associated with higher odds of achieving a CR (OR, 1.6]; P = .02),
Wild type 126 48 after adjusting for age (P = .009), with longer DFS (HR = 0.74;
Mutated 17 2 P = 02), afteradjusting for CEBPA (P < .001}, NPM1 (P = .007),and
b - o 02 FLT3-ITD (P = .02) mutational status, and hemoglobin levels
BAALC exprasson 05 CEBPA (P < .001), NPMI (P = .007}, and WT1 (P = .01) mutational
Low 70 50 status, WBC (P < .001), and extramedullary involvement (P = .01).
High 70 50

In the aforementioned analyses, we used miR-181a expression
values as a continuous variable. To graphically display the relationship
between miR-181a expression and achievement of CR, we compared
miR-181a expression in patients achieving CR with that of patients
experiencing failure with induction therapy within the subgroup of
patients with FLT3-ITD and/or NPMIwt (Fig 1A). Furthermore, to
graphically display the relationship between miiR-181a expression and
DFS and OS, we dichotomized miR-181a expression values at the
median, and present survival curves for the high and low miR-181a
expressers within the subgroup of patients with FLT3-ITD and/or
NPMIwt (Fig 1B and 1C).

© 2010 by Amencan Society of Cincal Oncoiogy 5259
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Table 3. Multvarasble Analysas Evaluating rmift-1812 Expression for Clinicsl Outcorne in Younger Patients With CN-AML

Variables in Firal Models OR/MHR 95% CI P
Mutivariable analyses in all patients with CN-AML
CR*
miR-181a expression 236 1.17w4 78 .02
EAG expression; low v high 596 160102152 008
BAALC axpression: low v hign 669 156102874 01
Age 036 0.17t00.78 .01
DFS®
mif-181a expression 0.80 068097 .02
CEBPA; mutated v wid type 038 ¢1910075 005
NPMT: mutated v wild type 042 02410075 < .001¢
WT1; mutated v wid type 254 1.33t04.66 003
FLT3HTD; positive v negative 288 1650436 <.001°
FLTZTKD; positwe v negatve 219 11410418 02
o
mif-181a expression 081 069t 095 .01
CEBPA; mutated v wild type 032 0.168t0 0.62 < .001
NPMT; mutated v wild type 047 0.28t00.79 < .001°
WT?; mutated v wid type 265 15410457 <.001
FLYFTD; posiive v negative 23% 14610393 .003¢
Wec 137 113w 1.67 008"
Mutiverisble analyses in pstients with FLT3HTD
andfor NPM Iwt
CR*
MiR-1815 exprassan 1.61 1070242 02
Age 053 03310085 009
DFS’
miR-181a expresson 074 057 w096 .02
CEBPA; mutated v wid type 027 01310 0.58 <001
NPMT: mutated v wid type 033 ¢4t 079 0g7e
FLT3TD; positive v negative 3056 1.30tw7.14 .02¢
Hermoglebn 078 057w 099 .04
os"
MIR-1815 exprasson 074 06110090 002
CEBPA; mutated v wikk type 0.29 01410059 < .001
NPMT; mutated v wikd type 0.41 022t 0.78 .007%
WT?, mutsted v wid type 223 1180422 .01
wWBC 1.40 11510171 <001
Extramadullary involvemant; sbsent v prasant 245 1274 01®

NOTE. Further detais of the mutiveriable anshyses are found in the Appendix (online only). ORs greater than 1.0 mean higher and those less than 1.0 mean lower
CR rate for the higher values of the continuous variables and the first category Fsted for the categorical varables. HRs greater than 1.0 indicste higher and those
le=s than 1.0 mdicate lower risc for relapse or death (DFS) or desth {OS) for the higher values of the continuous varables and the first categary listed for the
categorical varistles.

Abbrevations: CN-AML, cytogenatically normal acute mmyeloid leukemss; CR, complete remssion; DFS, disease-free sunival; FLT3HTD, interny tandem duplcation
of the FLT3 gene; FLTFTXD, tyrosine kinase doman of the FLT3 gene; HR, hazard rato; OS, overall survival; OR, odds ratio.

Variables corsidered in the moedel based on unverisble ansyses were mifi-187s exgxr , ERG exgression flow vhigh), FLTFTD (positive vnegative), BAALC
axprassion llow v high, age n 10-year incremants), nemoglobin On Z-unt iIncremants), and WBC (in 50-unt incremants),

"arables considered in the madel based on unvanabie analysas were mMiA-181a expression, CEBPA imutated v wid typel, EAG exprasson (low v highl, WT1
(mutated v wid typel, BAALC exprasson (ow v nigh), FLTTD (positive v negative), FLT3-TKD ipositve v ragatwel, MLL-PTD Imutated v wiki typel. NPMJ
(mutated v wid typel, WBC (n 50-unit imcrementsl, extrameduliary Invovemant, and racs.

“Does not meet the proportional hazards assumption. For DFS, the HA for FLTZTD and NPM are reported at 3 months; for OS, the HR for NPMI, FLTZHTD, ano
WBC are raported at 9 months,

“Varabias consigerad in the mode basad on unwariable analyses were mvA-181a exprasson, CEBPA imutated v wid typel, ERG axpression fiow vhghl, FALTHTD
(positve v ragatwel, WT7 imutated v wild type). BAALC expression llow v nighl, NPMT Imutated v wikd typel, WBC (in 50-unit incrementsl, age lin 10-year
Incremants), nemoglobin (n Z-unt incremants), platelat count, percentaa of blood blasts, and axtramedulisry imolvement

“Vanablas consdered » the modal based on univariable analysas ware mie-181a expression, 808 On 10-year incraments), hemoglodn (N 2-unit mcremants), and
WEC (n 50-unit increments|

Vanables consdered in the model based on unvanabla analyses were miR-181a exprasson, CEBPA (mutated v wild type). ERG expression flow v high), W77
(mutated vwild typal, FLT3-ITD [postive vnegativel, FLTZTXD (postive vnegativel, NPMT imutated vwild typal, hamogiobin lin Z-unit incremants), WBC (n 50-unit
Incremantsl, ang raca.

“Does not meat the proportions’ hazards assumption. For DFS, the HA for FLTFITO is reported at 1 year, NPFM1 is reported 31 9 months; for 0S5, the HA for NPMI
Is reportad at 1.5 years, extrameculary involement & raponed at 1 year

"Wanabies considered in the model based on unvanabla analyses were miF-1815 expression, CEBPA imutated v wid typel, EAG exprasson (low v highl, W71
(mutated v wid typal, FLTZHTO (positve v negatvel, NPMT imutated v wid typal, hemoglebin in Z-unit incrementsl, WBC On 50-unit scrementsl, and
axtrameduliary rvolement
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Fig 1. Favorable outcorme of patients with FLT3TD andfor NPMTwt ard
nigher miR-181a expresson levels. (Al miB-1813 expression in patients who
achieved a complete respanse (CR) versus patients who did not achieve a CR;
(Bl disease-frea and IC) overal survwal according to MiIA-T1815 axpression
evels in patents with CN-AML dichotomized into high jsbove the medan
mMiR-T816 expresson valual or low fat or below the median miR-1873
axprassion valual expresson groups

Importantly, an independent set of older patients with CN-AML
with FLT3-ITD and/or NPMIwt (n = 122) was analyzed by
microRNA microarray assays to validate the prognostic impact of
miR-181a found in younger patients (Appendix). In this validation
set, higher expression of miR-181a, used as a continuous variable, did
not impact on the CR rate (P = .52), but was associated with longer
DFS (P = .04) and with a trend for longer OS (P = .08). In multiva-
riable models for this validation set, miR-181a was independently
associated with longer DFS (P = .04) and OS (P = .03), even after
adjusting for other clinical and molecular variables (Appendix Table
Al, online only).

WWW. 20,017

Biologic Insights

In order to gain insights into the functional contribution of
miR-181a expression levels to the poor molecular risk CN-AML sub-
set, we first derived a gene-expression signature associated with miR-
181a expression in patients with FLT3-ITD and/or NPMIwt. We
observed that the expression of 1,174 probe sets significantly corre-
lated (P <0 .001) with that of miR-181a; 1,002 probe sets correlated
negatively and 172 probe sets positively (Fig 2). Among other gencs,
we observed a negative correlation of niR-181a expression with the
expression of the HOXA and HOXB clusters, as well as the HOX
cofactor MEISI. These genes are important for developmental pro-
cesses and have also been linked to leukemogenesis and the sclf-
renewal of leukemic stem cells.’'** We also observed a negative
correlation of miR-181a expression with the expression of the

mecﬁ
N e

FLn
CASP1
TCFa

HOXA/B genes
MEIS)

wLis
WIRN
TLRZ

TLR4

Fg 2. Heat map of the darved Dane-expression sgnature correlated wah
mifi-1812 expression. Rows represent probe sets and columns represent pa-
vents, Probe se1s are ordered by hierarcncal custer analysis. Patients are
crdered from left to right by increasing miRl- 1813 expression. Expression values
of the probe sets are raprasentad by color, with biue INdC3TNg expresson less
than and red indicsting expression grester than the median value for the given
proba sat, ATows Indcate ganes that are discussed in the text
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transcription coregulator ID1, which is able to prevent hematopoi-
ctic differentiation and has recently been associated with adverse
outcome in AML™; the FLII gene, a known suppressor of erythroid
differentiation™; and the transcription factor TCF4, which con-
tributes to neoplastic transformation as a downstream target of the
WNT-pathway.” In contrast, we observed a positive correlation of
miR-181a expression with the expression of TCF3, agenc encoding
a transcription factor that has been shown to regulate the ho-
meostasis of the hematopoietic stem cell Pool and promote differ-
entiation of hematopoietic progenitors.””

To further understand the potential functional role of miR-181a
expression in CN-AML, we performed a Gene Ontology analysis.
Biologic processes that relate to cytokine and native immunity-
mediated processes, including those involving toll-like receptors (cg,
TLR4 and TLRZ) and the intericukin pathways (eg, IL1B, ILIRN, and
CASPI), were over-represented in the miR-18la-associated gene-
expression signature (Table 4).

We report here that expression levels of miiR-181a constitute a strong
prognostic factor in younger patients with CN-AML enrolled on sim-
ilar CALGB first-line treatment protocols. We show that higher levels
of miR-181a expression directly correlate with higher odds of achiev-
ing a CR and lower risk of experiencing relapse and/or death in
patients with CN-AML. This study is the first to demonstrate that a
single noncoding RNA associates with clinical outcome in CN-AML,
even in the context of other well-established molecular markers in-
cluding CEBPA and NPMI mutations, that were recently recognized
by the WHO classification as defining markers for novel provisional
AML entities,™ and FLT3-1TD. Furthermore, we technically validated
these results by using quantitative RT-PCR.

The prognostic impact was most striking in patients with FLT3-
ITD and/or NPM1wt, which are associated with adverse outcome.
These patients constitute approximately 65% of all CN-AML and one
third of all AML patients younger than 60 years."’ Notzbly, in this
group, when other molecular prognostic markers were considered in
multivariable models, higher expression of miR-181a was the only
molecular marker that independently associated with higher odds of
achieving CR, thcn:by Suggestinga potential impact of this microRNA
on mechanisms of resistance to chemotherapy-induced apoptosis.
Higher expression of miR-181a was also associated with longer DFS
after adjusting for the impact of NPM1, CEBPA, and FLT3-ITD mu-
tational status and hemoglobin levels, and OS after adjusting for the
impact of NPM1, CEBPA, and WTT mutational status, extramedullary
involvement, and WBC. These results were validated by demonstrat-
ing the positive prognostic impact of higher miR-181a expression in
an independent validation set of older patients with CN-AML.

Recently, a modified prognostic classification of CN-AML has
been recommended by an international expert panel on behalf of the
European LeukemiaNet, in which the intermediate [ prognostic cate-
gory also includes patients with FLT3-ITD and/or NPMIwt, but only
those who lack CEBPA mutations; patients with FLT3-1TD and/or
NPMIwt and CEBPA mutations are classified in the favorable catego-
ry."* When we analyzed the prognostic significance of miR-181a ex-
pression in this European LeukemiaNet intermediate | prognostic
category (n = 92), higher miR-181a expression levels were still associ-
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Table 4. GO Terms of Biologics Processes Sgnificartly Overrepresanted
n the mif-1818-Expresson Profile
Percentage of Members
of the GO Term Presert
GO ID GO Terms n the miR-181a Profile P
50Ns Pasiive reguaton of B33 < 0N
Cyloana sacraton
50708 Regulsticn of 80 < .001
interleucn-i beta
sacraton
50718 Pasitive reguiation of 80 < .00
interlegcn-!
sacretion
80704 Regulsticn of 80 <.001
imterleucn-1
sacretion
s0N8 Posiive reguaton of B0 < 0N
intareyon-1 beta
sacraton
50707 Regulation of 77.78 < .00
Cyloana sacration
45123 Cellular extravasaton 6567 < .o
60701 Interleukin-1 68.67 001
sacretion
80702 Interleukin-1 bets 68.67 001
sacretion
7159 Leukocyte adhes.on 65,67 00z
50663 Cytone secreton 6567 < .00
9586 Detection of biotic 625 <.001
stimulus
50709 Negatve regulsticn &0 003
of proten
sacreton
30563 Neutrophil &0 < 001
chermotaxis
45408 Regulation of 57.14 002
interegon-6
biesynthenc
process
45576 Mast cel acivation 5714 004
330143 Sphingolpid 5556 < 0N
catabolc process
42228 Interleukin-8 80 .003
biosynthetic
process
32635 Interleukin-8 80 .003
production
s0n4a Pasitive reguaton of 50 < .o
protain sacraton
46465 Membrane ipd 50 < .0on
catabolc process
NOTE. Shown are significantly overrepresented GO terms witn = 50% of thelr
assigned Members representad n The Gena expresson SIgRature assocated with
nigher miA-181a expresson, Gray shading ideradies 18rms associated with ganes
ancoding proteins in the mterkauon-18 and tol-lke receptor pathways leg, IL18,
ILIBAN, CASPI, TLR2, TLR4, etc)
Abbreviation: GO, Gene Ontology

ated with a significantly higher CRrate (OR, 1.56; P = .04), and longer
DFS(HR,0.72; P=.03) and OS (HR, 0.77; P = .01). Altogether, these
data support a pivotal role of miR-18la expression levels for the
response to treatment of patients with CN-AML, and suggest that
since miR-181a expression provides additional prognostic informa-
tion it can be used to further refine this newly devised molecular-risk
classification of CN-AML.™ Morcover, the identification of low levels
of miR-181a as an adverse prognostic factor provides opportunity for
potential therapeutic intervention with agents capable of increasing
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low endogenous levels of miR-18la and/or with synthetic miR-
181a compounds.

But how do changes of miR-181a expression levels in myeloid
blasts affect the aggressiveness of the disease in patients with CN-
AML? The biologic role of microRNAs may vary according to their
expression in distinct cell populations of normal or neoplastic tissues.
miR-181a has been described as a tumor suppressor in gliomas, " but
also has been found clevated in hepatocellular carcinoma cells with
features of hepatic cancer stem cells.*' Currently, relatively little is
known about the function of miR-181a in normal or malignant he-
matopoiesis. Previous studies reported that miR-181 regulated B-cell
development and influenced T-cell sensitivity to antigens by modu-
lating T-cell receptor signaling strength.**** Furthermore, miR-181a
may ako play a regulatory role in earlier steps of hematopoiesis.*
Recently, it was shown that higher levels of miR-181 are expressed
during early erythroid differentiation.*” In line with these findings, in
this study, we observed a positive correlation between miR-181a
expression and hemoglobin levels, and a negative correlation
between miR-181a expression and expression of FLI1, a known
suppressor of erythroid differentiation.”® Furthermore, we
found a negative correlation of miR-181a expression with the
expression of ID1, an inhibitor of hematopoictic differentia-
tion, and TCF4, a transcription factor promoting neoplastic
transformation.” We also observed a negative correlation of
miR-181a expression with the expression of the HOXA and
HOXB clusters, as previously reported.”” In contrast, we ob-
served a positive correlation between miR-181a expression and
TCF3, a transcription factor that scemingly promotes develop-
ment of hematopoietic progenitors and contributes to regulat-
ing hematopoietic cell differentiation.”

In an cffort to further understand how changes in miR-181a
expression affect the aggressivencss of the discase, response to treat-
ment, and outcome of patients with CN-AML, we used a Gene On-
tology analysis. We show an over-representation of cytokine and
native immunity-mediated processes in the miiR-181a-associated
gene-expression signature. The expression of the TLR4, TLR2, IL1B,
ILIRN, and CASPI genes was negatively correlated with miR-181a
expression, and we find some of these genes, namely TLR4 and IL1B
and CASPI to be predicted to be direct targets of miR-181a. Of these
genes, TLR4 and IL1B have previously been implicated in human
cancer.”’”*" TLR4 has been shown to promote tumor and
interfere with response to chemotherapy in ovarian cancer,* and to
contribute to the development of cytopenias in myelodysplastic syn-
dromes."” In addition, TLR4 signaling has also been linked to blocking
myeloid differentiation of hematopoietic stem and progenitor cells in
severe sepsis. [L-13 has been previously shown to be produced in an
autocrine fashion and to stimulate the proliferation of AML blasts.***
Itis, therefore, tempting to speculate that high expression of miR-181a
associates with a less aggressive disease by downregulating genes like
TLR4 and IL1B, that modulate the innate immune response to micro-
bial pathogens in the normal host, but also when upregulated may
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support survival and proliferation of malignant blasts in AML
patients.”” ** However, the mechanisms through which the changesin
levels of miR-181a expression contribute to different degrees of disease
aggressiveness in patients with CN-AML and why miR-181a expres-
sion differs among individual patients remain to be eluadated.

In summary, we report here for the first time that the expression
of a single microRNA, miR-181a, associates with clinical outcome in
CN-AML. Morcover, it docs so independently from other validated
clinical and genetic varigbles, thus adding information useful for a
better risk-stratification of patients with CN-AML. High miR-181a
expression levels identify those patients with CN-AML who despite
having molecular features associated with adverse outcome, such as
NPMIwtand/or FLT3-ITD, might not need intensive treatment, such
as allogeneic stem-cell transplantation. Moreover, for those patients
with low miR-181a expression levels, it is hoped that the development
of relizble methods of delivery of this microRNA directly to the leuke-
miz cells and/or identification of agents capable of increasing en-
dogenous levels of miR-18la may provide new therapeutic
options. Further prospective studies should be done to confirm our
findings. Establishment of standardized methods of microRNA
quantification will allow prospective classification of patients ac-
cording to their miR-181a levels. Finally, the combination of miR-
181a-associated gene-expression profiling and Gene Ontology
analyses provide insights into the leukemogenic role of genes that
are cither direct or indirect targets of miR-181a, and therefore
should also be investigated as potential therapeutic targets in pa-
tients with CN-AML with low miR-181a expression.
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ABSTRACT

Deregulation of microRNAs’ expression frequently occurs in acute myeloid
leukemia (AML). Lower miR-181a expression is associated with worse outcomes,
but the exact mechanisms by which miR-181a mediates this effect remain elusive.
Aberrant activation of the RAS pathway contributes to myeloid leukemogenesis.
Here, we report that miR-181a directly binds to 3’-untranslated regions (UTRs);
downregulates KRAS, NRAS and MAPK1; and decreases AML growth. The delivery
of miR-181a mimics to target AML cells using transferrin-targeting lipopolyplex
nanoparticles (NP) increased mature miR-181a; downregulated KRAS, NRAS and
MAPK1; and resulted in decreased phosphorylation of the downstream RAS effectors.
NP-mediated upregulation of miR-181a led to reduced proliferation, impaired colony
formation and increased sensitivity to chemotherapy. Ectopic expression of KRAS,
NRAS and MAPK1 attenuated the anti-leukemic activity of miR-181a mimics, thereby
validating the relevance of the deregulated miR-181a-RAS network in AML. Finally,
treatment with miR-181a-NP in a murine AML model resulted in longer survival
compared to mice treated with scramble-NP control. These data support that targeting
the RAS-MAPK-pathway by miR-181a mimics represents a novel promising therapeutic
approach for AML and possibly for other RAS-driven cancers.

INTRODUCTION

Acute myeloid leukemia (AML) is a complex
neoplastic disease of the hematopoietic system resulting
in maturation arrest and aberrant proliferation of leukemic
cells. Despite the use of cytogenetic and molecular risk
stratification for treatment guidance, the majority of AML

patients still do not achieve long-term survival. A better
knowledge of the disease biology and novel targeted
therapeutic approaches may improve cure rates.

Recently, we and others reported that the deregulated
expression of microRNAs (miRs) — small non-coding
RNA molecules regulating post-transcription protein
expression — is associated with AML [1, 2]. Assessing the
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expression levels of some miRs refines patients’ molecular
risk classification and helps selecting treatment regimens
[1-11]. These results are being translated into the clinic,
and early clinical trials targeting miRs have been initiated.
[12-16].

The miR-181 family comprises four mature miRs
(miR-181a, miR-181b, miR-181c, miR-181d) and has
been associated with the regulation of inflammatory
mechanisms [17, 18]. Physiologically, miR-/8] may
accelerate the megakaryocyte differentiation of CD34-
positive hematopoietic cells [19]. Furthermore, these miRs
have been found to be deregulated in several types of
human cancers, including leukemias [2, 9, 20-26]. [n solid
tumors the role of miR-181 seems to be ongan-specific.
High expression of miR-/8] has been associated with
poor clinical outcomes in patients with colorectal cancer
[20] and lymph node metastasis in oral squamous cell
carcinoma [21]. However, in glioma high expression of
miR-181 seems to have tumor suppressor activity [22]. In
hematologic malignancies higher expression of miR-181
1s associated with better outcomes [2, 9, 26-28]. Indeed,
we recently reported the favorable impact of higher
miR-181a expression in both AML cytogenetically
normal (CN) or abnormal (CA) patients [2, 9, 28]. To
date, however the molecular basis for the attenuation of
disease aggressiveness by miR-1/81a remains to be fully
elucidated.

RAS proto-oncogenes encode small GTPase proteins,
that is, KRAS, NRAS and HRAS, that are involved in
homeostatic mechanisms of proliferation, differentiation
and apoptosis of normal cells [29]. Whereas KRAS and
NRAS are frequently mutated and activated in AML, /IRAS
mutations are rare, and //RAS wild-type expression is
the lowest with respect to the other RAS isoforms in the
hematopoietic system [29]. Aberrant activation of RAS
signal transduction is often found in human neoplasia
[30-43]. In hematopoietic malignancies, including AML,
activating oncogenic RAS mutations contribute to malignant
phenotypes by phosphorylating and activating downstream
effectors such as the mitogen-activated protein kinase kinase
(MAPKK, also known as MEK), mitogen-activated protein
kinase (MAPK), and the PI3K-AKT downstream effectors,
thereby promoting aberrant cell proliferation and survival
[29]. However, to date, an effective therapeutic approach
targeting RAS directly remains to be developed.

Recently, KRAS was shown to be a direct miR-181a
target in oral squamous cell carcinoma [44]. Additionally,
NRAS and the RAS-downstream effector MAPK/] are
in silico predicted to be putative miR-/81/a targets. We
hypothesized that higher miR-181a levels attenuate AML
aggressiveness by targeting RAS and/or its downstream
effectors in myeloid blasts, thereby reducing proliferation
and decreasing the apoptotic threshold. Therefore, we
reasoned that the delivery of synthetic miR-18/a mimics
may increase the low endogenous levels of miR-/8/a in
AML blasts and lead to anti-leukemic activity.

RESULTS

Anti-leukemic activity of miR-181a

We previously reported that chemotherapy-treated
patients with AML with higher miR-18/a expression
achieved complete remission (CR) more frequently and had
longer survival compared to lower miR-/8/a expressing
patients [2, 9]. In line with these clinical observations, we and
others showed that miR-18/a expression is associated with
a higher seasitivity to cytarabine in AML cell lines [45, 46].

These findings led us to postulate a tumor suppressor
activity of miR-181a that we first tested by overexpressing
or knocking-down miR-18/a in the FLT3-ITD positive
MV4-11 AML cell line by lentiviral infection (Figure 1A).
Overexpression of miR-181a (lenti-/18/a) inhibited cell
growth (Figure 1B; lenti-/&8/a vs. lenti-sc: P = 0.009),
whereas downregulation of miR-181a (lenti-anti-181a)
enhanced cell proliferation compared to cells transfected
with a vector carrying a scramble sequence (lenti-sc)
(Figure 1B; lenti-sc vs. lenti-anti-18/a: P = 0.028). We
next engrafted 5 * 10 virally transduced MV4-11 cells
into NOD/SCID mice subcutaneously (n = 3 in each
group). On day 11, the average tumor weights for animals
engrafted with the lenti-anti-18/a or lenti-sc transduced
cells were 1.642 = 0.65 g and 0.076 + 0.022 g, respectively
(Figure 1C). No tumor growth was evident in animals
engrafted with lenti-/8/a transduced cells. On day 23, the
average tumor weights for the lenti-sc and the lenti-/8/a
transduced cell-engrafted groups were 0.65 = 0.49 g and
0.037 £ 0.025 g, respectively (Figure 1C).

To further support the putative tumor suppressor
activity of miR-181a, we engrafted NSG mice with virally
transduced MV4-11 cells through a tail vein. The median
survival for the animals engrafted with the lenti-miR-/8/a,
lenti-sc and lenti-anti-18/a transduced cells were 43, 33.5
and 28.5 days, respectively (Figure 1D). Compared to the
control group (lenti-sc), the lenti-anti-I18!a mice lived
significantly shorter (P = 0.002, log-rank test) and lenti-
miR-181a mice significantly longer (P = 0.02). Though
the mice in three groups showed survival time differences,
they all died from AML-like disease (Supplementary
Figure S1).

We concluded that higher miR-/&8]a expression
leads to a less aggressive AML phenotype, thereby
functionally validating the previously reported prognostic
results [2, 9, 28].

KRAS, NRAS and MAPKI are direct targets of
miR-181a

The RAS-MAPK! and RAS-AKT-pathways
are often aberrantly activated in AML and are known
to contribute to myeloid leukemogenesis [29-43].
KRAS has been shown to be a direct miR-18/a target
in oral squamous cell carcinoma [44]. Here, we first
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tested whether KRAS and other genes involved in these
pathways, including NRAS and its downstream effectors
(i.e., MAPKI), were miR-181a targets in AML. Utilizing
in silico tools (targetscan.org, http://diana.imis.athena-
innovation.gr/ and microrna.org) we first identified
putative miR-18/a-binding sites in the 3'-untranslated
regions (3'-UTRs) of KRAS, NRAS and MAPKI. In
contrast, we could not identify putative miR-/8la
binding sites in the 3'-UTR of /{RAS, which is rarely
mutated in AML. We then tested whether miR-181a was
able to reduce the expression of these genes in AML
cells. miR181a overexpression by a lenti-/18/a vector
reduced KRAS, NRAS, and MAPK protein levels 5.2,
2.1, and 6.5-fold, respectively, compared to scramble
expressing controls in MV4-11 cells (Figure 2A).
Consistent with these results, knock-down of miR-18/a
by a lenti-anti-/8/a increased KRAS, NRAS and
MAPK]1 1.5, 1.5 and 1.8-fold compared to scramble
controls (Figure 2A).

Next we showed that the modulation of KRAS,
NRAS and MAPK expression by miR-18!a was caused
by direct binding to the respective 3-UTRs. We first
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validated KRAS as a direct miR-181a warget. We identified
two miR-181a-binding sites in the KRAS 3-UTR and
observed a 28 = 4% (P = 0.003) and a 25 + 1% (P = 0.007)
downregulation of luciferase activity on site 1 and site 2
after co-transfecting 293 T cells with miR-18/a compared
with scramble expressing controls. Mutations in the seed
sequences of the KRAS 3"-UTRs rescued the miR-181a-
induced downregulation (Figure 2B). Next, to demonstrate
that NRAS is also a direct miR-18/a target, we cloned the
predicted miR-181a-binding-site in the NRAS 3-UTR
into a luciferase reporter, and we observed a 26 + 6%
(P < 0.0001) downregulation of luciferase activity. An
introduced mutation in the seed sequence rescued the
miR-181a-induced downregulation (Figure 2C). We also
identified two putative miR-/8/a binding sites in the
MAPK! 3-UTR. Because of the short distance between
the two binding sites (149 base pairs), we cloned the two
binding sites into the same luciferase reporter construct.
We observed a 33 = 2% (P = 0.0002) downregulation of
luciferase activity with miR-181a treatment compared to
cells with scramble control treatment. When we mutated
the two sites separately, we observed a 13 = 3% (site 1;
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Figure 1: Higher levels of miR-181a are associated with a less aggressive phenotype in AML cells and longer survival
in a murine AML model. {A) miR-181a expression in MV4-11 cells after lentiviral infection. (B) Growth curve of MV4-11 cells
transduced with lentiviral constructs cither overexpressing miR-/5/a (lenti-181a), expressing a scramble sequence (lenti-sc; = control)
or a knock-down construct of miR-/8/a (lenti-anti-181a). (C) Five million lentiviral transduced cells were engrafted subcutancously in
NOD'SCID mice. At day 11, tumors from lenti-anti-181a and lenti-sc group (# = 3 in cach group) were isolated and weighed (no tumor in
lenti-181a group). At day 23, tumors from lenti-181a and lenti-sc group (r = 3 in cach group) were isolated and weighed. (D) 1.5 million
lentiviral transduced MV4-11 cells were engrafted into NSG mice. Survival curves of the mice in the three groups.
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P =0.004) and a 15 £ 3% (site 2; P = 0.006) miR-181a-
induced downregulation of the luciferase activity.
However, mutations on both sites of MAPK! could
completely rescue the miR-181a-induced downregulation
(Figure 2D). Collectively, these results support that
KRAS, NRAS and MAPK] are direct miR-181a targets.

Delivery of synthetic miR-181a mimic by
transferrin (Tf)-conjugated nanoparticles (NP)
enhanced miR-181a levels and inhibited
RAS-dependent signaling pathways in AML

Because higher miR-181a levels are associated with
improved outcomes in AML [2, 9, 26-28], and because
miR-181a downregulation contributed to leukemia
growth (Figure 1) and directly targeted KRAS, NRAS
and MAPKI1, we reasoned that increasing miR-18!a
may have therapeutic value in AML. We have previously
demonstrated the successful delivery of miR mimics to
AML blasts via transferrin (Tf)-targeted anionic lipid-
based lipopolyplex nanoparticles (NP) [47]. Here, we
used a similar approach to deliver synthetic miR-181a

mimics. We chose KGla, MV4-11 and OCI-AML cells
as models because of the relatively low miR-181a levels
and activated RAS pathways (Supplementary Figure S2).
Following treatment with Tf-NPs encapsulating miR-18/a
double-stranded mimic molecules (TE-NP-miR-181a;
10 nM) or scramble control molecules (Tf-NP-sc; 10
nM), levels of mature miR-18/a were measured by gRT-
PCR. After 24 hours exposure, mature miR-181a levels
increased 211 + 31, 880 = 10 and 142 + 10-fold in KGla,
OCI-AML3 and MV4-11 cells, respectively, whereas
levels of miR-181b and unrelated miR-140 remained
unchanged (Figure 3A).

Having shown that the TENP-delivery-system was
able to deliver miR-181a to AML blasts, we next tested
the impact of TE-NP-miR-181a on RAS activity. First,
we found that the delivered synthetic miR-18/a was
functional, as it downregulated KRAS, NRAS and MAPK1
proteins (KGla: 4.3, 44 and 5.5-fold; OCI-AML3:
3.2, 39 and 2.2-fold; MV4-11: 1.5, 44 and 4.6-fold,
respectively) compared to TE-NP-sc treatment (Figure 3B).
Compared to Tf-NP-sc, TENP-miR-181a decreased
p-MEK protein by 6.8, 2.2 and 4.5-fold and p-AKT
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Figure 2: NRAS, KRAS and MAPK]1 are direct targets of miR-181a. (A) KRAS, NRAS and MAPK protein expression in
infected MV4-11 and OCI-AML3 cells with lenti-181a, leati-sc or lenti-anti-181a. Dual luciferase assays of HEK293T cells co-transfected
with firefly luciferase constructs containing the KRAS (B), NRAS (C) and MAPKI (D) wild-type or mutated 3-UTRs and miR-181a mimics
or scramble mimics (as controls). The firefly luciferase activity was normalized to Renilla luciferase activity. The data are shown as relative
luciferase activity of miR-/8/a mimic transfected cells with respect to the scramble control of nine data points from three independent

transfections. Error bars represent the standard deviation (SD).
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protein by 2.0, 2.5 and 5.7-fold in KGla, OCI-AML3
and MV4-11 cells, respectively (Figure 3B). Finally, we
assessed the expression of the oncogenic transcription
factor MYC, whose protein stability is enhanced by the
RAS-MAPK1 phosphorylation pathway [48]. There
was a 4.8, 4.3 and 7.8-fold reduction of MYC protein in
KGla, OCI-AML3 and MV4-11 treated with TE-NP-miR-
181a compared to those treated with T{-NP-sc control
(Figure 3B). Consistent with these results, anti-miR-18/a
treatment resulted in upregulation of the KRAS, NRAS
and MAPK! proteins in HL60 cells that present with
higher levels of endogenous miR-181a (Supplementary
Figures S2A and S3).

To validate these results, we treated primary AML
blasts having activated RAS from three AML patients
(Patient No 1-3; Supplementary Table S2) (Supplementary
Figure S2) with TENP-miR-/8/a and again observed
an increase in miR-181a (Figure 3C). After 24 hours,
mature miR-181a levels increased 45 = 4, 35 = 0.1 and
125 = 16-fold, respectively, in the three patient blasts

samples treated with TE-NP-miR-18/a compared to the
TENP-sc treated controls, whereas levels of miR-181b
and miR-140 remained unchanged (Figure 3C). Increased
levels of miR-181a resulted in decreased protein levels
of KRAS, NRAS and MAPK1 by 6.3, 6.8 and 5.6-fold
in patient 1; 6.4, 1.6 and 19.7-fold in patient 2; and 2.3,
2.4 and 3.4-fold in patient 3, respectively (Figure 3D).
Downregulation of RAS and MAPKI1 resulted in
RAS-MAPK] inhibition, decreased MEK and AKT
phosphorylation and decreased MYC levels. We observed
a 1.4, 3.5 and 2.0-fold decrease of p-MEK, 1.8, 9.3 and
2.0-fold decrease of p-AKT, as well as a 5.3, 7.6 and 2.8-
fold decrease of MYC normalized in the patient blasts
treated with TE-NP-miR-18/a compared to Tf-NP-sc
treatment (Figure 3D).

In summary, we showed the effective delivery of
miR-181a via Tf-conjugated nanoparticles and in turn
downregulation of KRAS, NRAS and MAPK! and
inhibition of the RAS-MAPK! and RAS-AKT-kinase
signaling cascade.
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Figure 3: Treatment with Tf-NP-miR-18/a increased mature miR-181a levels; downregulated KRAS, NRAS, and

MAPKI; and inhibited the RAS-MAPKI1 signaling pathway. Mature miR-/8]a, miR-181h and miR-140 cxpression levels in
KGla, OCI-AML3 and MV4-11 cells (A) and primary patient blasts (n = 3) (C). NRAS, KRAS, p-MEK, MEK, p-AKT, AKT, MAPKI,
and MYC expression in KGla, OCI-AML3 and MV4-11 cells (B) and primary patient blasts (1 = 3) (D) treated with mock, Tf-NP-sc and

TENP-miR-181a.

www.impactjournals.com/oncotarget

59277

88

Oncotarget



T{-NP-miR-181a treatment in AML cells

Next, we demonstrated the anti-leukemic activity of
the TE-NP-miR-181a, which led to reduced proliferation of
KGlacells by 40% (P = 0.015), OCI-AML3 cells by 25%
(P = 0.023) and MV4-11 cells by 32% (P < 0.0001) after
72 hours compared to TE-NP-sc control (Figure 4A). To
validate the RAS-MAPK1 and RAS-AKT-kinase-pathways
as relevant anti-leukemic miR-/8/a targets, we treated KGla
and MV4-11 cells with TENP loaded with siRNAs for KRAS,
NRAS end MAPK 1 (Supplementary Figure S4A). Following
this treatment, we observed a similar anti-leukemic effect.
The combined siRNA treatment reduced proliferation of
KGla cells by 32% and MV4-11 cells by 30% compared
with scramble siIRNA treatment (Supplementary
Figure S4B). The reduced proliferation induced by TENP-
miR-181a treatment was reversed by lentiviral expression
of KRAS, NRAS and MAPKI in OCI-AML3 cells
(Supplementary Figure SSA-S5C; Supplementary Table S3)
attenuating the anti-leukemic activity of TI-NP-miR-18/a
and thereby supporting the relevance of these targets
to leukemogenesis. We also observed a more than 50%
reduction of colony formation following Tf-NP-miR-181a
treatment after 2 weeks (Figure 4B). The average number of
colonies formed with mock treatment (buffer only), Tf-NP-
sc control and TE-NP-miR-181a treatment were, respectively,
145+ 7,145+ 11 and 44 £ 3 (P = 0.0002 compared to Tf-
NP-sc) for KGla, 176 + 11, 172 + 8 and 80 + 6 (P < 0.0001
compared to TENP-sc) for OCI-AMLS and 217 + 42, 180
% 17 and 82 + 15 (P = 0.0001 compared to TE-NP-sc) for
MV4-11.

Treatment with TEENP-miR-18/a induced apoptosis
in both MV4-11 (28.69 + 5.88% vs. 1592 = 0.7%
annexinV+, P = 0.02) and OCI-AML3 cells (20.15
+ 2.58% vs. 8.54 £ 1.42% annexinV+, P < 0.0001)
compared to Tf-NP-sc¢ treatment at 96 hours (Figure 4C).
Following a combined siRNA treatment with Tf-NP
loaded with siRNAs for KRAS, NRAS and MAPKI, we
observed similar effects in MV4-11 and OCI-AMLS3 cells
(Supplementary Figure S4C). In addition, after 24 hours
of priming cells with miR-18/a, daunorubicin (DNR) was
added to treat the cells for another 72 hours. We observed
that miR-181a treatment enhanced the apoptotic effect of
DNR in MV4-11 (miR-181a - > 0.01 uM DNR: 45.27 &
5.99% vs. scramble - > 0.01 uM DNR: 22.88 + 461%
annexinV+, P = 0.001) and OCI-AML3 (miR-18/a - >
0.04 uM DNR: 70.92 = 5.01% vs. scramble - > 0.04 uM
DNR: 53.25 £ 7.06% annexinV+, P = 0.02; Figure 4C).
We also observed similar effects priming MV4-11
and OCI-AML3 cells with siRNAs for KRAS, NRAS
and MAPKI (Supplementary Figure S4C). We then
validated our observation in primary patient blasts.
TENP-miR-18/a induced apoptosis in all four patient
blast samples compared to TE-NP-sc controls (patient 1:
17.04 £ 422% vs. 6.66 = 1.73% annexinV+, P = 0.03;
patient 2: 58.53 £+ 0.81% vs. 35.73 = 2.41% annexinV+,

P = 0.01; patient 3: 20.86 + 1.55% vs. 10.32 + 1.1%
annexinV+, P = 0.025; patient 4: 39.28 £ 4.19% vs.
26.70 = 2.95% annexinV+, P = 0.006; Figure 4D). When
exposed to DNR for 72 hours, the Tf-NP-miR-18]a treated
cells exhibited increased apoptosis compared with control
cells (patient | exposed to 0.04 uM DNR: 27.28 = 0.87%
vs. 14.75 £ 1.36% annexinV+, P = 0.01; patient 2 exposed
to 0.01 pM DNR: 75.16 + 0.71 vs. 5591 + 2.42%
annexinV+, P = 0.006; patient 3 exposed to 0.04 uM DNR:
57.61 = 3.77% vs. 43.99 = 4.7% annexinV+, P = 0.03;
patient 4 exposed to 0.01 uM DNR: 51.61 = 0.68% vs.
28.06 + 3.42% annexinV+, P = 0.005; Figure 4D).

Systemic delivery of Tf-NP-miR-181a in an AML
mouse model

Next, we examined the anti-leukemic activity of
TE-NP-miR-181a in vivo. Saline (control), TE-NP-s¢ or
T{-NP-miR-181a were administrated (1.5 mg/kg/d miR
three times/week) through a tail vein 10 days after the
engraftment of MV4-11 cells in NSG mice (each group
n = 11). Randomly, three mice from each group (i.e.
saline, Tf-NP-sc or TE-NP-miR-181a treated group) were
sacrificed after eight treatment doses. The spleen weights
were measured and resulted in 187.3 £ 2593 mg, 1743 &
13.65 mg and 77 + 50 mg (vs. TE-NP-sc; P = 0.03) in the
saline, TE-NP-sc and TE-NP-miR-18/a groups, respectively
(Figure SA). The spleen weight was 58.3 £ 10.5 mg for age-
matched blank control mice (Supplementary Figure S6).
Cytospins of bone marrow cells and histopathology of
sternum, spleen and liver sections from MV4-11 cell
engrafted mice treated with either saline or Tf-NP-sc
showed infiltration of blast cells. In contrast, cytospins
of bone marrow cells and histopathology of stermnum,
spleen and liver from Tf-NP-miR-18/a treated leukemic
mice were similar to that of the age-matched blank
control groups (Figure SB). Furthermore, the population
of leukemic cells in spleen samples, measured by flow
cytometry, was significantly reduced in mice treated with
T{-NP-miR-181a compared to mice treated with TE-NP-sc
or saline (Figure 5C). We observed a 2.6-fold and a 35-fold
increase of miR-181a levels in MV4-11 cells harvested
and sorted from bone marrow and spleens, respectively,
in the TE-NP-miR-18]a treated mice compared to TE-NP-
sc (Figure 5D and SE). In these cells, RAS and MAPK 1
proteins were downregulated in the TENP-miR-181a
treated mice (Figure 5D and SF).

The median survival time of the remaining mice was
26, 28.5 and 35 days for the animal groups treated with
saline, Tf-NP-sc and Tf-NP-miR-181a, respectively. Tf-
NP-miR-181a treatment significantly reduced the disease
burden and prolonged survival compared to Tf-NP-sc
(P = 0.0002) or saline (P = 0.0001) treatment (Figure 5G).
Interestingly, Tf-NP-sc treatment also had some minor
anti-leukemic effects compared to the saline treated
control group (P = 0.04).
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DISCUSSION

MiRs have been implicated in leukemogenesis, and
the expression levels of several miRs have been shown
to impact the prognosis of AML patients [1-9, 12-14].
Relatively low expression of miR-181a is associated with
worse outcomes in AML patients [2, 9, 28]. Here, we
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provided evidence that AML cells with reduced levels of
miR-181a had a more aggressive AML phenotype, and we
validated this clinical observation functionally.

In other types of cancers miR-I8la has been
associated with both tumor suppressor and oncogene
functions [20-28], implying context-specific effects.
Whereas in colorectal cancer [20] and lymph node
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Figure 4: Treatment with Tf-NP-miR-18/a had anti-leukemic activity in AML cells. Cell growth curve (A) and colony
numbers (B) of KGla, OCI-AML3 and MV4-11 cells treated with TE-NP-miR-18/a, TI-NP-sc or mock. Error bars represent SD. Annexin
V assays in MV4-11 and OCI-AML3 cells (C) as well as patient blast cells (D) treated with TENP-miR-I51a, Tf-NP-sc or mock in the
presence or absence of daunorubicin (DNR, 0.01 uM for MV4-11, 0.04 uM for OCI-AML3, 0.01 uM for patient | [Pat #1] and patient 3
[Pat #3], 0.04 uM for paticat 2 [Pat #2] and patient 4 [Pat #4] blasts). DNR was added 24 hours after priming cells with nanoparticle-miR

treatment for another 72 hours.
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metastasis in oral squamous cell carcinoma [21] a high
miR-181 level seems to be associated with worse clinical
outcomes, in glioma this miR has tumor suppressor
function [22]. In these brain tumors miR-18/a was shown
to target the anti-apoptotic genes BCL2 and MCL!, and

A
|

downregulated miR-18/a reduced glucose deprivation-
induced apoptosis and caused mitochondrial dysfunction
in astrocytes [22, 49, 50]. The miR-18/-family has been
reported to be an effector in inflammatory response by
TNF-u, IL-6, IL-1B, IL-8 and IL-10 [17, 18, 51-53].
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Figure 5: In vivo evaluation of Tf-NP-miR-181a treatment. (A) Splcens and spleen weights from mice sacrificed after 8 doses of
treatment from cach group: saline, Tf-NP-sc and Tf-NP-miR-187a (n = 3). (B) May-Grunwald/Giemsa staining of bone marrow cells and
H&E staining of sections from sternum, spleen and liver of MV4-11 engrafted mice treated with saline, Tf-NP-sc and Tf-NP-miR-181a.
NSG mice without MV4-11 engraftment were also used as controls. (C) Leukemic cell population from the spleens harvested from
differently treated mice and assessed by flow cytometry. (D) Mature miR-181a levels and KRAS, NRAS and MAPKT RNA levels in sorted
MV4-11 cells from bone mamrow samples harvested from differently treated mice. Error bars represent SD. (E) Mature miR-181a levels in
sorted MV4-11 cells from spleens harvested from differently treated mice. Error bars represent SD. (F) KRAS, NRAS and MAPK protein
expression in sorted MV4-11 cells from spleens harvested from differently treated mice. (G) Survival curves of the mice according to the

indicated treatment.
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With regard to AML, we previously provided
preliminary evidence that miR-/8] may target elements
of the “inflammasome” that ultimately lead to NF-xB
activation and leukemia growth, while Li et al. showed
that miR-181 promoted apoptosis, reduced viability and
delayed leukemogenesis in MLL-rearranged AML by
downregulating the homeobox gene PBX3 [28]. Bai
et al. also demonstrated that miR-181a may reduce BCL2
and thus enhance chemosensitivity of AML cells [46].
However, the mechanisms through which miR-18/a
attenuates disease aggressiveness and the full spectrum of
its targets still remain to be fully understood in AML.

Here, we first demonstrated that miR-181a targets
the RAS-MAPK1 and RAS-AKT pathways, which
have been found to be activated and support AML
leukemogenesis [54-58]. Despite extensive efforts,
the direct therapeutic targeting of these pathways with
small molecule inhibitors remains challenging [59]. Our
results show that KRAS, NRAS and MAPK proteins
may be effectively reduced by utilizing RNA compounds
mimicking miR-181a. The efficient delivery of miR-181a
mimics by Tf-NPs decreased the targets and their
downstream effectors (AKT, MEK, MYC). Altogether,
our results support miR-18/a replacement as a potential
anti-leukemic, RAS targeting strategy in AML. The
therapeutic advantage of using miR mimics is in the
simultaneous targeting of cross-talking signal transduction
pathways (STPs) [38]. Although a use of synthetic
mimics may be of relatively difficult in therapeutic
application especially compared to the use of anti-miR
oligonucleotide, it has been postulated for several types
of cancers and is currently being tested in clinical trials
(e.g. for miR-34 in NCTO01829971). One of the limitations
of miR-based therapies is in the optimal delivery of these
oligonucleotides as they are subject to rapid hepatic uptake
and metabolism and are easily degraded by endonucleases
in biological matrices. Nevertheless, we recently reported
a novel anionic lipopolyplex nanocarrier system that was
designed for the purpose of allowing for efficient miR
delivery to AML cells [47]. Here we show that this system
could be adapted to the delivery of miR-18]a mimics and
exert an efficient inhibitory effect on the RAS-MAPK1
and RAS-AKT kinase pathways, thereby resulting in a
significant anti-leukemic activity. Interestingly, a very
mild anti-leukemic effect and a slight downregulating
effect of TENP-scramble treatment on NRAS, KRAS,
and MAPK], as well as on MEK phosphorylation and
MY C expression in OCI-AML3 cells was observed. This
effect was likely mediated by one of the components of
our nanoparticle system, for example, linoleic acid. It
has been reported that some fatty acids have anti-tumor
activity [60-62].

Other strategies to increase miR-/8/a have also been
tested by our group with significant results. In a previous
study, we demonstrated that lenalidomide increases
endogenous miR-181a [45], by enhancing the expression

of C/EBPa isoforms, which bind to the miR-18la
promoter and induce the transcription of miR-18/a.
However, lenalidomide has several unwanted side-effects
at the doses necessary to achieve plasma concentrations at
which miR-18]a was increased. Thus, the targeting NPs
that we reported here may present the advantage to be
more specifically directed to AML blasts, thereby sparing
normal tissues and perhaps reducing unwanted toxicity.
Our preclinical studies showed encouraging results with
no toxicity in NP-treated mice at doses inducing anti-
leukemic effects [47]. It should also be underscored that we
and others have reported that increased levels of miR-181
lead to enhancement of sensitivity to chemotherapy in
AML models [45, 46, 63]. Furthermore, patients with
higher levels of miR-181a have a better complete remission
rate and longer survival compared with those with lower
levels, further supporting a role of this miR as a modifier
of the response to chemotherapy [9]. Thus, we envision that
potential clinical benefit of miR-181a replacement will be
more likely if applied in combination with chemotherapy.

In summary, we unveil here a previously unreported
activity of miR-181a that directly downregulates NRAS,
KRAS and MAPK! and RAS-dependent downstream
signals supporting leukemogenesis. We showed that a
nanoparticle-based delivery system could be used to
efficiently increase otherwise low levels of miR-181a
and achieve anti-leukemic activity in AML models
with no evident toxicity. On the basis of our results,
miR-181a-NP may warrant further evaluation for potential
clinical applications in AML and other RAS-dependent
malignancies.

MATERIALS AND METHODS

Cell lines and patient samples

KGla, MV4-11, HL60, HEK 293T and HEK 293TN
cells were obtained from ATCC (Manassas, VA); OCI-
AML3 cells were obtained from DSMZ (Braunschweig,
Germany). Primary, unselected AML blasts from apheresis
samples collected from nine patients were obtained from
The Ohio State University (OSU) Leukemia Tissue Bank.
Patients signed an informed consent to store and use their
tissue for discovery studies according to OSU institutional
guidelines.

Lentiviral infections

The lentiviral infections were performed as
previously described [7]. The stemloop of miR-181a with
200 bp flanking sequence was cloned into the HIV based
lentiviral dual promoter vector (pCDH-CMV-MCS-EF1-
copGFP+Puro ¢DNA; System Biosciences, Mountain
View, CA). The miRZip anti-miR-I81a (lenti-anti-181a)
and scramble vectors were purchased from System
Biosciences.
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Luciferase assays

Luciferase assays were carried out as previously
described [7]. 293T cells were co-transfected with
luciferase vector (pGL4.24), Renilla control vector and
miR-181a mimic or scramble control. Luciferase activity
was normalized to Renilla activity. See supplementary
material for more detailed information.

Nanoparticle preparation and treatment

The synthetic double-stranded miR-1/8/a, miR-
scramble (sc¢), and KRAS, NRAS and MAPK ] siRNAs were
purchased from Ambion. Nanoparticle preparation was
performed as previously described [47, 64, 65]. Briefly,
polyethylenimine was used to capture miRs/siRNAs, and
the complex was loaded to pre-made anionic liposomal
nanoparticles which consists of 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE), 1,2-dimyristoyl-sn-
glycerol, methoxypolyethylene glycol (DMG-PEG)
and linoleic acid. Transferrin was first conjugated
with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[maleimide(polyethylene  glycol)-2000] (DSPE-
PEG2000 maleimide) and then post-inserted to the miR
loaded nanoparticle to form the final product. The final
concentration of the miRs/siRNAs was 10 nM and was
used for all én vitro studies. Protein was collected at 24 and
48 hours for western blot analysis.

Quantitative RI-PCR (gRT-PCR)

Total RNA was extracted with TRIzol reagent
(Invitrogen). cDNA was synthesized using Superscript IT1
(Invitrogen) or the Tagman miR Reverse Transcription
kit (Applied Biosystems, Foster City, CA) for miR-181a,
miR-181b, miR-140 and U44. qRT-PCR was performed
with Tagman gene expression assays (Applied Biosystems)
following the manufacturer’s protocols. miR-181a, miR-
181b and miR-140 expression were normalized to U44.
KRAS, NRAS and MAPK! expression were normalized to
GAPDH. The comparative cycle threshold (C ) method as
previously described was used for relative quantification
of gene expression [47].

Western blot analysis

Anti-KRAS (ab55391) antibodies were purchased
from Abcam (Cambridge, MA). Anti-NRAS (C-20,
sc-519) and Anti-MYC (N-262, sc-764) antibodies
were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti-MAPK1, -MEK1/2 (L38C12),
~p-MEK1/2 (S217/221,41G9), AKT and p-AKT (8473,
DSE) antibodies were purchased from Cell Signaling
Technology (Beverly, MA). Equivalent gel loading was
confirmed by probing with antibodies against actin (sc-
1616; Santa Cruz) or calnexin (C5C9; Cell Signaling). The

intensity of the resulting bands was measured by Image]
1.48 s (http://imagej.nih.gov/ij). The intensity ratio of each
band respective to the corresponding actin intensity was
used for relative quantification.

Growth curves

Lentivirally transduced MV4-11 cells (1 x 10%/mL)
were plated in 12-well plates. KGla, OCI-AML3 and
MV4-11 cells (1 x 10°/mL) were plated in 12-well plates and
treated with nanoparticles (Tf-NP-sc or TENP-miR-181a
at a final concentration of 10 nM) or were mock treated
(buffer only). Cells were harvested and counted at 24-
hour intervals using a Bio-Rad TC20 Automated Cell
Counter (Bio-Rad, Berkeley, CA). Each sample was run
in triplicate.

Colony assays

Methylcellulose colony formation assays were
carried out as previously described [66] and counted after
15 days.

Apoptosis assays

MV4-11 and OCI-AML3 cells and four AML patient
blast samples cells were treated with TENP-miR-181a,
siRNAs, TENP-sc and mock for 24 hours. The cells
were then subsequently treated with daunorubicin (DNR;
0.01 uM for MV4-11, 0.04 pM for OCI-AML3, 0.04 uM
for patient #1 and #3, 0.01 pM for patient #2 and #4
blasts; Sigma-Aldrich, St Louis, MO) or vehicle control
(phosphate-buffered saline; Sigma-Aldrich) for another
72 hours. Annexin V/propidium iodide (PI) stain (BD
Biosciences, San Jose, CA) was performed.

In vivo studies

Animal studies were performed according to the
Ohio State University institutional guidelines. A total of
S million lentiviral transduced MV4-11 cells were injected
subcutaneously into eight-week female NOD/SCID
gamma mice (NSG; The Jackson Laboratory, Bar Harbor,
ME). At day 11, 3 mice from each lenti-anti-/8/a and
lenti-sc group were sacrificed, and tumors were weighed.
At day 23, 3 mice from each lenti-sc and lenti-/8/a group
were sacrificed, and tumors were weighed.

For the functional study, six-week-old NSG mice
were injected with 0.15 million lentivirally transduced
MV4-11 cells intravenously through a tail vein (n = 6 in
each group: lenti-anti-181a, lenti-sc and lenti-181a).

For the therapeutic study, six-week-old NSG mice
were injected with 0.3 million MV4-11 cells intravenously
through a tail vein. The treatment started 10 days after
the engraftment. Mice were treated with saline, TENP-
sc or TENP-miR-181a (1.5 mg'kg/d three times/week).
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Randomly, 3 mice of each group were sacrificed after
8 doses of treatment for pathology analysis. Age-matched
NGS mice without MV4-11 cell engraftment were
used as blank control. The treatment was continued for
the remaining mice. Eight mice from each group were
monitored for survival. The experiment was repeated for
biomarker analysis. Bone marrow and spleen cells were
1solated from scarified mice and sorted for human CD45-
positive cells for further analysis.

Statistical analysis

Data are presented as mean + SD of at least 3
independent experiments and analyzed by the two-tailed
Student’s ¢-test. The mean and SD were calculated and
displayed in bar graphs as the height and the corresponding
error bar, respectively. Mouse survival was calculated
using the Kaplan-Meier method, and survival curves were
compared by the log-rank test.
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CLINICAL TRIALS AND OBSERVATIONS

Clinical and pharmacodynamic activity of bortezomib and decitabine in acute

myeloid leukemia
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We recently reported promising clinical
activity for a 10-day regimen of decitabine
in older AML patients; high miR-29b ex-
pression assoclated with clinical re-
sponse. Subsequent preclinical studies
with bortezomib in AML cells have shown
drug-induced miR-29b up-regulation, re-
sulting in loss of transcriptional activa-
tion for several genes relevant to my-
eloid leukemogenesis, including DNA
methyltransferases and receptor ty-
rosine kinases. Thus, a phase 1 trial of
bortezomib and decitabine was devel-
oped. Nineteen poor-risk AML patients

(median age 70 years; range, 32-84 years)
enrolled. Induction with decitabine
(20 mg/m? intravenously on days 1-10)
plus bortezomib (escalated up to the tar-
get 1.3 mg/m? on days 5, 8, 12, and 15)
was tolerable, but bortezomib-related neu-
ropathy developed after repetitive cycles.
Of previously untreated patients (age
= 65 years), 5 of 10 had CR (complete
remission, n = 4) or incomplete CR (CRI,
n = 1); 7 of 19 overall had CR/CRI. Phar-
macodynamic analysis showed FLT3
down-regulation on day 26 of cycle 1
(P = .02). Additional mechanistic stud-

les showed that FLT3 down-regulation
was due to bortezomib-induced miR-29b
up-regulation; this led to SP! down-
regulation and destruction of the SP1/
NF-xB complex that transactivated FLT3.
This study demonstrates the feasibility
and preliminary clinical activity of decit-
abine plus bortezomib in AML and identi-
fles FLT3 as a novel pharmacodynamic
end point for future trials. This study is
registered at http://www.clinicaltrials.gov
as NCT00703300. (Blood. 2012;119(25):
6025-6031)

Introduction

Despite progress made in understanding the mechanisms of
leukemogenesis and the identification of cytogenctic and molecular
markers for risk stratification, most adult patients with acute mycloid
leukemia (AML) are not cured when treated with conventional
chemotherapy, especially clderly patients.'? Thus, novel ap-
proaches to improve outcomes for patients with AML are needed.
Bortezomib is a proteasome inhibitor approved for the treat-
ment of multiple mycloma and mantle cell lymphoma, but only
transient hematologic improvements were noted in a single-agent
phase 1 study of bortezomib in AML.” Despite lack of single-agent
activity, bortezomib has shown promise when used in combination
regimens for AML.* We recently demonstrated a unique mecha-
nism of activity of bortezomib: the drug is an indirect transcrip-
tional inhibitor for several target genes that are relevant to AML.#
We showed an important role for bortezomib in disrupting a
network that operates on the basis of interactions of miR-29b, the
transcription factor SP1, and NF-kB(p65). This network affects the
expression of several genes in myeloid leukemia cells, including
DNA methyltransferase enzymes (DNMT) and the receptor ty-
rosine kinase (RTK) KIT*® We showed that activating KIT
mutations, frequently found in core binding factor AML, led to

MY C-dependent miR-29b repression, resulting in increased levels
of SP1 (a miR-29b target).” Up-regulated SP1 bound NF-kB(p65)
and transactivated KIT. Thercfore, activated KIT ultimately in-
duced its own transcription via miR-295." We demonstrated that
bortezomib-induced disruption of the SPI/NF-xB(p65) complex
inhibited the growth of leukemic cells via up-regulation of
miR-29b.° The results supported the notion that miR-295/SP1/NF-
kB(p65) complex—dependent KIT overexpression contributed to
the growth of leukemia and could be targeted by boriezomib.®
Because most AML cells express FLT3 (another member of the
RTK family) and because of the relevance of both wild-type and
mutated FLT3 expression for AML cell growth and survival, FLT3
is an important target in AML™"; we hypothesized that the
aforementioned mechanisms also extend to FLT3 expression.

In the current study, we sought to deepen our understanding of
the transcriptional inhibitory activity bortezomib and its potential
usc in paticnts with AML by combining clinical, pharmaco-
dynamic, and additional in vitro mechanistic experiments. Re-
cently, we reported that the DNA hypomethylating agent decitabine
is active in AML. In a phase 2 study conducted at our institution,
the complete remission (CR) rate was 47%, the overall response
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rate 64%, and the median overall survival duration approximately
1 year with a 10-day induction regimen of low-dose decitabine in
untreated older patients with AML (= 60 years, not candidates/
refused intensive therapy).”? Although these results were promis-
ing, we viewed the regimen as a framework on which future
investigations might build and improve. Given that (1) greater
miR-29b levels were associated with response to decitabine in that
trial’? and (2) preclinical work showed bortczomib to be an inducer
of miR-29b expression, bortezomib was a very appealing agent for
combination studics with decitabine. Therefore, we performed a
phase I clinical trial of bortezomib with decitabine in poor-risk
AML patients to test feasibility and provide preliminary clinical
response data for this combination; we further developed our
understanding of the role bortezomib in AML via pharmaco-
dynamic and additional in vitro studies.

BLOOD, 21 JUNE 2012 - VOLUME 118, NUMBER 25

infection, and fatigue. Given the frequency of infectious complications with
conventional chemotherapy in this population and prevalence of disease-
relaled cylopenias, infectious complications were nol mandated as DLT
unless the severily or duration was longer than thal expected with
conventional treatment. For DLT, if the toxicity occurred in 2 or more
palients a1 2 single-dose level, that dose was deemed intolerable and the
next lower dose level was ded w0 1 fidence n toxicily

al the i lerable dose. Hematologic DLT was defined
as follows: failure 10 recover neutrophil andfor platelet counts by day 42 in
patients with < 5% blasts in the BM, absence of myelodysplastic changes,
andllor absence of evidence of disease by flow cytometry in the BM. Six
additional patients were treated &t the maximum tolerable dose.

Cytogenetics, molecular markers, and correlative studies

Standard cylogenetic analyses were performed on BM samples. For patieats
who consented 10 and had additional 1al available for molecular
lies, the p or at of FLT3-ITD and FLTI-TKD was

Methods

Eligibility criteria and study design

Eligible patients were adults with either (1) relapsed or refractory AML or
(2) previously untreated AML who were = 65 years of age. Patieals were
required o havc total bdu'uhm = "X the upper limit normal, creatinine
= 2.0 mghL, i fasp i £ =5X
upper limil normal, lefl ventricular ejection fraction a1 least 40%, and
Eastern Cooperative Oncology Group performance status = 2. Exclusion
criteria included chemotherapy or radiotherapy within 2 weeks, active other
malignancies (within 3 years), active ONS disease or granulocylic sarcoma
as sole site of di lied i lllncsx. and pre-existing
nevropathy grade 2 or gr Infi | appeoved by The
Ohio State University (OSU) Human Studies Commiltee was obtained on
all patients before they were entered into the study, in sccordance with the
Declaration of Helsinki.
Patients were given indoction cycles of decitabine 20 mg/m’ intrave-
nously over 1 hour on days 1-10 with cycles repeated every 28 days until
bone marrow (BM) blasis were < 5%, at which ume decilabine dxmns wn

ale

determined m previously described. ™! Correlative studies included the
measuremnent of miR-295, FLT3, DNMTI, DNMT3A, DNMT3B, and
estrogen receplor (ESR) mRNA expression in BM a1 pretreatment and at
approximately day 26 of cycle 1 (X 2 days) with the use of RT-PCR as
previously described ' In brief, 1ol RNA was extracted with Trizol
(lavitrogen) reagent, and ¢DNA was synthesized from total RNA. Gene
expression of FLT3I, DNMTI, DNMT3A, DNMT3B, and ESR were normal-
wed W ABLI. For miR-29b expression, quantitative RT-PCR was performed
by TegMan MicroRNA Assays (Applied Biosystems) according to the
manufactures’s protocol and normslized by U4d as previously described '
Expression of the target genes were measured by use oflhe ACT appmaa.h
All Tagman Assays for gene and microRNA exp were
from Applied Biosystems

¥

Cell culture and treatment

MV4-11, KG1, and HEK293T cell cultures were in standard fashioa. Cells
were treated with bortezomib (Millenmium Pharmaceuticals) used at
concenlrations, Umes, and schedules indicated in the Resulls section. For
additonal in vitro mechanistic & clear cells from BM

ples with = 70% blasts from an AML patient were oblained from OSU

cut 1o 3-5 days/cycle as previously described.'” Bor ib was
tered immediately after the decitabine dose by 1 push (IVP).
Bortezomid was dose escalated according to the following dose-escalation
plan: dose level 1, 0.7 mg/m® IVP on days § and §; dose level 2, 0.7 mg/m*
IVP on days 5, 8, 12, and 15; dose level 3, 1.0 mg/m* IVP on days 5, 8, 12,
and 15; and dose Jevel 4, 1.3 mp/m? IVP oa days 5, 8, 12, and 15. Treatment
dchys of = 10 days were permitted for patients with a BM cellulanity of
= 105 and no evidence of disease in the marrow, unlil at least partial
mumm‘m of hematoposests occurred (defined & BM cellulanity = 10% or
absolute newtrophil count [ANC] = 1000VuL). Hydroxyurea was permitted
1 control white blood count 10 < 40 DOVRL, if necessary, before and
during cycle 1, bul no other antileukemic therapies were permitled. In the
absence of a hypoplastic marrow (= 10% cellularity), clearly progressive
increase in BM blasts (afler at least 2 cycles of administration, if possible),
ongoingluncontrolled infection, or senious hemorrhagic complications,

Leukemia Tissue Bank. Primary patient blasts were cultured in StemSpan
SFEM media (StemCell Technologies), supplemented with StemSpan
QCI100 (S1emCell Technologies) containing FLT3-ligand, stem cell factor,

IL-1, and 1L-6. Pau signed an inf d losmnndmeu;cu
tisswe for discovery studies sccording to OSU insu 1 guideli
Translent transfections

C 1on of the h SP1 and NF-xB(p65) expression vectors were

performed a3 previously described.” On-Larget plus Smart pool SIRNA for
SPI, NFKBPGS, and controls were purchased from Thermo Fisher Scien-
tific. Precursor miR-296 was oblained from Applied Biosystems. siRNA,
miRNA, or plasmid constructs were introduced into the Jeukemia cell lines
MV4-11 and KG1 by Nucleofector Kit (Lonza Walkersville) sccording 1o
the facturer's instructions and a3 previously reported.” Transient

dosing was 10 be continued every 4 weeks without delay. T
continued indefinitely until disease progression or unscceptable toxicily
occurred, except that bortezomib was discontinued in patients who did not
have an objeclive response afler 3 cycles of reatment. Reponses were
Jefined fing o the [ I Working Group cnilena for AML,
including CR and CR with incomplete count recovery (CRi). "

Definition of dosing-limiting toxicity

Adverse events were g g 0 the National Cancer |

(NCI) Common Toxicity Cnitenia for Adverse Events Version 3.0. Dose-
limiting toxicity (DLT) was defined with cycle 1 of therapy. Drug-related
nonhematologic toxicity of grade 4 was considered DLT with the exceplion
of alopecia, nausex and vomiling ¢ Lable with ic therapy,

transfections of HEK293T cells Rx the luciferase experimenls were
performed with the use of Lipof (Iavitrogen) according 1o
the manufacturer's descriplion.

=5

ChIP assays

ChlP assays were performed with the EZ ChIP Assay Kit (Millipore) per
manufacturer recommendations and as peeviously described.” DNA was
quantified by the use of guantitative RT-PCR with SYBR green incorpora-
tion (Applied Biosystems). The antibodies used were as follows: SP1 (Cell
Sipnaling) and NFKB p6S (Millipore). Quantitative PCR was used 1o
measure the fraction of FLT3 promoter DNA enrichment in the immunogpre-
apetated with SP1 and NFKB p65 antibody.
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Table 1. Patient characteristics

Praviously

untreated

pationts, Seconcary %BM

age, y/sex or de novo Dlagnostic karyotype WBC x 10¥ul blasts Response

81F De nove 46 XX 06(5) (q13933)(2)/46, 51 dai 11)(p1 2)cp2)46, 810X 6)(022.1,913) 0aX 12)(p11.2), 48 7 CRi
Sa(16)(q12.1)(15) nencional with oral abnormalities(1)

(33 Secondary Insuficiert Metaphase (46, XX(6)rorclonak2)) 15 a8 CH

Bam De rove 8588 < 4n = XXYY N INGQ10).-2,:3.-7,9,17,(17)(Q10), + 18(cp1 5145 XY (4¥8n(1) 1 76

E5F De nove Noreal 52 20 CR

am De nove 44 X-Y -3,00(5)(022035),081(6) (0 13), dei17)(p11.2)5N43 51,-11 dee(19)1(1 1,19) 05 14
{@12,p13.3)(3)%4, 8, + mart (cpIN 44,31 530(19)(13 J)(cp2h44 81, + mar2(2)46, XY(5)

JoN De rove Normal 13 65

73N Secondary 45 XY,00l(7)(q21)(13)/46,X ¥ (B)noncioral(1) 288 ag

ETM De rove 43.XY,-3,961(5)q13) -7,08(B){p12), dc(11.12)(011.2:011.2), ac3{15)(p11.1). 0z 15
16.230(17)(p11.2), + mar{18)46 XY(1 Jroncional1)

oM De rovo 45 XY, inv(2¥q21526)| 10)/26,XY(1C) 05 22 CR

BaM Secondary 45 XY, 00i(12) (11 2013)(3)/45 Joem, - 7(22).sh dek 12HETVE-) 08 34 CHu

Cru uncontrmed complete remssicn for the clderly patent who had peripheral biced count recavery but who refused BM evaluation atier treatment, as noted in

the text; and WEC, white blood call

Luciferase assays

Luciferase assays were conducted with the use of HEX293T cells. A 700-0p
upstream region of FLTF promoter spanning SP1 and NFkB p6S binding
sites was cloned into a pGL2-lucife -rep (P ga) vector using the
Hindl] restriction enzyme site with primers as inlicated in supplemental
Methods (available on the Blood Web site; see the Supplemental Materials
link at the top of the online article). Firefly luciferase and Renilla luciferase
activiies were assessed according to the recommendations detailed in the
Dual-Luciferase Reporter Assay System (Promega).

Electromobility shift assay

Nuckar proleins were extracled fmm MVd-11 cells using the Nudn-t
Extract Kit (Active Motif) g o lbe facturer's 1
S'beotinylated DNA ¢ ind lhe | binding sites for SP1
(SPl-sitel and SP1-site2) and NF-xB [Nl-mB site 1 and NF-xB-site 2)
were obunnzd from lmegnued DNA Technologies. For annealing, concen-
trated Jeotides were mixed at a 1:1 molar ralio and
incubated al. 95°C fur 5 mmul.cx The heat was then gradually reduced over
hoars until the oligonucleotid hed room lemp 24 hours before
start of the experiment. Annealed oligos were diluted 0 a final concentra-
ton of 10 fmol. The Thermo Scieatific LightShift Chemiluminescent
LMSA Kit (Pierce/Thermo Fisher Scientific) was used according 1o the

*s instructions. Foe supershift experiments, SP1 antibody
(Samta Cruz B.uwchmlogy) or NFKB p65 antibody (Cell Signaling
Technology) were added.

Western blotting

The western blots were preformed as previously described.” The antibodies
used were as follows: SP1 and actin (Santa Cruz Biotechnology), NFkB p6S
(Millipore), and FLT3 (Cell Signaling Technology).

Statistical analysis

Data were compared using the Student 2-lailed ¢ test. P = .05 was
considered statistically significant. All analyses were performed using the R
2.14.1 software package (availadle a1 hitp:/f'www.r-projecLorg).

Results
Patient characteristics

The enrollment of 19 poor-risk AML patients occurred during the
course of 11 months. Clinical and the cytogenetic characteristics of
the patients enrolled on the clinical trial are summarized in Tables 1
and 2. The median age was 70 years (range, 32-84 years). Median
white blood cell count was 3.9 X 10%uL (range, 1.3-69.9). Previ-
ously untreated patients (n = 10) were of median age 70 years
(range, 65-84 years) and presented with intermediate or adverse
cytogenctic risk according to Cancer and Leukemia Group B
criteria®; 7 had de novo AML, and 3 had secondary/therapy-related

Table 2. Patient response
Relapsoc
rafraciory No,
patients, previous Presenting "% BM
age, yisex inductions Protreatment karyotype WBC x 109l blasts Response
M 3 48,XY dup(1)q21041)(2)46,XY de¥3)(n21.1p21 3){2N46 XY(16) 18 “
\F 2 48 XX 36X5)(q22q33) 1 /55-56.51, 4 1,42, + B, 0el(8)(p11 2023)x2,4 9, + 10, + 11, 09 42
doX12)(q13q15),+13,+ 14,+ 14,003 14)(q32).-17,ad0(18)(p11.2), aga(19)(p13.2),
+21,+22,00)(22)(g13), +marl, +mar2, +mar3, + mard(cp8)/55-56,5d11 add(4)(g32),
-800(14)(q32)(cpS)46, X X(SMnancicnal(1)
67T 1 Nomeal 06 42 CRi
50F 2 L5X A x;10;11).0ei(12p) 2 1
TE 2 Unaobtainable {dry tap) 21 63
Jam 3 45X - 1(8.21)(q22 q22)cpT V46 XY(13) 16 18
70N 3 94 < 4n > XXYY 413, 4 13(9)46,XY(11) 12 3
T 1 Nomead 04 19 CFRi
5T 4 47, XY+ & 16)47, o 12;12)(p16:521){ 1)non-clonal abnormalties 3] 68 a

WaC ingicates white bicod cel.

100



6028 BLUMetal

AML. Relapsed/refractory patients (n = 9) had a median age of
67 years (range, 32-75 years). Eight had did not respond to
previous anthracycline/high-dose cytarabine therapy. All 4 patients
who enrolled with AML in untreated first relapse had CR1 duration
of < 1 year. Overall, 8 patients consented to a diagnostic assess-
ment of FLT3I mutational status; none harbored a FLT3-TKD, and
1 patient had a FLT3-ITD. All 8 paticnts expressed robust FLT3
levels as measured by real-time RT-PCR (not shown). Five patients
had serial material available for pharmacodynamic studies.

Dose escalation and treatment

Three patients were treated at dose level 1. Four patients were
treated at dose level 2 because | patient was removed from study as
the result of discase-related thrombosis. This event was not judged
to be related to the drug because the patient had presented with
AML originally with extensive deep-venous thrombosis thought to
be related to malignancy and had an inferior vena cava filter placed
11 months carlier. Dose level 3 was expanded to 6 patients because
of safety concerns after an infection-related death during induction
in 1 patient. Six additional patients were treated at the highest
planned dose of bortezomib (1.3 mg/m?® on days 5, 8, 12, and
15): 1 respiratory death before cycle 2 occurred at this dose.
Patients received 2 median of 2 cycles of treatment (range,
1-14). Only 2 patients received treatment with both drugs beyond
3 cycles. By design, bortezomib treatment was discontinued after
3 cycles in patients without response; ncuropathy occurring after
cycle 2 required the discontinuation of bortczomib in 3 paticnts.
One patient received the combination of both drugs for 8 cycles, then
decitabine alone for 6 additional cycles: the other received the combina-
tion for 4 cycles, then decitabine alone for 6 additional cycles.

Toxicities

Typically, induction death in AML is described at 30 days, but
given the less-intensive nature of decitabine-based treatments with
delayed response and the need for repetitive cycles of administra-
tion, B-weck mortality may be a better measure with this agent.
Four patients (2 with refractory/relapsed discase, 2 with previously
untreated discase) died within 8 weeks of treatment because of
infection (n = 2), disease progression (n = 1), and respiratory
failure from pulmonary fibrosis (n = 1). Only | of these deaths
(from discase progression) occurred within 30 days of study entry.
Infections or febrile neutropenia were commonly encountered,
occurring in 11 patients during cycles 1 and 2 of treatment. Grade 3
or greater toxicities regardless of attribution during the first
2 cycles are listed in Table 3. Through the entire duration of the
study, grade 3 or greater neuropathy occurred in 3 patients (none
during cycle 1). For 1 of these patients, the ncuropathy was
autonomic and disabling. No hematologic DLT was observed.

Clinical responses

In previously untreated patients (all ages 65 years and older),
CR/CRi occurred in 4 patients; another CR not confirmed by
marrow cvaluation occurred in a patient who refused BM evalua-
tion after treatment (described in this paragraph), for an overall
remission rate of 509% (5/10) in this subset. For the 4 previously
untreated patients with documented CR/CRi, the best response and
duration of response were as follows: CR, 12 months; CR,
9 months; CR, 10 months (dicd of myocardial infarction in
remission); and CRi, 3 months (incomplete response was ANC
< 1000VpL). The fifth responder was an 84-year-old patient who
refused BM reevaluation after 2 cycles of treatment, but the patient

BLOOD, 21 JUNE 2012« VOLUME 118, NUMBER 25

Table 3. Toxicities: grade 3 or greater nonhematologic toxicities
regardless of attribution during cycles 1-2
InfectionsTebrile nautropenia
Pneumonia
Celulns
Bicodstream
Neutropanc lever
Organ toxicities®
Neurotomaty
Gastrointesting!
Puimonary
DVTPE
Hyperglycemia
Confusion
Rash
Acyte renal faikee
Axial fiorilation
Syrcope
Desth
Infecicn
Pumonary fibrosis

Discase

|

BEN=a
g
23

- BN e o e NG
g

DNT ind daap-vein th and PE, pul ¥
“Towicities that recumed in indvidual pasents in both cyces 1 and 2 ane listed as
2events.

had complete count recovery with no blood blasts and lived for
17 months before dying of unknown cause (the patient refused
further follow-up after discontinuing trial participation). Although
we could not classify this patient as a CR by International Working
Group criteria because of lack of morphologic documentation by
BM aspirate and biopsy, it is likely that this patient achieved CR.
Among patients with relapsed or refractory AML, 2 of 9 achieved
CRi (CR was incomplete in both cases because of ANC < 1000/
pL). Response duration in one was only 2 months, but the other
proceeded to allogencic transplant guickly with no relapse more
than 18 months after transplantation. On the basis of the pattern of
the response, the patient likely would have met ANC recovery for
CR had transplant not immediately occurred. Including the 1 pa-
tient with unconfirmed BM CR, the remission rate was 50% (5/10)
for those with previously untreated discase and 37% (7/19) for the
whole cohort. The median number of cycles to best response was
2 (range, 2-4).

Pharmacodynamic validation studies

The expression levels of miR-29b and FLT3 mRNA were measured
in pretreatment and on day 26 of the first cycle in patients who
consented to correlative studies and had suitable serial BM samples
available (n = 5). At the day 26 posttreatment time point, none of
these patients had achieved CR. We observed a trend toward a
greater expression of miR-29b (P = .19) and noted statistically
significant lower expression of FLT? mRNA (P = .02) on day 26
with respect to pretreatment expression levels (Figure 1). The
patient with FLT3-ITD had 50% lower expression of FLTT after
1 cycle (BM blasts % was the same as pretreatment). The median
fold-change increase for miR-29b expression at day 26 with respect
to bascline levels was 2.9 (P = .2), whereas the median fold-
change decrease for FLT3 mRNA at day 26 with respect to bascline
levels was 0.4 (P < 01).

Because we previously showed that miR-296 directly or indi-
rectly targets DNMTJ1, DNMT3A, and DNMT3B.'"* we also assessed
the mRNA expression of these genes (supplemental Figure 1A).
Posttreatment day 26 down-regulation of all 3 DNMT isoforms
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Figure 1. Postireatment down-regulation of FLTT in AML patients. Pratreatment
ard day 26 expression levels of miF-265 (A) and FLYI mANA (2) in patents with
8018l bona marrow from he dacitabine-benezomib dincal viad (n = 5),

compared with baseline was observed, ic, DNMT/ (median fold-
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sion of the ESR gene, often hypermethylated and silenced in AML, was
increased (supplemental Figure 1B; median foldchange: 2.5). These
changes did not achieve statistical significance.

Bortezomib-dependent mechanisms of FLT3 down-regulation

Because down-regulation of FLT3 expression was observed in all
paticnts at day 26 after treatment, we further investigated in vitro
the mechanisms of this pharmacologic cffect. We recently showed
that a NF-kB(p65)SP! complex drives the expression of KIT, a
member of the RTK family. Thus, we postulated that the SP1/NF-
«kB(p65) complex could also transactivate the FLT3 gene. First, we
identified 2 putative SP1 and NF-kB(p65) binding sites (sites | and
2) within the promoter region of FLT3 promoter in MV4-11 cells
that harbor a FLT3-ITD and express FLT3 at high levels (Figure
2A). Then, using clectromobility shift assays, we validated the
binding of the SP1/NF-kB(p65) complex to the promoter binding
sites for SP1 (only Site 1; Figure 2B) and NF-kB(p65) (both Sites
1 and 2; Figure 2B). The binding affinity of SP1 and NF-kB(p65)
on these putative binding sites was confirmed by ChIP assays.
Using primers spanning the region of the first SP1 and NF-kB(p65)
binding sites, we showed enrichment of both SP1 and NF-xB(p65)
on the FLT3 promoter in MV4-11 cells (Figure 2C).

To assess transactivating activity of SPI/NFxB(p65) on FLT3
promoter regulatory sequences, we cloned a 700-bp spanning
region of the FLT3F promoter containing the SP1/NF-xB(p65)
binding sites into a luciferase-reporter vector. When the FLT3
luciferase-reporter vector was cotransfected with SP1 or NF-
xB(p65) overexpression vector in HEK293T cells, promoter activ-
ity was enhanced by SP1 or NF-kB(p65) overexpression compared
with negative controls (Figure 2D). Conversely, SP1 or NF-
«kB(p65) knockdown using siRNAs resulted in the down-regulation
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of the luciferase activity (Figure 2D). Gain and loss of function
experiments further supported the regulatory role of SP! and
NF-kB(p65) on FLT3 expression. SIRNA-mediated knock-down
of SP1 or NF-kB(p65) led to decreased FLT3 cxpression in
FLT3-ITD-positive and FLT3-high expressing MV4-11 cells (Fig-
ure 3A). In contrast, overexpression of SP1 or NF-kB(p65) led to
increased FLT3 expression in FLT3 wild-type and FLT3-low
expressing wild-type KG! cells (Figure 3B). BecauseSP1 is a bona
fide target of miR-29b, we also rcasoned that miR-29b is likely to
participate in FLT3 transcriptional regulation through modulating
SP1 expression. Forced miR-29b expression indeed resulted in
FLT3 down-regulation in MV4-11 (Figure 3C).

Having validated our hypothesis that the NFkB/SP1 complex
up-regulates FLT3 expression and that miR-29% causes down-
regulation of this RTK, we reasoned that a pharmacologic interven-
tion that would increase miR-29b cxpression would also down-
regulate FLT3 by interfering with the SPI/NF-kB(p65) complex.
We have already reported that bortezomib induced miR-29b and
disrupts the SP1/NF-kB(p65) complex.® Consistent with these
observations, we showed dose- and time-dependent FLTI down-
regulation in bortezomib treated FLT3-1TD-positive MV4-11 cell
lines and primary AML blasts (Figure 3D), confirming the observa-
tion from patients treated on the clinical trial.

Discussion

We report here the results of a phase 1 trial of bortezomib and
decitabine in patients with poor-risk AML. In addition to the
clinical results, we provide pharmacodynamic evidence that FLT3
expression is a novel target for this combination and describe the
mechanisms through which bortezomib contributes to FLT3
down-regulation.

With regard to the clinical trial, the combination of bortezomib
and decitabine was tolerable and active in this cohort of AML
patients. We observed a 50% CR/CRI rate in previously untreated
older AML patients, whercas for patients with refractory or
relapsed disease, the CR/CRi rate was 22%. The maximal planned
dose of bortezomib in combination with decitabine was reached,

but 3 patients experienced serious neuropathy after multiple cycles
of therapy. Although the incidence of neuropathy in this trial was
similar to that observed with bortezomib in other malignancies,
strategics to prolong the duration of exposure to bortezomib and
decitabine without increasing the frequency of neurotoxicity must
be considered with further development of this regimen. Emerging
data suggest that, at least in multiagent regimens, modification of
the traditional bortezomib schedule of administration on days 1, 4,
g, and 11 to a once-weckly approach substantially reduces neurotox-
icity without a detrimental effect on clinical response end points or
survival.

In several studies, authors have noted reduced toxicity with
preserved efficacy for once-weekly bortezomib compared with the
traditional schedule.'’® Most notably, in a phasec 3 study in
myeloma, clinical outcomes including 3-year progression-free and
overall survival were similar between different bortczomib dosing
groups (nonrandomized) but with a markedly lower incidence of
neuropathy with for weckly dosing versus the traditional sched-
ule.'** Subcutancous administration of bortezomib appears to be
another alternative with reduced neurotoxicity.'* This consider-
ation is an important one for future phase 2/3 studies of bortczomib
and decitabine in AML because hypomethylating agent therapy
requires prolonged and repetitive exposure to maximize benefit.

The results of the pharmacodynamic analyses showing a trend
for miR-29b up-regulation and significant FLT3 down-regulation,
albeit limited by small sample size, led us to further dissect the
mechanisms through which bortezomib could target the activity of
the FLT3 gene. We have previously shown that bortezomib
interferes with the transcription complex SPI/NF-kB(p65) by
increasing miR-29b that targets SP/.* Here, we showed that the
SP1/NF-kB(p65) complex transactivated FLT3 and that the activity
of the complex was coregulated by miR-29b. Down-regulation of
miR-29b in AML resulted in greater activity of the SPI/NF-
kB(p65) complex (because of elevated levels of SP1),” and this in
turn caused FLT3 up-regulation. Reversing this constituted the
basis for bortezomib-induced FLTF down-regulation in vitro and in
vivo. Because overexpression of wild-type or mutated FLTJ is
frequent in AML blasts and because FLT3 activation promotes
leukemia cell growth and survival, the finding of pharmacologic
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FLT3 transcriptional inhibition in AML patients may represent a
novel therapeutic strategy.

Our understanding of the role for bortezomib as a modulator of
the SP1/NF-xB(p65) complex® has developed over time. Given
current understanding of bortezomib's ability to up-regulate miR-
29b, in tum disrupting expression of genes dependent on this
complex and potentially sensitizing paticnts to decitabine, future
clinical studies of decitabine and bortezomib in AML should alter
the sequence of administration and test bortezomib given before
decitabine, rather than after. We have previously reported that
greater expression of miR-29b associated with response to decit-
abine.'? It is tempting to hypothesize that this occurs because of
correspondingly low expression of miR-29bh targets, including
FLT3, that play a relevant role in supporting myeloid leukemia
growth and treatment resistance. With the heterogeneity of patients
and the small sample size, it is difficult to compare remission rates
in untreated older AML patients from this trial to our previously
reported study with decitabine alone.’? However, given that the
remission rates appear similar, to determine whether bortezomib
increases the clinical efficacy of decitabine by increasing miR-29b
and down-regulating miR-29b targets (ie, FLT3) will require
randomization and a larger trial, likely via the use of an alternative
route (subcutancous) or schedule (weekly) of bortezomib adminis-
tration to ameliorate neurotoxicity concemns. A recently activated
Alliance phase 2 trial in previously untreated older AML paticnts
randomized to decitabine versus decitabine plus bortezomib (subcu-
tancous) will investigate this question (Alliance 11002).
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Increased anti-leukemic activity of decitabine via AR-42-induced
upregulation of miR-29b: a novel epigenetic-targeting approach
in acute myeloid leukemia

A Mims'*®, AR Walker."'f, X Huang®, J Sun’, H Wang"’, R Santhanam', AM Dorrance', C Walker', P Hoellefb.auer", SS Tarighat®,
KK Chan'?, RB Klisovic', D Perrotti®®, MA Caligiuri’, JC Byrd', C-S Chen’, L James Lee?, S Jacob®, K Mrézek', CD Bloomfield’,
W Blum’, R Garzon', S Schwind™” and G Marcucci'*”

Histone deacetylase (HDAC) inhibitors either alone or in combination with hypomethylating agents have limited dinical effect in
acute myeloid leukemia (AML). Previously, we demonstrated that AML patients with higher miR (microRNA)-29b expression had
better response to the hypomethylating agent decitabine. Therefore, an increase in miR-29b expression preceding decitabine
treatment may provide a therapeutic advantage. We previously showed that miR-29b expression is suppressed by a repressor
complex that includes HDACs. Thus, HDAC inhibition may increase miR-29b expression. We hypothesized that priming AML cells
with the novel HDAC inhibitor (HDACI) AR-42 would result in increased response to decitabine treatment via upregulation of
miR-29b. Here, we show that AR-42 is a potent HDACI in AML, increasing miR-29b levels and leading to downregulation of known
miR-29b targets (that is, SP1, DNMT1, DNMT3A and DNMT3B). We then demonstrated that the sequential administration of AR-42
followed by decitabine resulted in a stronger anti-leukemic activity in vitro and in vivo than decitabine followed by AR-42 or either
drug alone. These preclinical results with AR-42 priming before decitabine administration represent a promising, novel treatment
approach and a paradigm shift with regard to the combination of epigenetic-targeting compounds in AML, where decitabine has
been traditionally given before HDACIs.

Leukemia (2013) 27, 871-878; doi:10.1038/1eu.2012.342
Keywords: acute myeloid leukemia; HDACI; AR-42; decitabine; miR-29b

INTRODUCTION
The prognosis for the majority of patients with acute myeloid
leukemia (AML) receiving standard chemotherapy is poor, novel
treatment strategies are needed.* Aberrant promoter DNA
hypermethylation and histone deacetylation are reversible
processes implicated in myeloid leukemogenesis, and each
are targetable by hypomethylating agents (for example,
decitabine) and histone deacetylase (HDAC) inhibitors (HDACIs),
respectively.®”’ Different from other hematologic malignancies
such as cutaneous T-cell lymphoma, HDACIs as single agents have
resulted in limited clinical activity in AML and combination
therapy with hypomethylating agents has not consistently led to a
significantly improved response.*®'" Possible explanations for
this may be related to differences in pharmacologic potency, rapid
metabolism and/or off-target activity (for expmple. acetylation of
non-histone substrates) of available HDACIs.* ™

Structural aspects of HDACIs that allow for access to the Zn® *
cation in the catalytic pocket of the HDAC enzyme are
determinants of inhibitor activity. Researchers at The Ohio State

University (OSU) synthesized a new class of HDACIs that are
structurally optimized to improve access to the catalytic pocket.
These new compounds have been shown to inhibit enzyme
activity and cancer cell proliferation, even at nanomolar concen-
trations.'* Among these new compounds, AR-42 has been proven
to be active in non-Hodgkin lymphoma and muitiple myeloma
and is in Phase | clinical trials.'>~"” However, AR-42 activity in AML
has not yet been investigated.

Altered expression of microRNAs (miRs), small non-coding RNA
molecules, has been shown to contribute to the pathogenesis of
various human cancers, including AML.'*'® miR-29b, that negatively
modulates the expression of genes encoding the transcriptional
activator SP1 and DNA methyitransferases (DNMT1, DNMT3A and
DNMT3B), is downregulated in AML?®* We and others showed
that lower pretreatment levels of miR-29b may be associated with
worse prcigm'.vsis'e and inferior response to the hypomethylating
agent decitabine in older (age =60 years) AML patients.”

Expression of miR-29b is partly regulated by an SP1/NFxB
transcriptional complex, which binds to a miR-296 enhancer
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region, recruits HDACs and decreases miR-29b expression.” Thus,
here we hypothesized that the inhibition of HDAC activity could
disrupt the binding of this complex, increase mif-29b expression
and in turn induce an improved response to decitabine.

MATERIALS AND METHODS
Cell lines, AML patient samples and cell culture

Kasumi-1 {CRL-2724) and NBA (ACC 207) cells were purchased from
American Type Culture Collection {ATCC, Manassas, VA, USA] and German
Collection of Microorganisms and Cell Culture (DSMZ, Braunschweig,
Germany, respectively. Murine FDC-P1 cells were purchased from ATCC
and Iy duced to express the oncogenic D16V KIT mutation
{FOC-P1-KIT™") as previously described® Kasumi-1, NB4 and FDC-P1-
KIT™ cells were cultured as previously described. ™ These cell lines
were chosen because of a low baseline expression of miR-295.%* Primary
AML blasts from apheresis samples collected from 10 patients with de nove
disease were obtained from the OSU Leukemia Tissue Bank. Cy {

Patient primary blasts were seeded in 56-well plates and were treated
for 48 h with vehicle, AR-42 {3, 10, 30, 100, 300 nw or 1 pw) or valproic acid
({(VPA}; 600 or 2400 pv). After 43 h, MTS reagent was added 1o each well.
Plates were incubated according to the manufacturer’s peotocol. The
absorbance at 495 nw was measured in a Multiskan Spectrum plate reader
(Therme Electron Corporation, Vantaa, Finland). After adjustment for
background intesf e by acc g for wavelength variation second-
ary to media, data in triplicate from three independent experiments were
normalized to the readings from untreated cells.

Leukemogenesis in NOD/SCID mice

Four to 6-week-okd NOD/SCID mice {The Jackson Laboratory, Bar Harbor,
ME, USA} were iv. injected through a tail vein with 5 x 10° cells of FDC-P1
cells harboring DB16V KIT™, After engraftment, cell-injected mice were
treated with either vehicle alone, decitabine intraperiteneally (0.4 mg/kg/
day for 4 days in weeks 1 and 3), AR-42 by oral gavage (75 mg/kg/day for 2
days in weeks 1 and 3}, decitabine for 4 days followed by AR-42 for 2 days
on weeks 1 and 3 {doses for both drugs the same as above) or AR-42 for 2

)

analysis was available for 9 of the 10 patients (Supplementary Table 1).
Samgles from the patients 1-2 and 6-10 were used to conduct HDAC
inhibition studies, while the patient samples 3-10 were used for miRt
expression and patients 3-5 were used for gene and protein expression
studies. All patients provided written informed consent according to the
Declaration of Helsinki to stere and use of their tissue for discovery studies
according to the OSU institutional guidelines under protocols approved by
the OSU Institutional Review Board. The patient samples were cultured as
previously described.”

HDAC activity inhibition assay

Nuclear extracts of Kasumi-1 and NB4 cell lines and patient AML blasts
were prepared using the Nuclear Extract Kit following the manufacturer's
protocol {Active Motif, Carlsbad, CA, USAL The effects of 100 rw and 1 pv of
AR-42 on HDAC activity were investigated using the HDAC Assay Kit
accerding to the manufacturer’s protocol (Upstate, Lake Placid, NY, USAL
Doses of AR-42 were chosen based on previous studies in hematolegic
malignancies.'*'”

Gene and miR expression

ANA was wsolated using TRRzol (Invitregen, Carisbad, CA, USA) and
quantified using the NanoDrop 2000 Spectrophotometer (Thermo
Scientific, Walthan, MA, USA). For both primary miR and messenger ANA
{mANA} gene expression, ANA was reverse transcribed into complemen-
tary-DNA using SuperScript Il First Strand Synthesis {Invitrogen} according
16 the manufacturer’s recommendations. Real-Time PCR was performed
using a 7900HT Fast Real-Time System (Applied Biosystems, Carlsbad, CA,
USAL Primer pairs and probes used were human ONMT), DNMT3A,
DNMT3B, SP), 185 and primary-miR-290-1, as well as mouse Damtl,
Damt3a, Dnmi3b, Sp) and 185 purchased from Applied Biosystems.
Tagman Universal PCR master Mix was purchased from Applied
Biosystems. The expression of human and murine 185 were used as
internal controls for both mRNA and miR expression.

Western blotting

Whole-cell lysates were run on SD5-PAGE Ready Gel Precast Gels (Bio-rad,
Hercules, CA, USA) and transferred to nitrocellulose membrane as
previously described ™ Immunoblotting was performed with rabbit anti-
acetylated Histone H3 (06-539, Upstate), rabbit anti-acetylated Histone H4
{05-866, Upstate], rabbit anti-DNMT3A (sc-20703, Samta Cruz
Biotechnology, Santa Cruz, CA, USA), rabbit anti-SP1 (sc-59, Santa Cruz),
goat anti-f-actin {sc-1616, Santa Cruz), rabbit anti-DNMT1 (abB7656,
Abcam, Cambridge, MA, USA), and mouse anti-DNMT3B (ab16304, Abcam).

Cell proliferation assay

Kasumi-1, NB4 and FDCP1-KIT™" cells were seeded in S6-well plates and
were treated for 72h with vehicle, AR-42 (0.3 uv) alone, AR-42 (0.3 pv)
followed by decitabine (0.5 uv) after 24 h (AR-42 — decitabine), decitabine
{05pv) followed by AR-42 (03pm) after 24h (decitabine — AR-42)
or decitabine (0.5 uv) alone. After 72h, MTS reagent {3-(4,5-dimethyithia-
20l-2-yl}-5-{3-carboxymethoxyphenyl)-2(4-sulfophenyl)-2H-tetrazolium,
inner salt; Promega, Madison, W1, USA} was added to each well
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days followed by decitabine for 4 days for weeks 1 and 3 (doses for both
drugs the same as above). Spleen samples were harvested from the
treated mice and processed for ANA and ¢DNA. Real-Time PCR was
performed on all samples with murine primer/probes used for all genes
and primary-miR-295-1 as described above. These studies were performed
in accordance with OSU institutional guidelines for animal care and under
protocols approved by the OSU Institutional Animal Care and Use
Committee.

Statistical methods

Data were represented as mean =s.d. of at least three independent
experiments and analyzed by the two-tailed Student’s r-test. The means
and s.d. were calculated and displayed in bar graphs as the height and the
corresponding error bar, respectively. Mouse survival was calculated using
the Kaplan-Meier method, and survival curves were compared by log-rank
test. A P< 005 was considered statistically significant.

RESULTS
AR-42 inhibits HDAC activity in AML

We first assessed the HDAC inhibitory activity of AR-42 on AML
cells. Kasumi-1 and NB4 cells were treated with 100 nm and 1 pum
AR-42, and HDAC enzymatic activity was measured after 24 h.
HDAC activity was reduced 82% (+ 1.8% sd.; P<0.01) and 90%
(4 04%; P<0.01) in Kasumi-1 cells and 85% ( + 6.9%; P<0.01) and
90% ( £+ 3.2%; P<0.01) in NB4 cells following exposure to 100 nw
and 1 um AR-42, respectively (Figure 1a). The doses of AR-42 were
chosen based on previous studies in hematolegic malignan-
cies.™"” The degree of inhibition of HDAC activity caused by AR-
42 treatment was comparable to the degree of inhibition achieved
by treatment with the hydroxamate analog of AR-42, Trichostatin
A (TSA), 2 known gotent HDACI often used as a control for HDAC
inhibition assays.”” In Kasumi-1, concentrations of 100 n of TSA
reduced the HDAC activity by 83%, and 1 uw of TSA reduced the
HDAC activity by 88%. In NB4, similar resuits were demonstrated
(Figure 1a). The decrease in HDAC enzymatic activity in cells
treated with AR-42 also led to an increase in histone acetylation.
Concentrations of AR-42 as low as 30 nm induced histone H3 and
H4 acetylation in both the Kasumi-1 and NB4 cell lines at 48h
(Figure 1b).

The HDAC inhibition activity of AR-42 was also demonstrated in
AML patient blasts. In these primary cells, we observed a dose-
dependent effect of HDAC activity inhibition following AR-42
treatment for 24 h (Figure 1c). Treatment with 1 um AR-42 reduced
the total HDAC activity by 78% (£ 11%; P<0.01) compared with
vehicle, similar to the degree of inhibition (76 + 5.6%) observed
with 1 uw TSA. H3 and H4 histone acetylation was also observed in
primary blasts following AR-42 treatment at 300nm and 1pum
concentrations (Figure 1d).

We also tested 600 and 2400 um VPA,** a known HDACI* as a
control in both AML cell lines and additional primary patient
samples (n =5) and showed that acetylation of H3 and H4 histone
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increased in a similar dose-dependent fashion with both
compounds (Supplementary Figure 1). Interestingly, similar to
Stapnes et al’* we observed an anti-proliferative effect of the
HDACIs, at higher concentrations (that is, >100nw AR-42 and
2400 pum VPA), and a more heterogenous response at lower
concentrations (that is, <100nm AR-42 and 600uv VPA;
Supplementary Figure 2).

AR-42 upregulates miR-29b expression

We next treated Kasumi-1, NB4 and the murine FDC-P1-KIT™ cell
lines with AR-42 and determined the effect on miR-29b expression.
These cell lines were chosen because of their low levels

AR-42 sensitizes AML cells to decitabine
A Mims et al

of endogenous miR-29b2°* Compared with vehicle-treated
control cells, miR-29b expression was found to be upregulated
4-fold (+0.93; P<0.01) in Kasumi-1 cells, 5-fold ( + 1.18; P<0.05)
in NB4 cells and 14-fold (£ 1.63; P<0.01) in FDC-P1-KIT™ cells
(Figure 2a) after 24 h treatment with 1 um of AR-42. These results
were confirmed in leukemic blasts from eight primary AML
patients. Treatment with 1 pm AR-42 increased miR-29b expression
65fold (+24; P<0.05) at 24h compared with vehicle-treated
control blasts [Figure 2b). miR-29b upregulation was also observed
with 2400 pv VPA both in Kasumi-1 and N84 cell lines as well as in
primary patient blasts. Although in the cell lines VPA-induced
increases in miR-29b similar to that observed with AR-42
(Supplementary Figure 3), in primary blasts the VPA-induced
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Figure 1. AR-42 treatment Inhibits HDAC activity in AML. (a) HDAC activity in Kasumi-1 and NB4 cells at 24 h after treatment with vehicle, AR-
42 or TSA. (b) Increased histone acetylation in Kasumi-1 and NB4 and cells 48 h after AR-42 treatment. (¢) HDAC activity in primary AML patient
blasts 24 h after treatment with AR-42 (n = 2; patients no. 1 and no. 2). (d) Increased histone acetylation in primary patient blasts 48 h after AR-

42 treatment (patients no. 1 and no. 2 as indicated).
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Figure 2. miR-29b expression increases following AR-42 treatment. (a) In Kasumi-1, NB4 and FDC-P1-KIT™" cells, 24 h after treatment with 1w
AR-42. (b) In eight primary AML patient samples (patients nos. 3-10) at 24 h after treatment with 1 um AR-42 and 2400 uv VPA
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increase in miR-29b was 2.5-fold (*0.17) seemingly lower than
that induced by AR-42 (6.5-fold (+ 2.4); Figure 2b).

AR-42 downregulates the miR-29b targets DNMT1, DNMT3A,
DNMT38 and SP1

It is known that miR-29b downregulates DNMT3A, DNMT38 and
SP1 directly, and reduces expression of DNMT1 indirectly by
targeting its transcription factor SP17' Thus, we assessed
the RNA expression levels of ODONMT!, DNMT3A, DNMT38
and SP1 following AR-42 treatment We compared the Kasumi-1
and NB4 cells treated with 1um AR-42 with vehicle-treated
controls and observed, respectively, a reduction of DNMT! by
80% (+7.2%; P<001) and 96% (+1.1%; P<0.01), DNMT3A
by 95% (+06% P<001) and 94% (£05%; P<0.01),
DNMT38 by 78% (+10.7%; P<0.05) and 90% (=3%; P<0.05)
and 5P1 by 53% (£ 0.3%; P<0.05) and 82% (£ 2%; P<0.05) after
24 h (Figures 3a and b). Similar results were also obtained using
the murine FDC-P1-KIT™* cell line treated with 1 um AR-42, which
resulted in a reduction of Dnmt! by 63% (+0.5%; P<0.05),
Dnmt3a by 40% ( + 2% P<02), Dnmt3b by 61% (£ 1.9%; P<0.05)
and Spi by 73% (+0.2%; P<0.05; Figure 3b). These results were
also confirmed at the protein level and although Dnmt3a by RNA
was not statistically significant, western blotting confirmed the
downregulation. DNMT1, DNMT3A, DNMT3B and SP1 proteins
were downregulated at 24 h following 1 uw AR-42 treatment in
Kasumi-1, N84 and FDC-P1-KIT™* cell lines compared with
vehide-treated controls (Figure 3b). These findings were then
validated in primary patient blasts {n = 3). Twenty-four hours after

Kasumi-1 O vericle

relutive
Qene expression

treatment with 1um AR-42, mRNA levels were found to have a
reduction of 81% (£5.8%; P<0.01) in DNMT?, 80% (*13%;
P<0.01) in DNMT3A, 75% (£ 7.6%; P<0.01) in DNMT38B and 50%
(+£13%; P<0.05) in SP1 when compared with vehicle-treated
controls (Figure 3c). Likewise, the DNMT1, DNMT3A, DNMT38 and
SP1 proteins were downregulated in all three patient samples
following 1uw AR-42 treatment compared with vehicle-treated
controls (Figure 3d).

Increased anti-leukemic activity: AR-42 followed by dedcitabine

We have previously shown that AML patients with higher
expression of miR-29h had better clinical response to decitabine.”
Therefore, we hypothesized that an AR-42-induced increase in
miR-29b expression might result in increased anti-leukemic activity
of deditabine. We compared the anti-leukemic activity of AR-42
followed by decitabine with that of both AR-42 and decitabine as
single agents, and decitabine followed by AR-42 in Kasumi-1, NB4
and FDC-P1-KT™" cells. The cells were treated for 72h with
vehicle, AR-42 (0.3 pm) alone, AR-42 (0.3 pw) followed by decitabine
(05uw) after 24h (AR-42—+dedtabine), decitabine (0.5um)
followed by AR-42 (03 pm) after 24h (decitabine —+AR-42) or
decitabine (0.5 pw) alone. The lowest cell viability was observed
in AR-42 —decitabine group in all three cell lines (Figure 4a).
Kasumi-1 cells treated with AR-42 — decitabine were significantly
less viable than those treated with decitabine alone (17% vs 91%;
P<0.01), AR-42 alone {17% vs 40%; P<0.01), and decitabine — AR-
42 (17% vs 34%; P<0.01; Figure 4a). Similar observations were
made for NB4 cells (AR-42 — decitabine vs decitabine alone: 59%
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Figure 4.  AR-42 followed by decitabine has the st est activity on
cell viability. Kasumi-1, N84 and FOC-P1-KIT™ cells treated with
vehicle, decitabine 0.5 um for 72h, decitabine 0.5um for 72h with
AR-42 0.3 uw added at 24 h, AR-42 03 um for 72h, or AR-42 03 pum
for 72h with decitabine 0.5um added at 24h. Cells treated with
AR-42 followed by decitabine showed lowest cell viability.

vs 99% (P<0.01); AR-42 — decitabine vs AR-42 alone: 59% vs 87%
(P<0.05); and AR-42 - decitabine vs decitabine — AR-42: 59% vs
75% (P<0.05)). We also found similar changes in the FDC-P1-
KIT™* cells {AR-42 — decitabine vs decitabine alone: 52% vs 100%
(P<0.01); AR-42-—decitabine vs AR-42 alone: 52% vs 90%
(P<0.05); and AR-42 — decitabine vs decitabine —«+ AR-42: 51% vs
90% (P<0.05)).

Next we validated our in vitro findings in an in vivo AML mouse
model. NOD/SCID mice engrafted with FDC-P1-KIT™" cells
developed AML-like disease’ and then were treated with either
vehicle (n=7), decitabine alone at 0.4 mg/kg/day intraperitoneally
for 4 days in weeks 1 and 3 (n=7), AR-42 alone at 75 mg/kg/day
by oral gavage for 2 days in weeks 1 and 3 {n=10),'* decitabine
for 4 days followed by AR-42 for 2 days at aforementioned
doses (n=10), or AR-42 for 2 days followed by decitabine for
4 days at aforementioned doses for both drugs (n=17). To
evaluate whether AR-42 increased miR-29b expression and
downregulated miR-29b targets in wivo, five mice from each
group were euthanized 12h after two doses of AR-42 and
compared with vehide-treated control. RNA was extracted from
spleen cells and miR-296 as well as Dnmt1, Dnmt3a, Dnmt3b and
Sp1 expression was analyzed. We found that miR-29b expression
was upregulated 20-fold (£ 5.4) in the mice treated with AR-42 as

© 2013 Macmillan Publishers Limited

AR-42 sensitizes AML cells to decitabine
A Mims et af

compared with those treated with vehicle (P<0.01; Figure 5a).
Dnmt1 (72.7%, +74%; P<001), Dnmt3a (65.6%, =£88%;
P<0.05), Dnmt3b (935, +08%: P<001) and Spi (74.6%, +6%;
P<0.05) were found to be reduced in the AR-42-treated mice
compared with vehicle-treated controls (Figure 5b). We also
observed a significantly longer survival for mice treated with AR-
42— decitabine, compared with vehicle treatment (P<0.001),
decitabine alone (P<0.001), AR-42 alone (P<0.01) or decita-
bine —AR-42 (P<0.001; Figure 5a). Indeed by day 60, all of the
mice died of disease with the exception of those treated with
AR-42 — decitabine, among which, 59% (10 of 17) were still alive at
this time point (Figure 5c).

DISCUSSION

We previously showed that miR-29b has tumor suppressor activity
in AML by targeting a variety of genes, including regulators of
DNA methylation””? Furthermore, we reported that AML
patients with higher pretreatment levels of miR-29b had a better
response to decitabine therapy.” Thus, here we sought to
demonstrate an increase in anti-leukemic activity of decitabine
by first increasing miR-29b expression. As miR-29b is repressed
by an SP1/NFxB/HDAC silencing complex in AML? we
hypothesized that treatment with a HDAC would increase the
expression of this miR in AML cells. Indeed, Sampath et al™
recently found an upregulation of miR-29b following HDAC
inhibition in chronic lymphocytic leukemia, suggesting that
the expression of this miR is targetable pharmacologically and
that epigenetic deregulation of miR-29b may also occur in
malignancies other than AML.

To prove that HDAC inhibition resulted in miR-29b upregulation
in AML, we elected to test AR-42, a novel HDACI developed at our
institution. The advantage of using AR-42 was its significantly
higher HDAC inhibitory potency relative to other HDACI's in vitro
and in vivo cancer models.” Furthermore, AR-42 has also been
well-tolerated in phase | clinical trials in patients with multiple
myeloma and non-Hodgkin lymphoma, with thrombocytopenia
and fatigue as the most common adverse events. These side
effects are similar to those observed with other HDACIs, which
have been also associated with neurological, gastrointestinal and
cardiac adverse effects.”’””® We first demonstrated that AR-42
inhibits HDAC enzyme activity and induced histone acetylation in
AML cells at concentrations in the nanomolar to micromolar
ranges. We also tested the anti-leukemia activity of the
compound. Patient samples seemingly exhibited different
susceptibility to AR-42, similar to results previously reported by
Stapnes et al.”* for VPA despite the different assays and the time
point of analysis utilized in the two studies. AML patients
represent a very heterogeneous population with different
susceptibilities to HDACIs. Studies of cytogenetic, molecular and
in vitro growth characteristics of primary blasts associated with
HDACI response may provide insight into how to best select AML
patients that are more likely to be responsive to this class of
compounds.”*??

Next we showed that miR-290 expression increased upon
treatment with AR-42 in AML cell lines and AML patient
primary blasts. Upregulation of mif-296 induced by AR-42
treatment also resulted in a concurrent downregulation of the
known miR-29b targets DNMT1, DNMT3A and DNMT38 and SP1.
Others have also reported on the effect of HDAC inhibition on
DNA methyitransferase expression.’™?’ Xiong et al™ showed
that HDAC inhibition decreased DNMT38 mRNA stability in
human endometrial cells, and Zhou et al.’’ showed that HDAC
inhibition decreased DNMT1 expression in breast cancer cells,
but neither of these reports included a clear proposed mechanism
for their results.

Both DNA hypermethylation and histone acetylation have
been shown to contribute to tumor suppressor gene silencing in

Leukemia {2013} B71-878

109

875



AR-42 sensitizes AML cells to decitabine

A Mims er af

876

a Spleen Celis b

J1

3

-
=

o
»n
=3

relative
primary-miR-29b oxpression
>
relative gene expression
& 8 8

o
=]

Spleen Cells
O vehicle
O AR42

g
J
|
]
l

Dnmt1 Dnmt3a Dnmt3b

% survival
g & 8 8

.l
sp1

- = - vehicle

=+~ decitabine

—+— decitabine -» AR-42
~=- AR-42

—— AR-42 - decitabine

vehicie vs decitabine P=042

vehicie vs decitabine — AR-42 P<0.001

vehicle vs AR-42 P=0.004

vehicle vs AR-42 -» decitabine P<0.001

decitabine vs AR-42 -» decitabine P<0.001

AR-42 vs AR-42 — decitabine P<0.001

— AR-42 vs AR-42 — decitabine P<0.001

0 20 40 60 80 100
days post-transplant

Figure 5. Priming with AR-42 upregulates mif-29 and increases survival in murine models. (a) mif-29b levels were upregulated 20-fold in AR-
42 treatment versus vehicle treatment avoup. (b) Dnmt1, Dnmt3a, Onmt3b and Sp1 were downregulated in AR-42 versus vehicle treatment

aroup. (¢) Overall survival. FOC-P1-KIT™

cells injected into NOO/SCID mice showed 10 of 17 mice with survival at 60 days in AR-42 followed

by decitabine group compared with no survival in mouse groups with decitabine treatment alone, decitabine followed by AR-42, or AR-42

treatment alone.

AML. The combination of HDACIs with decitabine has resulted
in synergistic effects on apogtosis, DNA hypomethylation and
gene re-expression in vitro™* and this combination therapy
has been performed to achieve synergism. However, it has
been recommended that HDACIs be administered before or
concurrently with decitabine because of their ability to induce
expression of p21 and other inhibitors of the cell cycie
Interfering with the cell cycle may decrease the activity
of decitabine, as it is necessary for the active metabolite
decitabine-trisphosphate to be incorporated into the nascent
DNA in order to inhibit DNMT activity, induce DNA
hypomethylation and gene re-expression.’® To date, treatment
with HDACIs given following or concurrently with decitabine has
demonstrated anti-leukemic actmtx in AML, but with a relatively
low range of clinical response.**'" In a phase | clinical study
conducted by our group, we also did not observe additional
clinical benefit following the addition of VPA to decitabine
(concurrent) although dose escalation of VPA was limited
because of the development of neurological toxicity."' In a
phase | clinical trial of the HDACI vorinostat, administered either
concomitantly or following decitabine in patients with AML or
myelodysplastic syndrome, the overall response rate was 41%
with the concomitant schedule and 21% with the sequential
schedule.”® Thus, the synergism of post- or concurrent
administration of HDACIs with DNA hypomethylating agents
demonstrated in preclinical models, could not be fully
recapitulated in vivo.

In a phase |l clinical trial by our group, we reported the results
of low dose (20 mg/m?/day x 10 days) decitabine as a single agent
in untreated elderly AML.” We showed relatively low toxicity,
a complete remission rate of 47%, an overall response rate
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of 64%, and a median overall survival duration of approximately
1 year. The median pretreatment miR-29b expression level in
responders was 2.3 times higher (that is, more than double) than
the median baseline mif-29b levels in non-responders, suggesting
relevance for this miR as a predictive marker for response to
decitabine treatment. In contrast to our data, Yang et al®®
reported a lack of an association of miR-29b levels with clinical
response in patients treated with the azanucleoside 5-azacitidine.
However, only 10% of 5-azacitidine is reduced to decitabine and
incorporated into DNA for hypomethylating activity, while the
remaining 90% is incorporated into the RNA. Furthermore, we
recently showed that 5-azacitidine limits its own conversion to
decitabine by downregulating ribonucleotide reductase.’”
Therefore, these two compounds, although both members of
the same class of drugs (azanucleosides), may impact leukemia
through different mechanisms, and high miR-29b levels may
improve response to decitabine but not to S5-azacitidine
in AML.

We demonstrated here that an increase of miR-29b expression
by AR-42 improved the anti-leukemia activity of decitabine. We
showed that sequential treatment of AR-42 followed by decitabine
decreased cell viability significantly more than each agent alone or
the previously recommended sequence of decitabine followed by
AR-42. This was validated in a murine AML model where mice
treated with AR-42 followed by decitabine survived significantly
longer than those treated with single agent therapy or decitabine
followed by AR-42. One possible explanation for the better activity
of AR-42 followed by decitabine may relate to mif-29b targeting
DNMT expression. With decreased amounts of DNMT enzyme
present, decitabine may more effectively inhibit the activity of the
remaining DNMTs resulting in improved treatment response.
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Indeed, we previously reported that patients wn:h DNMT3A
mutations had improved response to decitabine.®® Thus, it is
possible that a clinical benefit from treatment with decitabine may
be derived for AML patients from low DNMT3A activity, either
because of loss-of-function mutations or because of low gene
expression. Another possibility may be that the lower levels of SP1
induced by increased miR-29b expression result in decreased
transcription of genes known to contribute to AML
leukemogenesis such as mutated and/or upregulated receptor
tyrosine kmases Sthat is, FLT3 and KIT) as we have previously
demonstrated.””

Collectively our data support the notion that AR-42 is a potent
HDACI that is able to increase miR-29b expression and improve
dinical response to decitabine in in vivo preclinical models. Based
on these preclinical findings, clinical trials utilizing AR-42 as a
priming agent for decitabine treatment in patients with AML are
under development.
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Targeted Delivery of microRNA-29b by Transferrin-
Conjugated Anionic Lipopolyplex Nanoparticles: A Novel
Therapeutic Strategy in Acute Myeloid Leukemia
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Abstract

Purpose: miR-29b directly or indirectly targets genes involved in acute myeloid leukemia (AML),
namely, DNMTs, CDK6, SP'1, KIT, and FLT3. Higher miR-29b pretreatment expression is associated
with improved response 1o decitabine and better outcome in AML. Thus, designing a strategy to
increase miR-29b levels in AML blasts may be of therapeutic value. However, free synthetic miRs are
easily degraded in bio-fluids and have limited cellular uptake. To overcome these limitations, we
developed a novel transferrin-conjugated nanoparticle delivery system for synthetic miR-29b (Tf:-NP-
miR-29b).

Experimental Design: Delivery efficiency was investigated by flow cytometry, confocal microscopy, and
quantitative PCR. The expression of miR-29b targets was measured by immunoblotting. The antileukemic
activity of TE-NP-miR-29b was evaluated by measuring cell proliferation and colony formation ability and in
a leukemia mouse model.

Results: TENP-miR-29b treatment resulted in more than 200-fold increase of mawre miR-29b
compared with free miR-29b and was approximately twice as efficient as treatment with non-transfer-
rin-conjugated NP-miR-29b. TENP-miR-29b reatment significantly downregulated DNMTs, CDK6, SP1,
KIT, and FLT3 and decreased AML cell growth by 30% to 50% and impaired colony formation by
approximately 50%. Mice engrafied with AML cells and then treated with TENP-miR-29b had signif-
icantly longer survival compared with Tf-NP-scramble (P = 0.015) or free miR-29b (P = 0.003).
Furthermore, priming AML cell with TENP-miR-29b before treatment with decitabine resulted in
marked decrease in cell viability in vitro and showed improved antileukemic activity compared with
decitabine alone (I* = 0.001) in vivo.

Conclusions: TE-NP effectively delivered functional miR-29b, resulting in target downregulation and
antileukemic activity and warrants further investigation as a novel therapeutic approach in AML. Clin Cancer

Res; 19(9); 2355-67. ©2013 AACR.
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Introduction

Acute myeloid leukemia {(AML) is one of the most com-
mon leukemias and is characterized by a differentiation
arrest and an uncontrolled proliferation of malignant
blasts. Despite advances in our understanding of disease
mechanisms, the outcome of most patients with AML
remains poor {1-3). Thus, novel therapeutic strategies are
needed.

MicroRNAs {miR) are short noncoding RNAs that regu-
late the expression of their target mRNA-encoded proteins.
The aberrant expression of some miRs has been shown to be
involved in AML leukemogenesis and to have prognostic
significance (4-7). miR-29b has been shown 1o be down-
regulated in AML (8). This miR directly orindirectly targets a
panel of genes that, when deregulated, contribute to mye-
loid leukemogenesis. These genes are involved in DNA
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Translational Relevance

Patients with AML frequently have a poor outcome.
The microRNA miR-29b has been shown to have tumor
suppressor activity by targeting genes involved in mye-
loid leukemogenesis and to be associated with better
outcome in patients with AML.Thus, increasing miR-29b
in AML blasts may be beneficial. Here, we developed a
1argeted, nanoparticle-based system to deliver micro-
RNAs to AML blasts. Following miR-29b-nanoparticle
treatment, we showed an efficient increase of mature and
functional intracellular miR-29b levels. The treatment
downregulated the miR-29b targets DNMTs, CDK6, SP1,
and the receptor tyrosine kinases FLT3 and KIT that are
frequently mutated in AML. This resulted in decreased
leukemia growth and improved survival in an AML-
mouse model. Furthermore, we showed that pretreat-
ment with miR-29b nanoparticles improved the antileu-
kemic activity of decitabine, a hypomethylating agent

often administered in elderly patients. These promising
results warrant further development of nanoparticle-

based miR-29b wreatment as a novel approach in AML.

methylation (i.e, DNMTT, DNMT3A, and DNMT3B), cell-
cycle progression (i.e., CDKG), and apoptosis (i.e, MCLI;
refs. 8, 9). Furthermore, we recently showed that increasing
miR-29b levels resulted in decreased expression of the
receptor tyrosine kinases (RTX) FLT3 and KIT, which are
frequently mutated and aberrantly activated in AML, via
disruption of a NF-xB/SP1 transactivating complex, by

targeting the transcription factor SP1 (7, 10-13). Moreover,
low expression levels of miR-29b have been associated with
worse outcome in patients with AML (7, 14). Thus, increas-
ing miR-29b levels in AML blasts may represent a promising
novel treatment strategy for patients with AML with other-
wise aberrantly low expression of this miR.

However, synthetic miRs are easily degraded in bio-
fluids and have limited cellular uptake, rendering the
clinical development of miR-based therapies relatively
difficult. To overcome these limitations, we developed
a nonviral system for the delivery of synthetic miR-29b
mimic molecules using transferrin-conjugated, novel,
anionic lipopolyplex nanoparticles, and tested it in vitro
and in vivo.

Materials and Methods
Preparation of nano

The synthetic miR-29b, miR-scramble control (scramble
miR molecules), and scramble control labeled with the
fluorescent dye FAM (FAM-miR) were purchased from
Ambion. The lipid components were 1,2-dioleoyl-sn-gly-
cero-3-phosphoethanolamine (DOPE), 1,2-dimyristoyl-
sn-glycerol, methoxypolyethylene glycol (MW~2000;
DMG-PEG; Avanti Polar Lipids), and linoleic acid (Sig-
ma-Aldrich). The molar ratio of DOPE/linoleic acid/
DMG-PEG was 50/48/2.

We prepared the transferrin-conjugated nanoparticle as
shown in Fig. 1. Mimic miRs were mixed with polyethyle-
nimine (MW, ~2000; Sigma-Aldrich) at room temperature
(Step 1). The N/P ratio (the ratio of moles of the amine
group of PEl to those of the phosphate groups of DNA) was
10:1. To form empty nanoparticles, lipid ethanol solvent

Step 1

+ Step 2 Swp3
5 miR-29b PEI core NP-miR-29b
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was injected into 20 mmol/L HEPES buffer, pH = 7.4 (Step
2). The percentage of ethanol was less than 5%. The pre-
viously prepared empty nanoparticles were then added
(Step 3). The mass ratio of lipid to miR was 10:1. Using
vortexing and sonication, lipopolyplex nanoparticle-con-
taining the mimic miRs were produced. Finally, a post-
insertion method was adopted to incorporate transferrin
ligand onto the miR-loaded nanoparticles, as previously
described (Step 4; ref. 15).

Characterization of nanoparticles

‘The size of the nanoparticles was analyzed on a NICOMP
Particle Sizer Model 370 (Particle Sizing Systems). The
C-potential was determined on a ZetaPALS, Zeta Potential
Analyzer (Brookhaven Instruments Corp.).

The miR entrapment efficiency was assessed by gel elec-
trophoresis. 0.5% SDS was used to dissolve the nanopar-
ticles. The amount of miR in solution was compared before
and after dissolution by SDS by agarose gel electrophoresis
of RNA using empty nanoparticles and free miR as controls.

Cell lines, patient samples, and cell culture

Kasumi-1, MV4-11, THP-1, KG1, and KG1a cells were
obtained from the American Type Culture Collection
(ATCC; Manassas, VA); OCI-AML3 cells were obtained
from DSMZ (Braunschweig, Germany). Cell lines were
not authenticated by authors after purchase. AML patient
blasts were obtained from the Ohio State University
(OSU) Leukemia Tissue Bank. All patients provided writ-
ten informed consent in accordance with the Declaration
of Helsinki under an [nstitutional Review Board-
approved protocol for discovery studies according to OSU
institutional guidelines for tissue collection and the use of
the tissue in research.

Delivery studies

Kasumi-1, OCI-AML3, and MV4-11 cells at a concentra-
tion of 3 x 10°/mL were treated with miR-29b-loaded
nanoparticles and controls. For Kasumi-1, OCI-AML3 cells
together with the patients” blasts to a final concentration of
100 nmol/L of miR-29b mimic molecules were used in
all experiments. Because the high treatment sensitivity of
MV4-11 cells, a final concentration of 30 nmol/L was used
for this cell line in all experiments. After 24 and 48 hours,
cells were collected and analyzed by quantitative reverse
transcription-PCR (gRT-PCR) and Western blotting as
described later.

Laser-scanning confocal microscopy

Cells were incubated with TENP-FAM-miR or NP-FAM-
miR at a final concentration of 100 nmol/L for 4 hours at
37°C and washed twice with P8S followed by fixation with
496 paraformaldehyde. Nuclei were stained with 5 pg/uL of
Hoechst (Blostatus Limited) for 5 minutes at room tem-
perature. The cells were attached to a poly-v-lysine-coated
cover glass slide (Sigma-Aldrich). Green fluorescence of
FAM-miR and blue fluorescence of Hoechst were acquired
by confocal microscopy (Olympus FV1000).

Flow cytometry
The transferrin receptor cell surface expression was

detected using antibodies from BD Bioscience. Flow cyto-
metry was carried out on a FACSCalibur (BD Biosciences). A
minimum of 10,000 events were collected and analyzed
using Flow Jo software (Tree Star Inc).

RNA extraction and gRT-PCR

Total RNA extraction was carried out as previously
described by using Trizol (Invitrogen; ref. 7). Total RNA
from leukemic mice was isolated using the MirVana miRNA
Isolation kit (Ambion) according to the manufacturer’s
instructions. Then, cDNA was synthesized using Superscript
111 (Invitrogen) or the TagMan miR Reverse Transcription
kit (Applied Biosystems) for miR-29b, miR-140, and U44.
In addition, gRT-PCR was carried out with TagMan
gene expression assays (Applied Biosystems) following the
manufacturer’s protocols. Expression of pri-miR-29b-1,
pri-miR-29b-2, DNMT1, DNMT3A, DNMT3B, SP1, CDK6,
FLT3, and KIT was normalized to 185 miR-29b and miR-140
expression was normalized to U44. The comparative
cycle threshold (C,) method was used for the relative
quantification of gene expression as previously described

(8).

Western blot analysis

Western blot analysis was conducted as described previ-
ously (7, 16). Anti-DNMT1 (ab87656) and -DNMT3B
(52A1018) antibodies were from Abcam. Anti-KIT (SC-
17806) and -DNMT3A (SC-20703) antibodies were from
Santa Cruz Biotechnology. Anti-SP1 {CS200631) antibo-
dies were from Millipore. Anti-CDK6 {DCS83) and -FLT3
(8F2) antibodies were from Cell Signaling Technology.
Equivalent loading was confirmed by Actin (SC-1616; Santa
Cruz). The intensity of the resulting bands was measured by
Image] 1.45s (hup://imagej.nih.gov/ij). The intensity ratio
of each band respective to the corresponding actin intensity
was used for relative quantification and is displayed in the

figures.

Growth analysis

OCI-AML3, Kasumi-1 and MV4-11 cells (3 x 10°/mL),
and AML patient blasts were treated as described earlier. For
cell lines, cells were counted at 24-hour intervals using a
ViCell counter (Beckman Coulter). Growth curves were
generated by MATLAB 7.9.0.529 (R2009b; The Mathworks,
Inc.). For patient blasts, after 96-hour incubation, cell
viability was measured by MTS assay. CellTiter 96 AQueous
One Solution Reagent (Promega) was used according to the
manufacturer’s instructions. Absorbance was read in a
microplate reader Germini XS (Molecular devices). Each
sample was run in triplicates.

Decitabine treatment and cytotoxicity studies by MTS
assay

Kasumi-1, MV4-11, and OCI-AML3 cells were pre-
wreated with TENP-miR-29b, TE-NP-scramble, or mock
(buffer only) 48 hours before decitabine exposure. The
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decitabine doses were based on our previous studies (17).
After 48 hours incubation, cell viability was measured as
described earlier.

Colony formation assays
Methyicellulose colony formation assays were carried out
as previously described (18) and counted after 14 days.

Nanoparticle toxicity profiling

Immunocompetent B6.S|L-ProrcPepc” mice (Boy); The
Jackson Laboratory) were used for in wivo nanoparticles
toxicity studies. In a first group, 7-week-old male mice were
injected with saline, empty nanoparticles (15 mg/kg/d of
lipids), or TENP-miR-29b (1.5 mg/kg/d of miR). Blood was
collected 24 hours after the injection. The serum levels of
alanine aminotransferase (ALT), aspartate aminotransfer-
ase (AST), alkaline phosphatase (ALP), y-glutamic transfer-
ase (GGT), blood urea nitrogen { BUN), and creatinine were
assessed by the Clinical Pathology Services at OSLUL. Asecond
group of mice were treated with either saline or TENP (1.5
mg/kg/d of miR) with 3 doses, every other day. During the
treatment, body weight was monitored every other day and
for 1 additional week after the treatment. Blood counts were
assessed weekly.

In vivo studies

To test the antileukemic activity of TENP-miR-29b, we
used a leukemic nonobese diabetic/severe combined
immunodeficient mice (NOD/SCID-gamma; NSG) mouse
model. Six-week-old male NSG mice (The Jackson Labora-
tory) were intravenously injected through a tail vein with
MV4-11 cells (0.3 x 10°) as described previously (19). The
treatment started 10 days after the engrafiment. In the first
trial, mice were treated with miR-29b mimic (n = 3), TENP-
scramble (1 = 6), and TENP-miR-29b (n = 6; 1 mg/kg/d of
miR molecule intravenously on Monday, Wednesday, and
Friday for 2 weeks). Mice survival was monitored and
recorded. Spleens from the same mice were weighed. In
the second trial, mice were treated with saline (n = 5), Tf-
NP-scramble alone (n = 7; 1.5 mg/kg/d miR intravenously),
TENP-miR-29b alone (n = 7), decitabine alone (n = 7; 0.4
mg/kg/d, intraperitoneally as previously described; ref. 20),
TE-NP-scramble followed by (—) decitabine, and TF-NP-
miR-29b—decitabine as depicted in Fig, 68. Atday 24, blood
was collected for gene expression analysis. These studies
were carried out in accordance with the OSU institutional
guidelines for animal care and under protocols approved by
the OSU Institutional Animal Care and Use Committee.

Statistical analysis

Data were represented as mean = SD of at least 3 inde-
pendent experiments and analyzed by the 2-tailed Student
test. The mean and SD were calculated and displayed in bar
graphs as the height and the corresponding error bar,
respectively. Mouse survival was calculated using the
Kaplan-Meier method, and survival curves were compared
by log-rank test. A P < 0.05 was considered statistically
significant.

Results
Preparation and characterization of the nanopartide
delivery system

To provide a nonviral delivery system for miRs to AML
cells, NP-miR (NP-miR-29b and NP-scramble) were
synthesized. Consistent with a previous report in AML
patient blasts (21), a high transferrin receptor surface
expression was observed in Kasumi-1, OCI-AML3, and
MVAa-11 cells (Fig. 2A) and in AML patient blasts (Supple-
mentary Fig. S1). Thus, to facilitate an efficient, 1argeted
delivery, we conjugated the nanoparticles with transferrin
(TE:NP).

Particle size and {-potential values are presented in
Supplementary Table S1. The average size and {-potential
of empty nanoparticles were 129.6 = 1.0 nm (=SD) and
—9.8 = 1.5 mV (£SD) and NP-miR were 137.6 = 1.0 nm
and 225 = 1.4 mV, respectively. After the transferrin
conjugation, the size of the miR-loaded TE-NP was
increased to 147.3 = 4.7 nm and the -potential was
58 1.9 mV. The achieved size and charge of the
nanoparticles has been previously shown 1o be optimal
for a long-lasting in s circulation time {22, 23). The
mimic miR-29b entrapment efficiency of nanoparticles
was evaluated by agarose gel electrophoresis. Analysis of
the Tf-NP encapsulating miR before the SDS treatment
showed no visible band, whereas a clear band comparable
with the size and intensity of free miR was observed after
dissolving the TE-NP and releasing the entrapped miR
molecules, thereby supporting a high miR entrapment
efficiency (Supplementary Fig. §2).

Intracellular uptake of TE-NP-miR-29b

To assess the efficiency of cellular uptake of the miR
molecules, we treated 3 AML cell lines with relatively low
endogenous miR-29b expression (ie., Kasumi-1, OCI-
AML3, and MV4-11; Supplementary Fig. §3) with free
FAM-labeled miR (FAM-miR), non-transferrin-conjugated
FAM-miR-loaded nanoparticles (NP-FAM-miR), or trans-
ferrin-conjugated FAM-miR-loaded nanoparticles (TE-NP-
FAM-miR). Four hours after the wreatment, the FAM-label
fluorescence was measured by flow cytometry. The mean
fluorescence intensity (MFI) levels for TENP-treated
Kasumi-1, OCI-AML3, and MV4-11 were, 2.5, 7.4-, and
4.7-fold higher than the non-transferrin-conjugated nano-
particle-treated cells, whereas free FAM-labeled-miR was
barely detectable in the cells (Fig. 2B). This indicated an
enhancement of miR uptake using TE-NP. The qualitative
intracellular FAM-miR uptake by AML cells following TE-NP
treatment was confirmed by confocal microscopy that
showed an accumulation of FAM-miR mostly in the cyto-
plasm (Fig. 2C).

Intracellular increase of mature miR-29b

The delivery efficiency of the TF-NP was tested by mea-
suring intracellular levels of matwre miR-29b (Fig. 3A).
Treatment with NP-miR-29b and Tf-NP-miR-29b, respective-
ly, increased levels of mature miR-29b approximately 240-
versus 420-fold (P = 0.009) in Kasumi-1, 130- versus 240-
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fold (P = 0.008) in OCI-AML3, and 150- versus 220-fold (P
= 0.01) in MV4-11 compared with mock treatment. Thus,
TENP were approximately 2 times more efficient than
unconjugated nanoparticles in increasing the miR-29b
levels. These results also indicated an efficient processing
of the delivered miR-29b mimic molecules into mature miR-
29b. No significant change of the expression of an unrelated
miR, that is, miR-140, was observed (Fig. 38), thereby
supporting the specificity of our delivery system and the
lack of interference with the expression of other endoge-
nous miks in the targeted cells.

Downregulation of miR-29b target genes by Tf-NP-miR-
29b in AML cells

Next, we tested the miR-29b targeting activity. We
previously reported that miR-29b directly downregulates
the DNA methyltransferases DNMT3A and DNMT3B and
indirectly downregulates DNMT1 by targeting the tran-
scription factor SP1 that drives DNMT1 expression (9).
Furthermore, miR-29b has been shown to target the cell-
cycle regulator CDK6 (8). Indeed, we observed a marked
downregulation of DNMT1 by 18.5-, 2.5-, and 5.1-fold,

DNMT3A by 4.8-, 15.7-, and 3.4-fold, DNMT3B by 3.6-,
3.5-, and 3.4-fold, SP1 by 4.5-, 3.9-, and 3.3-fold, and
CDK6 by 3.9+, 3.5-, and 9.6-fold respectively in Kasumi-1,
OCI-AML3, and MV4-11 cells following the treatment
with our miR-29b-loaded Tf-NP compared with scram-
ble-loaded Tf-NP (Fig. 3C). Thus, the delivered miR-29b
fulfilled the expected function of the endogenous miR in
AML cells.

We recently showed that miR-29p also indirectly targets
the expression of the RTXs FLT3 and KIT in AML (7, 10).
Aberrant activation by activating mutations and/or over-
expression of these 2 RTKs is frequently found in AML (11~
13). The downregulation of these RTKs following miR-29b
increase is likely mediated by the disruption of a ransacu-
vation complex composed of SP'1 and NF-xB, by targeting
SP1 (7, 10). Because we observed a significant downregula-
ton of SP1 on TENP-miR-29b weatment (Fig. 3C), we
analyzed the FLT3 and KIT expression in TE-NP-miR-29b-
reated cells. We observed a downregulation of FLT3 by 3.3,
2.8-, and 1.9-fold, respectively, as well as a downregulation
of KIT by 7.8- 2.5-, and 1.4-fold, respectively, in Kasumi-1,
OCI-AML3, and MV4-11 cells (Fig. 3D).
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Intracellular increase of the endogenous miR-29b
primary transcripts following TE-NP-miR-29b
treatment

The endogenous mature miR-29b stems from 2 precursors
(pri-miR-29b-1 and pri-miR-29b-2) encoded by 2 genes
located on human chromosomes 7q32 and 1q23, respec-
tively. We previously reported that an §P1-containing tran-
scription repressor complex downregulated miR-29b in
AML cells (7). Here, we showed that TE-NP-miR-29b reduced
SP'1 expression; therefore, we hypothesized that TENP-miR-
29b may increase the endogenous miR-29b expression. We
found 1.7-, 2.0-, and 2.3-fold increase in endogenous pri-
miR—29b-1 and 2.1-, 1.8-, and 2.5-fold increase of pri-miR-
29b-2 levels in Kasumi-1, OCI-AML3, and MV4-11 cells,
respectively, following treatment with the miR-29b-loaded
TENP (Supplementary Fig. S4A).

miR-29b inhibits cell proliferation and colony
formation in AML cells

We evaluated the antileukemic effects of TENP-miR-29b
treatment by carrying out growth curves and analyzing the
colony forming ability. The THENP-miR-29b treatment
reduced the growth rate from 32.2% (TF-NP-scramble) to
25.3% (TE-NP-miR-29b) in Kasumi-1 cells, from 70.9% (T1-
NP-scramble) to 57.3% (TENP-miR-29b) in OCI-AMLS,
and from 53.0% (T-NP-scramble) 10 43.99% (TENP-miR-
29b) in MV4-11 cells (Fig. 3E) compared with the TE-NP
scramble treatment. On the last day, the TENP-miR-29b
treatment was associated with significantly lower cell counts
than in the Tf-NP-scramble or mock (buffer only) treatment
for Kasumi-1 (P = 0.01 for both), OCI-AML3 (P = 0.026
and P = 0.01, respectively), and MV4-11 cells (P = 0.007
and " = 0.002, respectively; Fig. 3E). In addition, we
observed an approximately 509 reduction in colonies
following the TE-NP-miR-29b treatment (Fig. 3F). The aver-
age number of colonies (+SD) formed by mock- (buffer
only), TENP-scramble-, and TENP-miR-29b-1reated cells
were, respectively, 161 = 9, 143 £ 9, and 65 = 6 (P <
0.001 for each comparison) for Kasumi-1 cells, 289 = 11,
269 = 13, and 156 = 10 (P’ < 0.001 for each comparison)
for OCI-AML3 cells, and 234 = 11, 213 = 7, and 80 = 5
(P < 0001 for each comparison) for MV4-11 cells,
respectively.

Validation in AML patient blasts

The antileukemic activity of TENP-miR-29b was further
validated in primary blasts from 3 patients with newly
diagnosed AML. Patient 1 had a secondary AML with
unknown karyotype (standard cytogenetic analysis failed
in this patient). Patients 2 and 3 had a de now cytogeneti-
cally normal AML. After TE-NP-miR-29b treatment, we
observed an approximate §60-, 400-, and 750-fold increase
in miR-29k levels, compared with T-NP-scramble after 24
hours in blasts sample from all 3 patients (Fig. 4A). No
significant change of the expression of an unrelated miR
(i.e., miR-140) was observed (Fig. 4B). In addition, we
observed 2.2-, 2.1-, and 1.9-fold increase in endogenous
pri-miR-29b-1, and 1.6-, 1.4, and 2-fold increase in endog-

enous pri-miR-29b-2 compared with controls after TENP-
miR-29b treatment in the blasis from all 3 patients (Sup-
plementary Fig. S48).

After 48-hour TENP-miR-29b weatment, 1.3, 2.9-, and
6.6-fold DNMT1 downregulation was observed in all 3
patients’ blast samples, as well as 3.5-, 4.4-, and 6.4-fold
DNMT3A, 6.9+, 9.7-, and 6.7-fold DNMT38, 7.6-, 5.3-, and
6-fold SP'1, and B.1-, 4.9-, and 2.8-fold CDK6 downregula-
tion compared with TE-NP-scramble treatment (Fig. 4C). In
addition, 1.9- and 2.1-fold FLT3 decrease in patient 1 and
patient 2, and 1.9- and 3.3-fold decrease KIT in patient 1
and patient 3 were observed (Fig. 4D). TENP-miR-29b
decreased cell viability, respectively, by approximately
19% (I = 0.03), 15% (P = 0.017), and 21% (P = 0.001)
respectively, compared with TENP-scramble in all three
AML patients’ blasts (Fig. 4E).

In vivo evaluation of T-NP-miR-29b in preclinical
models

To assess the safety profile of systemic nanoparticle treat-
ment, we evaluated basic hepatic and renal functions in
immunocompetent mice after saline, empty nanoparticles,
or TENP-miR-29b treatment. No significant organ
impairment was observed (Supplementary Fig. S5A). More-
over, TE-NP reatment did not result in body weight changes
{Supplementary Fig. $58) or significant changes in hemo-
globin (Hb) level, white blood count (WBC), or platelet
(PLT) count (Supplementary Fig. S5C).

Next, we evaluated the in vivo therapeutic efficacy of Tf-
NP-miR-29b. In the first trial, the MV4-11-engrafied mice
were treated with free miR-29b (n = 3; 1 mg/kg/d miR
intravenously), TENP-scramble (n = 6), or TENP-miR-
29b (n = 6) starting on day 10 after cell injection. The
median survival time was 27, 28, and 32.5 days for free miR-
29b, TENP-scramble, and TENP-miR-29b-treated mice,
respectively. The survival in the TENP-miR-29b-reated
group was significantly longer compared with free miR-
29b-treated group (P = 0.003, log-rank test) as well as
when compared with the TE-NP-scramble-treated group
(P = 0.015, Fig. 5A). Consistent with the longer survival,
the spleen sizes in the TENP-miR-29b-treated group were
significantly smaller than in the free miR-29b-treated
mice (P = 0.033) or in the TENP-scramble-treated group
(P =0.049). The mean spleen weight was 29.3 = 4.1, 26.6
= 1.6, and 19.3 = 3.4 mg for the free miR-29b, TE-NP-
scramble, and TE-NP-miR-29b-treated mice, respectively
(Fig. 5A). To validate these results, we conducted a second
independent trial, testing a slightly different schedule and
dosing (see Materials and Methods). The engrafted mice
were treated with saline (n = 5), TE-NP-scramble (n = 7;
1.5 mg miR/kg/d intravenously), or TE-NP-miR-29b (n =
7) starting at day 10 after cell injection. The median
survival time in this trial was 26, 27, and 34 days for
saline, TENP-scramble, and  TENP-miR-29b-treated
mice, respectively. Similar 1o the first rial, the TENP-
miR-29b wreatment prolonged the survival of the leukemic
mice compared with the Tf-NP-scramble-treated group
(P = 0.01, Fig. 5B).
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Blood samples at day 24 (after 6 doses; second trial)
showed a 20-fold increase in intracellular miR-29b levels
in the TENP-miR-29b-1reated mice compared with the T
NP-scramble-treated group (P = 0.003, Fig. 58). Further-
more, we observed a decreased expression of the miR-29b

targets, DNMTI by 1.9-fold (P = 0.028), DNMT3A by
2.9-fold (P = 0.02), DNMT3B by 4-fold (I = 0.002), SP1
by 2.9-fold ("= 0.039), CDK6 by 1.6-fold (I’ = 0.015), KIT'
by 3.6-fold (I’ = 0.018), and FLT3 by 1.5-fold (= 0.029)
compared with the TE-NP-scramble-treated group in siso
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(Fig. 5B). These findings indicate that the miR-29b mimic
molecules were successfully delivered to the leukemic cells
and decreased miR-29b 1argets in vivo.

Antileukemic activity of TENP-miR-29b priming
followed by decitabine

Because we showed that higher pretreatment miR-29b
levels were associated with improved clinical response to
decitabine (24), we tested here whether TENP-miR-29b
reatment would improve the antileukemic activity of dec-
itabine in AML cells. As we observed a miR-29b target
downregulation at 48 hours, we pretreated AML cell lines
and primary blasts with TE-NP-scramble or TENP-miR-29b
for 48 hours before exposing them to decitabine.

Pretreatment with TE-NP-miR-29b decreased the cell via-
bility by approximately 40% (P*=0.001) compared with Tf-
NP-scramble pretreatment after treatment with 0.5 pmol/L
decitabine in Kasumi-1, approximately 2096 (P'<0.001) after
reatment with 2.5 pmol/L decitabine in OCI-AMLS cells,
and approximately 18% (P<0.001) after treatment with 2.5
pmol/L decitabine in MV4-11 cells (Fig. 6A).

Next, we evaluated the in vivo the TENP-miR-29b priming
activity. We engrafted NSG mice with MV4-11 cells and
treated them with decitabine alone (n = 7; 0.4 mg/kg/d

intraperitoneally), TF-NP-scramble (n = 9), or TENP-miR-
29b—decitabine (n = 9). The median survival time was 27,
28, and 37 days for the decitabine alone, TF-NP-scramble —
decitabine, and TF-NP-miR-29b—decitabine, respectively.
The combination treatment of TE-NP-miR-29—decitabine
significantly prolonged the survival of the leukemic mice
compared with decitabine alone (= 0.001) and compared
with the combination treatment of TENP-scramble-
—decitabine (= 0.001) and by trend also when compared
with TENP-miR-29b alone (P = 0.06).

Discussion

The differential expression of some miRs has been asso-
clated with myeloid leukemogenesis and/or patient out-
come (4-7). The expression level of miR-29b has been found
10 be downregulated in AML blasts compared with normal
bone marrow cells (Supplementary Fig. $3; ref. 8). Further-
more, high expression of miR-29b has been shown to have
antileukemic activity, and to be associated with longer
survival in patients treated with conventional chemother-
apy and higher odds for achieving a complete remission
following decitabine treatment (7, 11, 24). Thus, a thera-
peutic increase of miR-29b in AML blasts could provide
substantial clinical benefit. However, the delivery of miRs
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remains a challenging goal and, 1o our knowledge, an
efficient miR-delivery system has not been reported for AML
blasts.

Currently, the miR-delivery for potential cancer therapy
is based on viral (25-28) and nonviral (29-43) systems.
Among the reported viral-based systems, the adeno-asso-
ciated virus {AAV)-based approaches seem promising, as
supported by significant therapeutic effects in a murine
liver cancer models (26). Nonviral cationic polymer or
cationic lipid carrier systems have also been used 10
deliver miR-expressing plasmids 1o solid wmors by other
researchers (29-41). However, the miR-expressing vectors
and the AAV approach share some drawbacks, including
limited efficiencies for hematopoietic cells, need for
nuclear translocation of large DNA vectors, and limita-
tions in expression of the mature miRs (44). With regard
to hematopoietic cells, the shortcomings for both viral
and nonviral approaches could be bypassed by engineer-
ing a targeting delivery system for mature miRs or miR
mimic molecules (45). Most delivery systems for solid
umors use cationic or neutral lipid particles to deliver
miR molecules due to their tendency of organ accumu-
lation (34-40, 43). Thus, here we developed a novel
anionic lipopolyplex nanocarrier system for miR delivery
to AML cells.

The nanoparticles presented here had several remark-
able differences from the conventional cationic lipid
nanoparticles used in solid tumors that have the tendency
to accumulate preferentially in lungs, kidney, and liver
due to their charge property (46). The neutral and anionic
lipid formulation of our nanoparticles was designed 1o
avoid the nonspecific immune response caused by cat-
ionic lipids through activation of TLR4 and NF-xB path-
ways and, in wrn, proinflammatory cytokine production
(47, 48). Moreover, the overall neutral surface charge
results in reduced plasma protein binding and low rate
of nonspecific cellular uptake (23). Low-molecular
weight polyethylenimine was selected as a core 10 con-
dense miR molecules because it is known to be relatively
biocompatible and to provide a positive charge, which
allows for easily capture of the negatively charged miR
molecules, and in turn high entrapment efficiency. The
lipid-based carrier was made of DOPE, linoleic acid, and
DMG-PEG. The low binding affinity between linoleic acid
and small RNA may also enhance the dissociation of miRs
from the lipopolyplex after endocytosis 1o facilitate target
gene downregulation (49). Furthermore, the nanoparti-
cles are protected from reticuloendothelial system clear-
ance by 29 (molar ratio) of DMG-PEG to achieve long
circulation times (22) and, thus, more efficient delivery in
hemtopoietic organs, including bone marrow. To increase
the specific effect on wmor cells, nanoparticles may be
conjugated with molecules that enhance their targeting
specificity (35).

We showed that our nanoparticles were able to effi-
ciently deliver miR-29b mimics, increase mature miR-29b
levels, and effectively target a panel of AML-relevant genes
and mechanisms involved in epigenetics, cell-cycle con-

trol, and kinase-signaling pathways. Unlike the delivery
of siRNA or short hairpin RNAs (shRNA) that are usually
designed to target single genes, miRs can concurrently
target multiple genes and pathways involved in leukemia
that could potentially result in a better antileukemic
activity and reduced emergence of resistance mechan-
isms. Indeed, we showed that TENP-miR-29b reatment
resulted in an in viro growth inhibition, a reduction of
colony formation in AML cells, and in a significant
therapeutic activity and prolonged survival in 2, indepen-
dent AML in vivo trials. [nterestingly, approximately 80%
of the mice treated with TF-NP-miR-29b were still alive at
the time when the control-treated mice (i.e., saline, free
miR-29b, or TE-NP-scramble) had died. Although, several
studies  investigating  miR-anti-sense/plasmid/mimic
delivery-approaches were shown to reduce tumor burden
in vivo (29-43), only a few of them were able 10 show that
miR-based therapies (i.e, miR-145, miR-34a, and miR-
107) prolonged survival in mice with an aggressive cancer
(31, 32, 36, 39).

Finally, in this study we also showed that priming AML
cells with TENP-miR-29b led to an improved antilewkemic
activity of decitabine in viro and in v, thereby also
supporting our earier finding that higher endogenous
miR-29b pretreatment levels associate with improved
response 10 decitabine (20, 24). We now showed that
miR-29b expression may not only be a predictor of trear-
ment response 10 decitabine, but miR-29b priming may
indeed be integral to decitabine-based regimens, especially
for those patients with AML with downregulated endoge-
nous miR-29b.

In conclusion, we developed a novel transferrin-con-
jugated nanoparticle system to efficiently deliver synthe-
sized miR mimics to AML blasts. TENP-miR-298 trear-
ment increased mature miR-29b levels, downregulated
known miR-29b targets, and showed antileukemic activi-
ty by improving survival in in vivo AML models. Our
nanoparticle delivery approach is a promising new anti-
leukemic strategy that may be rapidly translated into the
clinic.
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2.6 Leukemia Initiating Cell Burden as a prognostic marker in AML

In AML, leukemia-initiating cells are assumed to exist within the CD34+/CD38- cell
compartment. These cells are more resistant to chemotherapy, enriched in MRD cell
populations, and likely responsible for relapse. The here included paper shows that a high
CD34+/CD38- cell burden at diagnosis independently associated with worse outcome in AML
patients treated with allogeneic HSCT in CR. The inferior outcome was likely mediated by
residual leukemia-initiating cells in the bone marrow CD34+/CD38- cell population, escaping the
graft versus leukemia effects after allogeneic HSCT. The paper was the first to analyse the
prognostic impact of a leukemia-initiating cell population in AML patients consolidated with an
allogeneic HSCT and demonstrated the feasibility of the CD34+/CD38- cell burden as a marker

for risk stratification and a potential therapeutic target.

Manuscript included in this paragraph:

- Jentzsch M, Bill M, Leiblein S, Schubert K, Ple® M, Bergmann U, Wildenberger K, Schuhmann L,
Cross M, Poénisch W, Franke GN, Vucinic V, Lange T, Behre G, Mrézek K, Bloomfield CD,
Niederwieser D, Schwind S. Prognostic impact of the bone marrow CD34+/CD38- cell burden at
diagnosis in acute myeloid leukemia patients undergoing allogeneic stem cell transplantation. Am J
Hematol. 2017; 92:388-96.

126



Received: 1 December 2016 | Revised: 18 Jaruary 2017
DOI 10.1002/2jh.24663

Acceptec: 23 January 2017

RESEARCH ARTICLE

)
WlLEYs

Prognostic impact of the CD34+/CD38~ cell burden in
patients with acute myeloid leukemia receiving allogeneic stem
cell transplantation

Madlen Jentzsch! | Marius Billt | Deedra Nicolet2 | Sabine Leiblein? |

Karoline Schubert! | Martina Pless! | Ulrike Bergmann! | Kathrin Wildenberger® |
Luba Schuhmann? | Michael Cross? | Wolfram Ponisch? |

Georg-Nikolaus Franke! | Vladan Vucinic! | Thoralf Lange! | Gerhard Behre! |
Krzysztof Mrozek2 | Clara D. Bloomfield2 | Dietger Niederwieser! |

Sebastian Schwind! ©

'Department of Hematology, Oncology and
Hemostaseology, University of Leiplig,
Leipzig, Germany: “The Ohio State
University Comprehensive Cancer Center,
Columbus, Ohio, USA

Comespondence

Sebastian Schwind, MD, Department of
Hematology and Oncology, University of
Leipaig. Johannisallee 32A, Leipeig 04103,

Abstract

In acute myeloid leukemia (AML), leukemia-initiating cells exist within the CD34 + /CD38 - cell
compartment. They are assumed to be more resistant to chemotherapy, enriched in minimal resid-
ual disease cell populations, and responsible for relapse. Here we evaluated dinical and biclogical
associations and the prognostic impact of a high diagnostic CD34+ /CD38 -~ cell burden in 169
AML patients receiving an allogeneic stem cell transplantation in comglete remission. Here, the
therapeutic approach is mainly based on immunological graft-versus-leukemia effects. Percentage

Germary.
Emaik Sebastian Schwind@medizinuni of bone marrow CD34+ /CD38~ cell burden at diagnosis was measured using flow cytometry
leipzig.de and was highly variable (median 0.5%, range 0%-89% of all mononuclear cells). A high CD34+/

CD38 -~ cell burden at diagnosis associated with worse genetic risk and secondary AML Patients
with a high CD34+/CD38 -~ cell burden had shorter relapse-free and overall survival which may
be mediated by residual leukemia-initiating cells in the CD34 + /CD38 cell population, escaping
the graft-versus-leukemia effect after allogeneic transplantation. Evaluating the CD34+/CD38 -
cell burden at diagnosis may help to identify patients at high risk of relapse after allogeneic trans-
plantation. Further studies to understand leukemia-initiating cell biclogy and develop targeting
therapies to improve outcomes of AML patients are needed.

1 | INTRODUCTION Acute nmweloid leukemia (AML) is a disease originating from the clo-

nal expansion of HSCs or early progenitor cells that have lost the ability

Hematopoletic stem cells (HSCs) are found in the bone marrow (BM)
and physiolegically give rise to all blood cells.” The phenotype of HSCs
is not well defined, but HSCs have been suggested to be part of the
primitive CD34+/CD38- cell population® A high amount of the
CD34+ /CD38 - cells seem to rest in the GO cell cycle phase,” and are
able to initiate retransplantable hematopolesis in animal models.*

*Presented in part at the Anrud Meeting 2014 of The Eurcpean Hematology
Assodation (EHA) and the Annual Meeting 2015 of the Eurcpean Bone
Marrow Transplantation (EBMT) and published in abstract form.

to mature.® Most researchers agree that similar to the physiological
HSCs, AML-initiating cells—often termed leukemia-initiating cels (LICs)
—also exist within the CD34+ /CD38 - stem cell compartment®* LICs
—opposed to the maority of drculating, proliferating leukemic blasts or
*bulk cells"—are postulated to survive chemotherapy as minimal residual
disease (MRD) and cause AML relapse: their nonproliferative state might
be one rezson for resistance to chemotherapy.’” ** When transplanted
into NOD/SCID mice, CD34 + /CD38 -~ cells of AML patients were able
to initiate leukemia and growth of tumors histologically similar to the
human donee’s neoplasm.”**

388 | ©2017 Wiky Periodicaks Inc.

wileyonlinddibrary. com/journal/abh
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Hematopoietic stem cell transplantation (HSCT) offers a curative
treatment option for AML patients if a suitable donor is available. After
achievement of complete remission (CR), HSCT is an established form
of consoldation therapy for patients at high risk of relapse.'® The ther-
apeutic effects of HSCT are mainly based on an immunologic graft-
versus-leukemia (GvL) reaction.”

Previcus studies have suggested that a high burden of LICs at
diagnosis of AML patients treated with chemotherapy increased their
relapse probability and associated with inferior outcomes.** % How-
ever, it is at present unknown whether a high burden of LICs has a sim-
llar prognostic significance in patients undergoing HSCT. As data
support the assumption that LICs are also less immunogenic than the
leukemic bulk cells®® evaluation of the pretreatment LIC or the
CD34+/CD38~ cel burden in AML patients after allogeneic HSCT
might provide important biolegical and clinical information. The objec-
tive of this study was to determine the prognostic significance of the
CD34+ /CD38~ cell burden at diagnosis in patients undergoing HSCT
and to analyze assodiations between the CD34+ /CD38- cell burden
and clinical, cytogenetic. and molecular characteristics to provide fur-
ther biological insights.

2 | PATIENTS AND METHODS

2.1 | Patients and treatment

We analyzed 169 adult AML patients who received HSCT in CR at the
University of Leipzig between June 2001 and July 2013, and for whom
pretreatment BM aspirate material for flow cytometry analyss was
avallable. All patients received standard cytarabine-based protocol
chemotherapy and were transplanted in the first or second CR (for
details, please see Supporting Information). Written informed consent
for participation in these studies was obtained in accordance with the
Declaration of Helsinki.

Forty-nine (29%) patients received myeloablative conditioning
(MAC), which consisted of cyclophosphamide 60 mg/kg body weight
for 2 days and 12 Gy total body irradiation (TBIL** whereas 120 (71%)
patients received nonmyeloablative conditioning (NMA), which con-
tained fludarabine 30 mg/m? for 3 days followed by 2 Gy TBL™** Al
patients received granulocyte colony stimulating factor-mobilized
periphera blood stem cells on day 0. Reasons for NMA, as opposed to
MAC conditioning, were age (patients over 50 years if receiving unre-
lated HSCT [n = 102] and patients over 55 years if receiving related
HSCT [n = 17]) and previcus autologous HSCT {n = 1).

Prior to HSCT, all patients were treated according to age-
dependent chemotherapy protocols (under or over 60 years), for
detaiks, please see Supporting Information. Patients’ characteristics are
shown in Table 1 and Supporting Information, Table S1. At HSCT,
patients had a median age of 62 years (range 19-75) and accordng to
protocols, patients receiving MAC-HSCT were significantly younger
than patients receiving NMA-HSCT {MAC-HSCT, median 40, range
19-55; NMA-HSCT, median 66, range: 47-75 years; P < .001). Sur-
vival analyses according to conditioning regimes are provided in Sup-
porting Information, Figure $1 and Table S2.

WILEY-*

Al the time of HSCT, 83% of all patients (84% in MAC-HSCT and
B83% in NMA-HSCT) were in their first and 17% (16% in MAC-HSCT
and 16% in NMA-HSCT) were in second CR (for CR definition, see
Supporting Information). Donors were human leukecyte antigen (HLA)-
matched related in 23% of cases (39% in MAC-HSCT and 14% in
NMA-HSCT), while 54% (53% in MAC-HSCT and 58% in NMA-HSCT)
were HLA-matched unrelated and 23% (8% in MAC-HSCT and 26% in
NMA-HSCT) were unrelated with at least one antigen mismatch.

2.2 | Cytogenetics and molecular markers

Pretreatment BM cytogenetic analyses were performed centrally in our
institution. The presence of internal tandem duplication in the FLT3
gene (FLT3-ITD). mutations in the FLT3 tyrosine kinase domain (FLT3-
TKD), and in the NPM1 and CEBPA genes were determined as
described previously.***’

2.3 | Flow cytometry

For all 169 patients, monoauclear BM cells were assessed for surface
expression of CD34, CD38, and CD34/CD38 at diagnosis. For details,
please see Supporting Information.

2.4 | Definition of clinical end points and statistical
analysis

Statistical analyses were performed using the R statistical software
platform (version 3.0.2). Utilizing the "OptimalCutpoints” package, an
optimal cutoff of 6% was identified that divided the cohort into
patients with a high or a low CD34+ /CD38 - cell burden.

Overall survival (OS) was calculated from HSCT until death from
any cause and relapse-free survival (RFS) was calculated from HSCT to
relapse or death from any cause.

Assodations of CD34+/CD38 burden with baseline dinical,
demographic, and molecular features were compared using the Krus-
kal-Walis test and Fisher's exact test for continuous and categorical
variables, respectively. For time-to-event analyses, survival estimates
were calculated using the Kaplan-Meier method. Groups were com-
pared with the log-rank test. Multivariable analysis is described in Sup-
porting Information.

3 | RESULTS

3.1 | Associations of CD34+/CD38— cell burden in
BM at diagnosis with genetic and clinical
characteristics

The CD34+/CD38~ cell burden at diagnosis was highly variable
{median 0.5%, range 0%-8%9% of all mononuclear cells). There was no
difference in the CD34+/CD38- cell burden between younger
(<60 years) and older (60 years) patients at diagnosis (P ~ 14, Figure
1A). However, while there were no differences between age groups in
the European LeukemiaNet (ELN)™ Favorable, Intermediate-l, or
Intermediate-1l Genetic Groups (Figure 1B-D), older patients in the
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TABLE1 Clinical characteristics of AML patients treated with HSCT according to CD34+/CD38 - cell burden at diagnosis (< 6% vs >6%)

Female
Hemoglobin, g/dL
Median
Range
Platelet count, x10%/L
Median
Range
WBC count, x10°/L
Median
Range
Percentage of blood blasts, %
Median
Range
Percentage of BM blasts, %

ELN genetic group, n (%)
Favorable
Intermediate-|
Intermediate-ll
Adverse

Disease origin, n {%)
De nove
Secondary
MDS
MPN
Solid tumor

NPM1, n (%)
Wild-type
Mutasted

All patients (n = 169)

62
19-75

85 (50)
B4 (50)

86
45-157

2-327

79
0.7-385

26
0-98

0-95

B4 (52)
79 (49)

42 (30)
39 (26)
32 (21)
38 (25)

116 (69)
53 (31)
32
10
1

109 (74)
39 (26)

Low CD34+/CD38-
cell burden (n = 144}

61
19-75

71 (49)
73(51)

a6
45-157

74
2-327

75
0.7-385

22
0-98

0-95

69 (50)
69 (50)

41(32)
33 (25)
30 (23)
26 (20)

105 (73
39 (27)
25
6
8

70 (71)
36 (29)

129

High CD34+CD38—
cell burden (n = 25)

63
30-74

14 (56)
11 (44)

94
53-133
13-178

355
1.1-295

&7
2-97

0-95

15 (60)
10 (40)

105}
61{29)
2{10)
12 (57)

11 (44)
14 (56)

19 (86)
3{14)

P
14

L7

A5

07

A1

A9

{continued)



TABLE 1 {continued)

Characteristics
FLT3-ITD, n (%)}

Al patients (n = 169)

114 (78}
32 (22)

114 (B5)
20 (15)

Low CD34+/CD38—
cell burden (n = 144)

99 (79)
27 21)

98B (83)
20 (17)

WILEY ™

High CD34+CD38—
cedl burden {n = 25) P
a7
15 (75)
5(28)
A3
16 (100)
0 (0}

Abbreviations: BM, bone marrow; ELN, European LeukemiaNet; FLT3-ITD, internal tandem duplication of the FLT3 gene; HSCT, hematopoletic stem

cell lantation; MAC, myeloablative; MDS, myelodysplastic syndrome; MPN, myeloproliferative r

biood cell.

ELN Adverse Genetic Group had a trend for a higher CD34 + /CD38
cell burden at diagnosis than younger patients (P = .10, median 2.7%
vs 1%, Figure 1E).

In further analyses, we used a &% cutoff to divide the patients
according to their CD34+/CD38~ cell burden at diagnosis into low
[<6%, n = 144 (85%]] and high [>6%, n = 25 (15%)] burden groups.
Subgroup analyses restricted to patients receiving HSCT in the first CR
are shown in Supporting Information, Table S3 and Figure S5.

At diagnosis, a high CD34+ /CD38 - cell burden associated with
lower platelet counts (P = .04), and, by trend, higher white blood cell
(WBC) counts (P = .07). Patients developing AML as a secondary dis-
ease following myelodysplastic syndrome, myeloproliferative neoplasia,
or solid tumors were more likely to have a high CD34+ /CD38 - cell
burden at diagnosis than patients with de novo AML (P ~ .009).
Patients with a high CD34+/CD38 cel burden were more likely to

A —teos B
T L.
-
i o
8 4
g °
i
o
g
g °
L
;-‘- .
o J [ Jp— -L--
@y WOy 20 0y 20y
w63 was healthy 22 0
all AML control ELN
patients cohort Favorable

: WEC, white

lasia; NMA, noarmyeloablati

have a complex karyotype (>3 cytogenetic abnormalities®® P - .02),
monosomy 5 or deletion of 5q (P ~ .004) or to have a monosomal
karyotype™ (P = .004). Among the ELN Genetic Groups, patients with
high CD34+ /CD38 - cell burden at diagnosis were less often classified
in the Favorable (5% vs 32%) and more often in the Adverse (57% vs
20%) Genetic Group (P = .001, Table 1). Furthermore, none of the
patients with a high CD34 + /CD38 -~ cell burden at diagnosis harbored
a CEBPA mutation [P = .13).

3.2 | Prognostic value of CD34+/CD38— cell burden
at diagnosis
A high CD34+/CD38~ cell burden at diagnosis assodated with

shorter RFS [P < 001, Figure 2A) and OS (P ~ 005, Figure 2B). When
the distinct HSCT-conditioning protocols were regarded separately, we

D E
Pedd P20 P20
— — —
°
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°
°
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) —— -l il
@y W0y <60y W0y “Wy WOy
L LI . ne1d4 ne18 13 s
BN N €N
Intermediate-| Intermediate-il Adverse

FIGURE 1 CD34+/CD38~ cell burden according to age at diagnosis (<60 years vs >80 years). (A} All patients (n ~ 169) versus healthy
subjects (n = 20). (B) Favorable ELN genetic risk. (C) Intermediate-1 ELN genetic risk. (D) Intermediate-Il ELN genetic risk. (E) Adverse ELN

genetic risk
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FIGURE 2 Outcome of HSCT-treated AML patients according to the CD34 + /CD38 - cell burden at diagnosis (<&% vs >6%). (A) Relapse-
free survival and {B) overall survival for all patients (n = 169) and (C) relapse-free survival and (D) overall survival for patients receiving

NMA-HSCT (n - 120}

observed shorter RFS (P =~ .002, Figure 2C) and OS (P ~ .02, Figure
2D) for patients with a high CD34+ /CD38 - cell burden treated with
NMA-HSCT. In the group of MAC-HSCT-treated patients, only four
had a high CD34 + /CD38 - cell burden at diagnosis preventing further
subanalyses of the MAC-HSCT-treated patients. Three years after
transplantation, 65% of patients with a low diagnostic CD34 + /CD38
cell burden were alve (including 56% of NMA-HSCT-treated patients)
and &0% relapse-free (Including 53% of NMA-HSCT-treated patients).
In contrast, in the group with a high CD34 + /CD38~ cell burden, only
43% of patients were alive (including 39% of NMA-HSCT-treated
patients) and only 24% (induding 24% of NMA-HSCT-treated patients)
remained relapse-free after 3 years. The CD34+ /CD38 - cell burden
at diagnosis did also impact on RFS and OS when we restricted our
analysis to patients with normal karyotype or de novo AML {Supporting
Information, Figures S2 and S3). Furthermore, in patients with ELN
Favorable or Intermediate genetic risk who had a high CD34 + /CD38
cell burden at diagnosis, we observed a trend for shorter RFS (P - .06}
and comparable OS {P = .11} to patients within the ELN Adverse
Genetic Group (Supporting Information, Figure S8).

In multivariable analysis (Table 2), a high CD34+ /CD38 - cell bur-
den at diagnosis remained significantly associated with shorter RFS
(P < .001) and shorter OS (P ~ .04) after adjustment for age at HSCT.
The risk of death or an event was about twice as high in patients with
a high diagnostic CD34+/CD38 - cell burden compared with that of
patients with a low CD34 + /CD38 -~ cell burden.

4 | DISCUSSION

Similar to normal hematopoiesis, AML cells are thought to emerge
from primitive LICs with the ability of unlimited self-renewal *>* The
observation that leukemic CD34+/CD38 - cells are able to serally
transplant AML in NOD/SCID mice®**** led to the assumption that
the CD34+/CD38 - BM compartment harbors the LIC pooulaﬂon."’o
AML buk cells are often efficiently eradicated by chemotherapeutic
agents. In contrast, LICs show resistance to chemotherapeutic
agents.”’ LICs exist in a quiescent state within a stem cell niche and
have slow dividng properties.™ Ameng other biological features, this
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TABLE2 Multivariable ocutcome analyses of 169 AML patients treated with HSCT according to the CD34+ /CD38 - burden at diagnosis

Relapse-free survival Overall survival
Variable HR* 5% Q1 P HR* 95% Q1 P
Age at the time of HSCT 1.03 1.01-105 007 1.05 102-108 <001
CD34+/CD38~ cell burden at diagnosis (>6% vs <6%) 244 146-408 <001 1.86 105-337 04

Abbreviations: Cl, confidence interval; HSCT, b ic cell

lantation; HR, hazard ratio; MAC, myel

blative; NMA, nonmyeloablati

*HR <1 (>1} indicate lower (higher) risk for an event for the first category listed for the dichotomous variables and for the higher values of the contin-

wous variables,

Variables considered in the models were those significant at « = 0.20 in uni

riable anah Variables considered were sex, disease orign (de novo vs

secondary), ELN dassification, plstelet count at diagnosis, blast count in bone marrow at diagnoss, CD34+ /CD3B~ burden at diagnoss, age at HSCT,
disease status at HSCT (first vs sacond CR), HLA match {antigen match vs mismatch), and HLA donor type (related v unrelated).

quiescence and the increased expression of multidrug resistance genes
may explain the cccurrence of relapse after cytotoxic therapy.”® Fur-
thermore, there is growing evidence that leukemic CD34+/CD38
cells are also less immunogenic than AML bulk cells. Costello et al.”*
showed reduced immunogenicity in vitro with lower lymphocyte prolif-
eration against a CD38- population and decreased IL-2 and IFN-y
secretion. Reasons for this observation might be a lower expression of
major immune response molecules in the CD34+ /CD38 - cell popula-
tion. These observations led us to explore the outcomes as well as bio-
logical and clinical characteristics associated with the CD34+ /CD38
cell burden at diagnosis in AML patients undergoing HSCT.

While three previous studies did not find assodations of a high
CD34+/CD38~ cell burden with cytogenetics,”™"** which may be
related to the varying numbers and characteristics of patients analyzed,
we found that patients with a high CD34+ /CD38 - cell burden were
more likely to have poor-risk cytogenetics. In line with these findings,
we also observed an unequal distribution of patients with high and low
CD34+/CD38~ cell burden in the four ELN Genetic Groups, with
patients with a high CD34 + /CD38 cell burden being least often clas-
sified in the Favorable and most frequently in the Adverse Group
(Table 1 and Supporting Information, Table S1). Another study
described an asseciation of a CD34+/CD38 - /ALDH™" LIC pheno-
type cell burden with poor-risk genetics (ELN adverse genetic risk,
monosomal, or complex karyotypes) in a cohort of 98 patients.*
Patients with a high CD34 + /CD38 - cell burden were also mare likely
to have secondary AML, which was also found for the patients harbor-
ing @ CD34+/CD38- /ALDH™®" LIC phenotype.®” Thus, the size of
the UIC population might be intercomnected and contribute to the
known adverse outcome of AML with adverse cytogenetic risk, for
example, wal or complex karyotypes and secondary AML. Fur-
thermore, none of the patients with a high CD34+ /CD38- cell burden
at diagnosis was CEBPA-mutated compared to 17% of patients with a
low CD34 + /CD38 -~ cell burden. We did not observe significant asso-
clations of a high CD34+ /CD38 - cell burden with the presence of
FLT3-ITD or NPM1 mutations in the entire cohort. However, when we
restricted our analysis to patients receiving HSCT in the first CR, none
of the patients with a high CD34+/CD38~ cell burden at diagnosis
were NPM1 mutated (P = .01, Supporting Information, Table S3). A
small number of studies analyzed the LIC population burden at diagno-
sis in the context of molecular markers and, similar to our study, none

found an assodiation with the presence of FLTS-ITD."***1%* Whereas
Vergez et al.*” did not find an association of the presence of NPM1
mutations  with the LIC population burden (defined by
CD34 + CO38™/ - CD123+), Gerber et 3.” described a decreased
frequency of NPMI mutations in an UC phenotype defined by
CD34+/CD38 - /ALDH™". It is known that CEBPA mutations activate
self-renewal capacity in committed myelold progenitor cells?* resulting
in more mature AML phenotypes, and that NPMI mutations occur in
more mature CD34—~ AML cells®” As the presence of mutations in
both genes impact positively on survival in cytogenetically normal
AML* the observed associations may indicate an important biological
interaction between CEBPA or NPM1 mutations and the LIC burden at
diagnosis in AML patients,

We were able to show that a high CD34+ /CD38 - cell burden at
diagnosis associated with shorter RFS and OS after HSCT in CR. In
multivariable analysts, the CD34+ /CD38~ cel burden retained its
prognostic value, independently of other known prognostic factors.
Some studies demonstrated that a high burden of LICs at AML diagno-
sis increased the relapse probability after chemotherapy and assoclated
with worse outcomes in different patient cohorts.**¥* %% | general,
these studies described a wide range of diagnostic BM CD34+/
CD38 - cells, from 0.01% up to 71%, in AML patients, similar to the
findings in our study. Van Rhenen et al’* found the diagnostic
CD34+/CD38~ cell burden of AML patients associated with a higher
MRD frequency evaluated by flow cytometry after chemotherapy,
shorter OS, RFS, and disease-free sundval (DFS). Hwang et al™
described a higher CD34 4+ /CD38 - cell burden at diagnosts in patients
who did not achieve a CR after one course of chemotherapy. Khan
et al.*" showed lower CR rates and shorter OS for patients over 60
years of age with a higher diagnostic CD34 + /CD38 - cell burden in
blocd, but not in BM. Other studies further characterized the analyzed
LIC population. Vergez et al’® demonstrated that a high
CD34 + CD38™/-CD123+ cell burden associated with a lower CR
rate, shorter DFS, and shorter OS. Wang et al’® performed flow
cytometry on FISH-preselected blasts in AML with abnormal karyotype
and demonstrated a shorter OS and RFS and higher relapse rates in
patients with a high FISH+ /CD34+ /CD38 - cell burden at diagnosis.
In these studies, the chosen cutoffs to define a high LIC burden were
those with the most significant outcome impact and ranged from 1%
to 15%.%*%2% This stands in line with cur finding with an optimal
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cutoff at 6% but also significant outcome differences using a 2%, 7.5%,
or 10% cutoff (Supporting Information, Figure S4). Gerber et al™
showed lower CR rates and shorter EFS and OS in patients with a
more immature LIC phenotype (CD34+/CD38- /ALDH™®" vs
CD34+/CD38 - JALDH™ ™% s CD34-). However, within these
studies, only 16%-47% of all patients and only younger individuals
underwent HSCT, and none of the studies separately investigated the
outcome of a larger cohort of HSCT-treated patients, for whom the
GwL effect is thought to provide a continuous impact on residual dis-
ease. To our knowledge, this study is the first to show an adverse out-
come of patients with a high LIC-containing cell population at diagnosis
in a larger cohort treated with HSCT as consolidation therapy. Further-
more, the majority of AML patients we analyzed received an NMA-
conditioning protocel,**™ for which the therapeutic effect is nearly
exclusively based on the GvL effect. The aforementioned reduced
immunegenicity of LICs observed by Costello et al.”* Is supported by
our finding that HSCT may not be able to fully overcome the described
poor prognosis of a high LIC burden at diagnosis. Clinically, not unlike
cytotoxic agents, the GvlL effect may primarily impact on AML bulk
cells, and UICs within thekr BM niche may at least partly be able to
evade the GvL effect. This observation helps to deepen our under-
standing why after HSCT in CR, some AML patients remain in remis-
sion while others do not.

We also compared the CD34+/CD38- cell burden in AML
patients at diagnosis to the CD34 + /CD38 - BM cell counts during dis-
ease course (in CR before HSCT, at day 28 after HSCT, at relapse) and
to that of 20 healthy individuals (for details, see Supporting Informa-
tion). The CD34+/CD38 - cell counts of AML patients in CR were
comparable to or even lower than the CD34+/CD38 -~ cell count in
the healthy cohort and no significant difference was observed between
patients with a high or a low CD34 + /CD38 - cell burden at diagnosis.
Furthermore, the CD34+ /CD38~ cell counts were higher during AML
refapse and comparable to the CD34+ /CD38 - cell burden at diagno-
s. For details, see Supporting Information, Figure S9. However, as
healthy HSCs also show the CD34+ /CD38- phenotype, this popula-
tion alone does not seem to present a suitable marker for risk assess-
ment in CR or MRD detection.

A high CD34+/CD38~ cell burden at AML diagnosis independ-
ently associated with worse outcomes in patients undergoing HSCT
suggesting that determination of the CD34+/CD38 - cell burden at
diagnosis may provide a simple and widely available method to improve
risk stratification in AML patients. This may help to identify patients in
need of closer remission monitoring and possibly adjustment of thera-
peutic approaches, for examgle, tapering of immunosuppressant agents
after HSCT. However, prospective studies to validate our findings are
needed.

Given the inferior outcomes of AML patients with a high CD34+ /
CD38- cell burden at diagnosis that we and others*® 1% #3433
observed, regardless of HSCT as a consolidating therapy, new strat-
egles to target LICs may improve survival. For example, the ability to
target the CD34+/CD38- cell population was shown for Gemtuzu-
mab ozogamicin,® and in vitro combination with tipifarnib suggested

synergistic effects, especially on the LIC population® Even though
some evidence points to an intraindividual and interindividual hetero-
genic LIC phenotype,® some surface markers such as CD123%4*4
CD96 or CD117* may be able to discriminate between healthy
HSCs and AML LICs, and ways to therapeutically exploit these pheno-
type differences are under investigation.”*** As CD123 seems to be
expressed on LICs rather than HSCs, another promising therapy are T-
cells expressing CD123-specific chimeric antigen receptors with high
effector activity against AML cell lines and patient samples in vitro
without affecting granulocyte or erythroid colonies” Further potential
therapeutic targets may be identified from genes and proteirs differen-
tially expressed in LICs compared to AML bulk cells or healthy
HSCs."** % Combining therapeutic approaches derived from these
studies with chemotherapy and/or HSCT may help to improve out-
comes—especially for those patients who have a high diagnostic
CD34+/CD38 - cell burden.

In condlusion, our data demonstrate that the negative prognostic
impact of a high CD34+ /CD38~ cell burden at diagnosis seems not to
be easily overcome by the GwL effect after HSCT in AML patients. In
mutivariable analysis, a high CD34 + /CD38 - cell burden at diagnosis
was an independent factor for shorter RFS and OS, likely mediated by
LICs within the CD34+ /CD38~ cel population escaping the Gwl
effects of HSCT. However, HSCT versus non-HSCT studies will be
needed to evaluate whether patients with a high CD34+ /CD38 - cell
burden at diagnosis might benefit from a HSCT as consolidation ther-
apy, despite their worse outcome than patients with a low burden at
diagnosis. Determination of the CD34+ /CD38 cell burden at AML
diagnosis may help to improve risk stratification, adjust disease moni-
toring and treatment, espedially that it is widely available and relatively
inexpensive. Finally, novel therapeutic agents targeting AML LICs
within the CD34+/CD38~ cell population may help to imgrove out-
comes of these patients.
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3. CONCLUSUION and FUTURE PERSPECTIVES / ZUSAMMENFASSUNG und AUSBLICK
3.1 Conclusion: molecular characteristics in AML

The publications discussed in the here presented work on molecular biomarkers have
contributed to a better understanding of leukemogenic pathways, let to improved risk
assessment and demonstrated possible novel treatment strategies in AML. Besides the
importance for translational and functional research in the presense and future improved
molecular characterisation of AML patients has the potential to adjust risk assessment at
diagnosis or during disease course as demonstrated in multiple examples in this work. Some
molecular markers have already been integrated in today’s risk stratification which underlines
the importance of these findings. Apart from coding genes and proteins, miRs may function as
targets for new treatment approaches, e.g. by upregulation/ downregulation following
sequenical treatment prior to cytotoxic therapy. Promising data is provided in animal studies and
early clinical phase trials in examples in this work. Furthermore, the burden of leukemia initiating
cells has been shown to provide high prognostic significance and can also contribute to risk
assessment, highlighting athe importance of clinically evaluating therapeutic approaches to

tartget this cell population.

3.2 Clonal evolution

Even though substantial advancements have been achieved in understanding AML biology -
that also led to the development of novel targeted therapies - and patients’ risk stratification has
continuously been improved, outcomes for most AML patients’ remain unsatisfactory. Novel
methodologies, such as next-generation-sequencing to explore moleculargenetic and epigenetic
changes that drive AML leukemogenesis are beeing implemented and help to understand this
clinically and genetically very heterogeneous disease.

In the last years substantial effort has been put into further understanding pre-AML conditions
and the definiton of pre-leukemic stages has evolved.””®® Patients diagnosed with
myelodysplastic syndrome, individuals with germline mutations in certain transcription factors

(such as RUNX1 or CEBPA), or with preceding therapies for unrelated neoplasms such as
136



alkylating chemotherapy or radiation show an elevated risk to develop AML.?"?%'% Apart form
these conditions, recently it was noted that some mutations found in AML patients (e.g. in the
DNMT3A, TET2, IDH1 or IDH2 gene) can also be found in older 'healthy' individuals who have
an increased risk of developing frank AML.**"°"1% |n ‘healthy’ individuals these mutations have
been linked to cloncal hematopoiesis, and the term ‘clonal hematopoiesis of indeterminate
potential’ (CHIP) was coined, indicating a pre-leukemic condition similar to monoclonal
gammopathy of undetermined significance (MGUS) or monoclonal B-cell lymphocytosis (MBL).
Understanding the connection of these mutations linked to the phenomenon of clonal
hematopoiesis, AML and the impact on prognosis and treatment may provide important
information to improve patients’ outcomes in the future and today represents an active field of

research.

3.3 Further defining the leukemia initiating cell population

Since AML is thought to be initiated and maintained by a population of leukemia initiating cells,
in the past years growing efforts have been put into identifying the phenotype (e.g. the
CD34+/CD38- subpopulation® or expression of the G protein-coupled receptor 56 [GPR56]'%)
of these cells. Additionally, there is increasing evidence that a high expression of stem cell gene
signatures is associated with poor clinical outcomes.'®'% Since also the diagnostic burden of
these cells has been associated with outcome it seems crucial to identifiy and target this
populations to improve remission rates and long term survival for AML patients. Additionally,
better characterisation of the leukemia initiating cell phenotyp may improve methods for MRD

assessment, since it may allow for a more sensitive and clinical significant detection of

remaining disease burden during or after AML treatment.

These recent developments are examples of current focuses in the field of translational AML
research that may in the future be able to further improve AML risk stratifications, treatment, and
outcomes.

4. REFERENCES / REFERENZEN

137



N

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Léwenberg B, et al. Acute myeloid leukemia. N Engl J Med. 1999; 341:1051-62.

Frohling S, et al. Cytogenetics and age are major determinants of outcome in intensively treated acute
myeloid leukemia patients older than 60 years: results from AMLSG trial AML HD98-B. Blood.
2006;108(10):3280-3288.

Doéhner H, et al. Acute myeloid leukemia. N Engl J Med. 2015; 373: 1136-52.

Arber DA, et al. The 2016 revision to the World Health Organization classification of myeloid neoplasms and
acute leukemia. Blood. 2016;127:2391-405.

Dohner H, et al. Diagnosis and management of AML in adults: 2017 ELN recommendations from an
international expert panel. Blood. 2017; 129:424-47.

Béné MC, et al. Immunophenotyping of acute leukemia and lymphoproliferative disorders: a consensus
proposal of the European LeukemiaNet Work Package 10. Leukemia. 2011; 25:567-74.

Bennett JM, et al. Proposals for the classification of the acute leukaemias. French-American-British (FAB)
cooperative group. Br J Haematol. 1976. 33: 451-8.

McSweeney PA, et al. Hematopoietic cell transplantation in older patients with hematologic malignancies:
replacing high-dose cytotoxic therapy with graft-versus-tumor effects. Blood. 2001; 97: 3390-400.

Hegenbart U, et al. Treatment for acute myelogenous leukemia by low-dose, total-body, irradiation-based
conditioning and hematopoietic cell transplantation from related and unrelated donors. J Clin Oncol. 2006;
24: 444-53.

Stone RM, et al. Midostaurin plus chemotherapy for acute myeloid leukemia with a FLT3 mutation. N Engl J

Med. 2017. Doi:10.1056/NEJMo0a1614359. [Epub ahead of print]

Horowitz MM, et al. Graft-versus-leukemia reactions after bone marrow transplantation. Blood. 1990; 75:
555-62.

Gyurkocza B, et al. Nonmyeloablative allogeneic hematopoietic cell transplantation in patients with acute
myeloid leukemia. J Clin Oncol. 2010; 28:2859-67.

Cancer Genome Atlas Research Network. Genomic and epigenomic landscapes of adult de novo acute
myeloid leukemia. N Engl J Med. 2013; 368:2059-74.

Patel JP, et al. Prognostic relevance of integrated genetic profiling in acute myeloid leukemia. N Engl J Med.
2012;366:1079-89.

Grimwade D, et al. National Cancer Research Institute Adult Leukaemia Working Group. Refinement of
cytogenetic classification in acute myeloid leukemia: determination of prognostic significance of rare
recurring chromosomal abnormalities among 5876 younger adult patients treated in the United Kingdom
Medical Research Council trials. Blood. 2010; 116: 354-65.

Thiede C, et al. Prevalence and prognostic impact of NPM1 mutations in 1485 adult patients with acute
myeloid leukemia (AML). Blood. 2006; 107:4011-20.

Becker H, et al. Favorable prognostic impact of NPM1 mutations in older patients with cytogenetically normal
de novo acute myeloid leukemia and associated gene- and microRNA-expression signatures: a Cancer and
Leukemia Group B study. J Clin Oncol. 2010; 28:596-604.

Haferlach C, et al. AML with mutated NPM1 carrying a normal or aberrant karyotype show overlapping
biologic, pathologic, immunophenotypic, and prognostic features. Blood. 2009;114:3024-32.

Falini B, et al. Cytoplasmic nucleophosmin in acute myelogenous leukemia with a normal karyotype. N Engl
J Med. 2005; 352:254-66.

Doéhner K, et al. Mutant nucleophosmin (NPM1) predicts favorable prognosis in younger adults with acute
myeloid leukemia and normal cytogenetics: Interaction with other gene mutations. Blood. 2005;106: 3740-6.
Schnittger S, et al. Nucleophosmin gene mutations are predictors of favorable prognosis in acute
myelogenous leukemia with a normal karyotype. Blood. 2005; 106:3733-9.

Boissel N, et al. Prevalence, clinical profile and prognosis of NPM mutations in AML with normal karyotype.
Blood. 2005; 106:3618-20.

Suzuki T, et al. Clinical characteristics and prognostic implications of NPM1 mutations in acute myeloid
leukemia. Blood. 2005; 106:2854—61.

Kottaridis, et al. The presence of a FLT3 internal tandem duplication in patients with acute myeloid leukemia
(AML) adds important prognostic information to cytogenetic risk group and response to the first cycle of
chemotherapy: analysis of 854 patients from the United Kingdom Medical Research Council AML 10 and 12
trials. Blood. 2001; 98:1752-9.

Whitman SP, et al. Absence of the wild-type allele predicts poor prognosis in adult de novo acute myeloid
leukemia with normal cytogenetics and the internal tandem duplication of FLT3: a cancer and leukemia
group B study. Cancer Res. 2001; 61:7233-9.

Thiede C, et al. Analysis of FLT3-activating mutations in 979 patients with acute myelogenous leukemia:
association with FAB subtypes and identification of subgroups with poor prognosis. Blood. 2002; 99:4326-
35.

Brunet S, et al. Impact of FLT3 internal tandem duplication on the outcome of related and unrelated
hematopoietic transplantation for adult acute myeloid leukemia in first remission: a retrospective analysis. J
Clin Oncol. 2012; 30:735-41.

Song Y, et al. FLT3 mutational status is an independent risk factor for adverse outcomes after allogeneic
transplantation in AML. Bone Marrow Transplant. 2016; 51:511-20.

Ozeki K, et al. Biologic and clinical significance of the FLT3 transcript level in acute myeloid leukemia. Blood.
2004; 103:1901-8.

Nguyen B, et al. FLT3 activating mutations display differential sensitivity to multiple tyrosine kinase inhibitors.
Oncotarget. 2017; 8:10931-44.

138



31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

Ohlsson, et al. The multifaceted functions of C/EBPa in normal and malignant haematopoiesis. Leukemia.
2016; 30:767-75.

Wouters BJ, et al. Double CEBPA mutations, but not single CEBPA mutations, define a subgroup of acute
myeloid leukemia with a distinctive gene expression profile that is uniquely associated with a favorable
outcome. Blood. 2009; 113: 3088-91.

Pabst T, et al. Heterogeneity within AML with CEBPA mutations; only CEBPA double mutations, but not
single CEBPA mutations are associated with favourable prognosis. Br J Cancer. 2009; 100: 1343-6.

Hou HA, et al. Reply to ‘Heterogeneity within AML with CEBPA mutations; only CEBPA double mutations,
but not single CEBPA mutations are associated with favorable prognosis’. Br J Cancer. 2009; 101: 738-40.
Green CL, et al. Prognostic significance of CEBPA mutations in a large cohort of younger adult patients with
acute myeloid leukemia: impact of double CEBPA mutations and the interaction with FLT3 and NPM1
mutations. J Clin Oncol. 2010; 28:2739-47.

Hollink IH, et al. Characterization of CEBPA mutations and promoter hypermethylation in pediatric acute
myeloid leukemia. Haematologica. 2011; 96:384-92.

Bacher U, et al. Multilineage dysplasia does not influence prognosis in CEBPA-mutated AML, supporting the
WHO proposal to classify these patients as a unique entity. Blood. 2012; 119:4719-22.

Marcucci, et al. Prognostic significance of, and gene and microRNA expression signatures associated with,
CEBPA mutations in cytogenetically normal acute myeloid leukemia with high-risk molecular features: a
Cancer and Leukemia Group B Study. J Clin Oncol. 2008; 26:5078-87.

Dohner H, et al. Diagnosis and management of acute myeloid leukemia in adults: Recommendations from
an international expert panel, on behalf of the European LeukemiaNet. Blood. 2010; 115:453-74.

Mrozek K, et al. Prognostic significance of the European LeukemiaNet standardized system for reporting
cytogenetic and molecular alterations in adults with acute myeloid leukemia. J Clin Oncol. 2012;30:4515-23.
Rollig, et al. Long-term prognosis of acute myeloid leukemia according to the new genetic risk classification
of the European LeukemiaNet recommendations: evaluation of the proposed reporting system. J Clin Oncol.
2011; 29:2758-65.

Ley TJ, et al. DNMT3A mutations in acute myeloid leukemia. N Engl J Med. 2010; 363:2424-33.

Yan XJ, et al. Exome sequencing identifies somatic mutations of DNA methyltransferase gene DNMT3A in
acute monocytic leukemia. Nat Genet. 2011; 43:309-15.

Gaidzik, et al. Clinical impact of DNMT3A mutations in younger adult patients with acute myeloid leukemia:
results of the AML Study Group (AMLSG). Blood. 2013; 121:4769-77.

Marcucci, et al. Age-related prognostic impact of different types of DNMT3A mutations in adults with primary
cytogenetically normal acute myeloid leukemia. J Clin Oncol. 2012; 30:742-50.

Ward PS, et al. The common feature of leukemia-associated IDH71 and IDH2 mutations is a neomorphic
enzyme activity converting alpha-ketoglutarate to 2-hydroxyglutarate. Cancer Cell. 2010; 17:225-34.
Marcucci, et al. IDH1 and IDH2 gene mutations identify novel molecular subsets within de novo
cytogenetically normal acute myeloid leukemia: a Cancer and Leukemia Group B study. J Clin Oncol. 2010;
28:2348-55.

Paschka P, et al. IDH1 and IDH2 mutations are frequent genetic alterations in acute myeloid leukemia and
confer adverse prognosis in cytogenetically normal acute myeloid leukemia with NPM1 mutation without
FLT3 internal tandem duplication. J Clin Oncol. 2010; 28:3636-43.

Schnittger S, et al. RUNX1 mutations are frequent in de novo AML with noncomplex karyotype and confer an
unfavorable prognosis. Blood. 2011; 117:2348-57.

Tang JL, et al. AML1/RUNX1 mutations in 470 adult patients with de novo acute myeloid leukemia:
prognostic implication and interaction with other gene alterations. Blood. 2009; 114:5352-61.

Mendler JH, et al. RUNX1 mutations are associated with poor outcome in younger and older patients with
cytogenetically normal acute myeloid leukemia and with distinct gene and MicroRNA expression signatures.
J Clin Oncol. 2012; 30:3109-18.

Gaidzik VI, et al. RUNX1 mutations in acute myeloid leukemia: results from a comprehensive genetic and
clinical analysis from the AML study group. J Clin Oncol. 2011; 29:1364-72.

Metzeler KH, et al. ASXL1 mutations identify a high-risk subgroup of older patients with primary
cytogenetically normal AML within the ELN favorable genetic category. Blood. 2011; 118:6920-29.
Pratcorona M, et al. Acquired mutations in ASXL1 in acute myeloid leukemia: prevalence and prognostic
value. Haematologica. 2012; 97:388-92.

Schnittger S, et al. ASXL1 exon 12 mutations are frequent in AML with intermediate risk karyotype and are
independently associated with an adverse outcome. Leukemia. 2013; 27:82-91.

Paschka P, et al. ASXL1 mutations in younger adult patients with acute myeloid leukemia: a study by the
German-Austrian Acute Myeloid Leukemia Study Group. Haematologica. 2015; 100:324-30.

Haferlach C, et al. Mutations of the TP53 gene in acute myeloid leukemia are stronglky associated with a
complex aberrant karyotype. Leukemia. 2008; 22:1539-41.

Bowen D, et al. TP53 gene mutation is frequent in patients with acute myeloid leukemia and complex
karyotype, and is associated with very poor prognosis. Leukemia. 2009; 23:203-206.

Rucker FG, et al. TP53 alterations in acute myeloid leukemia with complex karyotype correlate with specific
copy number alterations, monosomal karyotype, and dismal outcome. Blood. 2012; 119:2114-21.

Devillier R et al. Role of ASXL1 and TP53 mutations in the molecular classification and prognosis of acute
myeloid leukemias with myelodysplasia-related changes. Oncotarget. 2015; 6(10):8388-8396.

Baldus CD, et al. BAALC expression predicts clinical outcome of de novo acute myeloid leukemia patients
with normal cytogenetics: a Cancer and Leukemia Group B Study. Blood. 2003; 102:1613-8.

139



62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85
86

87

88

89

90

91

92

Baldus CD, et al. BAALC, a novel marker of human hematopoietic progenitor cells. Exp Hematol. 2003;
31:1051-6.

Langer C. et al. High BAALC expression associates with other molecular prognostic markers, poor outcome,
and a distinct gene-expression signature in cytogenetically normal patients younger than 60 years with acute
myeloid leukemia: a Cancer and Leukemia Group B (CALGB) study. Blood. 2008; 111:5371-9.

Heuser M, et al. Functional role of BAALC in leukemogenesis. Leukemia. 2012; 26:532-6.

Ichikawa H, et al. An RNA-binding protein gene, TLS/FUS, is fused to ERG in human myeloid leukemia with
t(16;21) chromosomal translocation. Cancer Res. 1994; 54:2865-8.

Baldus CD, et al. Acute myeloid leukemia with complex karyotypes and abnormal chromosome 21:
amplification discloses overexpression of APP, ETS2, and ERG genes. Proc Natl Acad Sci U S A. 2004;
101: 3915-20.

Schwind S, et al. BAALC and ERG expression levels are associated with outcome and distinct gene and
microRNA expression profiles in older patients with de novo cytogenetically normal acute myeloid leukemia:
a Cancer and Leukemia Group B study. Blood. 2010; 116:5660-9.

Thol F, et al. Prognostic significance of combined MN1, ERG, BAALC, and EVI1 (MEBE) expression in
patients with myelodysplastic syndromes. Ann Hematol. 2012; 91:1221-33.

Metzeler, et al. ERG expression is an independent prognostic factor and allows refined risk stratification in
cytogenetically normal acute myeloid leukemia: a comprehensive analysis of ERG, MN1, and BAALC
transcript levels using oligonucleotide microarrays. J Clin Oncol. 2009; 27:5031-8.

Marcucci, et al. High expression levels of the ETS-related gene, ERG, predict adverse outcome and improve
molecular risk-based classification of cytogenetically normal acute myeloid leukemia: a Cancer and
Leukemia Group B Study. J Clin Oncol. 2007; 25:3337-43.

Marcucci, et al. Overexpression of the ETS-related gene, ERG, predicts a worse outcome in acute myeloid
leukemia with normal karyotype: a Cancer and Leukemia Group B study. J Clin Oncol. 2005; 23:9234-42.
van Wely KHM, et al. The MN1 oncoprotein synergizes with coactivators RAC3 and p300 in RAR-RXR-
mediated transcription. Oncogene. 2003; 22:699-709.

Buijs A, et al. Translocation (12;22)(p13;q11) in myeloproliferative disorders results in fusion of the ETS-like
TEL gene on 12p13 to the MN1 gene on 22q1. Oncogene. 1995; 10:1511-9.

Valk PJM, et al. Prognostically useful gene-expression profiles in acute myeloid leukemia. N Engl J Med.
2004; 350:1617-28.

Ross ME, et al. Geneexpression profiling of pediatric acute myelogenous leukemia. Blood. 2004; 104:3679-
87.

Langer C, et al. Prognostic importance of MN1 transcript levels, and biologic insights from MN7-associated
gene and microRNA expression signatures in cytogenetically normal acute myeloid leukemia: a cancer and
leukemia group B study. J Clin Oncol. 2009; 27:3198-204.

Heuser M, et al. High meningioma 1 (MN1) expression as a predictor for poor outcome in acute myeloid
leukemia with normal cytogenetics. Blood. 2006; 108:3898-905.

Schwind S, et al. Low expression of MN1 associates with better treatment response in older patients with de
novo cytogenetically normal acute myeloid leukemia. Blood. 2011; 118:4188-98.

Heuser, et al. MN1 overexpression induces acute myeloid leukemia in mice and predicts ATRA resistance in
patients with AML. Blood. 2007;110:1639-47.

Heuser M, et al. Cell of origin in AML: susceptibility to MN1-induced transformation is regulated by the
MEIS1/AbdB-like HOX protein complex. Cancer Cell. 2011; 20:39-52.

Marcucci G, et al. The prognostic and functional role of microRNAs in acute myeloid leukemia. Blood. 2011;
117:1121-9.

Marcucci G, et al. MicroRNA expression in cytogenetically normal acute myeloid leukemia. N Engl J Med.
2008; 358:1919-28.

Terstappen LWMM, et al. Sequential generations of hematopoietic colonies derived from single nonlineage-
committed CD34+CD38- progenitor cells. Blood. 1991; 77:1218-27.

Lapidot T, et al. A cell initiating human acute myeloid leukaemia after transplantation into SCID mice. Nature.
1994; 367:645-8.

Warner JK, et al. Concepts of human leukemic development. Oncogene. 2004; 23:7164—-77.

Kornblau SM, et al. Proteomic profiling identifies distinct protein patterns in acute myelogenous leukemia
CD34+CD38- stem-like cells. PLoS One. 2013;8:e78453.

Feller N, et al. MRD parameters using immunophenotypic detection methods are highly reliable in predicting
survival in acute myeloid leukaemia. Leukemia. 2004; 18:1380-90.

San Miguel JF, et al. Early immuno-phenotypical evaluation of minimal residual disease in acute myeloid
leukemia identifies different patient risk groups and may contribute to postinduction treatment stratification.
Blood. 2001; 98:1746-51.

Venditti A, et al. Level of minimal residual disease after consolidation therapy predicts outcome in acute
myeloid leukemia. Blood. 2000; 96:3948-52.

Kern W, et al. Determination of relapse risk based on assessment of minimal residual disease during com-
plete remission by multiparameter flow cytometry in unselected patients with acute myeloid leukemia. Blood.
2004; 104:3078-85.

van Rhenen A, et al. High stem cell frequency in acute myeloid leukemia at diagnosis predicts high minimal
residual disease and poor survival. Clin Cancer Res. 2005; 11: 6520-7.
Vergez F, et al. High levels of CD34'CD38"°""CD123" blasts are predictive of an adverse outcome in acute

140



93

94

95

96

97

98

99

100

101

102

103

104

105

myeloid leukemia: a Groupe Ouest-Est des Leucémies Aigués et Maladies du Sang (GOELAMS) study.
Haematologica. 2011; 96: 1792-8.

Khan N, Freeman SD, Virgo P et al. An immunophenotypic pre-treatment predictor for poor response to
induction chemotherapy in older acute myeloid leukaemia patients: blood frequency of CD34+ CD38low

blasts. Br J Haematol. 2015; 170: 80-4.

Rubnitz JE, et al. Minimal residual disease-directed therapy for childhood acute myeloid leukaemia: results
of the AMLO2 multicentre trial. Lancet Oncol. 2010; 11:543-52.

Ivey A, et al. Assessment of Minimal Residual Disease in Standard-Risk AML. N Engl J Med. 2016; 374:422-
33.

Doubek M, et al. Detection and treatment of molecular relapse in acute myeloid leukemia with RUNX1
(AML1), CBFB, or MLL gene ftranslocations: frequent quantitative monitoring of molecular markers in
different compartments and correlation with WT1 gene expression. Exp Hematol. 2009; 37:659-72.

Welch JS, et al. The origin and evolution of mutations in acute myeloid leukemia. Cell. 2012;150:264-2.
Shlush LI, et al. ldentification of pre-leukaemic haematopoietic stem cells in acute leukaemia. Nature.
2014;506:328-33.

Jaiswal S ef al. Age-related clonal hematopoiesis associated with adverse outcomes. N Engl J Med.
2014;371:2488-98.

Rozman M, et al. Grup Catala de Citologia Hematologica and Spanish CETLAM Group (Grupo Cooperativo
Para el Estudio y Tratamiento de las Leucemias Agudas Mielobla'sticas). Multilineage dysplasia is
associated with a poorer prognosis in patients with de novo acute myeloid leukemia with intermediate-risk
cytogenetics and wild-type NPM1. Ann Hematol. 2014; 93:1695-1703.

Genovese G, et al. Clonal hematopoiesis and blood-cancer risk inferred from blood DNA sequence. N Engl J
Med. 2014; 371:2477-87.

Busque L, et al. Recurrent somatic TET2 mutations in normal elderly individuals with clonal hematopoiesis.
Nat Genet. 2012;44(11):1179-1181.

Pabst C, el al. GPR56 identifies Primary Human Acute Myeloid Leukemia Cells with High Repopulating
Potential in vivo. Blood. 2016; 127:2018-27.

Eppert K, et al. Stem cell gene expression programs influence clinical outcome in human leukemia. Nature
Medicine. 2011;17:1086-93.

Ng SW, et al. A 17-gene stemness score for rapid determination of risk in acute leukaemia. Nature. 2016;
540:433-7.

141



5. INDEX OF ABREVIATIONS / ABKURZUNGSVERZEICHNIS

A
AML
APL
ASXL1
ATRA

B
BAALC

Cc

CBF

CD

CDK6

CEBPA | C/EBPa
CHIP

CIR

CN-AML

CR

D
DFS
DNMT

E
EFS
ELN
ERG
ETV6

F

FAB
FLT3-ITD
FLT3-TKD

G
GvL
GPR56

H
HSCs
HSCT
HOX

|
IDH

K
KRAS

M
MAPK
MPL
MGUS
miR
MN1
MHY 11
MRD

N
NPM1
NRAS

o)
(ON]

acute myeloid leukemia
acute promyelocytic leukemia
additional sex combs like 1
all-trans retinoid acid

brain and acute leukemia, cytoplasmic

core-binding factor

cluster of differentiation

cyclin dependent kinase 6 gene
CCAAT/enhancer-binding protein alpha gene / protein
clonal hematopoiesis of indeterminate potential
cumulative incidence of relapse

normal cytogenetics

complete remission

disease-free survival
DNA methyltransferase

event-free survival

European LeukemiaNet
ETS-related gene
translocation-Ets-leukemia virus

French American British

internal tandem duplikation in the Fms related tyrosine kinase 3 gene
tyrosine kinase domain of the Fms related tyrosine kinase 3

graft versus leukemia
G protein-coupled receptor 56

hematopoietic stem cells
hematopoietic stem cell transplantation
homebox

isocitrate dehydrogenase

kirsten rat sarcoma

mitogen-activated protein kinase
monoclonal B-cell lymphocytosis
monoclonal gammopa
microRNA

meningeoma-1

myosin heavy chain 11
measurable residual disease

nucleophosmin-1
neuroblastoma rat sarcoma

overall survival

142



RAS rat sarcoma

RUNX1 Runt-related transcription factor 1
S

SP1 specificity protein 1

T

TP53 tumor protein 53

w

WHO World Health Organisation

143



6. Eidesstattliche Erklarung zur vorgelegten Habilitationsschrift

Hiermit erklare ich an Eides statt,

1. dass die vorliegende Habilitationsordnung der Medizinischen Fakultat der Universitat
Leipzig anerkannt wird;

2. dass die Habilitationsschrift in dieser oder ahnlicher Form an keiner anderen Stelle zum
Zweck eines Graduierungsverfahrens vorgelegt wurde;

3. dass die Habilitationsschrift selbststédndig verfasst und keine anderen als die angegebenen
Quellen und Hilfsmittel benutzt wurden;

4. dass die Einhaltung der Satzung der Universitat Leipzig =zur Sicherung guter
wissenschaftlicher Praxis® in der Erstfassung vom 17. April 2015 Grundlage der

Forschungstatigkeit war.

Dr. med. Sebastian Schwind
Leipzig, 10.10.2017

144



8. COMPLETE LIST OF PUBLICATIONS

Peer-Reviewed Publications

1

Garzon R, Liu S, Fabbri M, Liu Z, Heaphy CEA, Callegari E, Schwind S, Pang J, Yu J, Natarajan MN,
Havelange V, Volinia S, Blum W, Rush LJ, Perrotti D, Andreeff M, Bloomfield C.D, Byrd JC, Chan K,
Wu LC, Croce CM, Marcucci G: MicroRNA-29b induces global DNA hypomethylation and tumor
suppressor gene reexpression in acute myeloid leukemia by targeting directly DNMT3A and 3B and
indirectly DNMT1._Blood. 2009; 113:6411-8.

Becker H, Marcucci G, Maharry K, Radmacher MD, Mrézek K, Margeson D, Whitman SP, Wu Y,
Schwind S, Paschka P, Powell BL, Carter TH, Kolitz JE, Wetzler M, Carroll AJ, Baer MR, Caligiuri
MA, Larson RA, Bloomfield CD: Favorable prognostic impact of NPM1 mutations in older patients with
cytogenetically normal de novo acute myeloid leukemia and associated gene- and microRNA-
expression signatures: a Cancer and Leukemia Group B study. J Clin Oncol. 2010; 28:596-604.

Eiring AM, Harb JG, Neviani P, Garton C, Oaks JJ, Spizzo R, Liu S, Schwind S, Santhanam R,
Hickey CJ, Becker H, Chandler JC, Andino R, Cortes J, Hokland P, Huettner CS, Bhatia R, Roy DC,
Liebhaber SA, Caligiuri MA, Marcucci G, Garzon R, Croce CM, Calin GA, Perrotti D: miR-328
functions as an RNA decoy to modulate hnRNP E2 regulation of mRNA translation in leukemic blasts.
Cell. 2010; 140:652-65.

Blum W, Garzon R, Klisovic RB, Schwind S, Walker A, Geyer S, Liu S, Havelange V, Becker H,
Schaaf L, Mickle J, Devine H, Kefauver C, Devine SM, Chan KK, Heerema NA, Bloomfield CD, Grever
MR, Byrd JC, Villalona-Calero M, Croce CM, Marcucci G: Clinical response and miR-29b predictive
significance in older AML patients treated with a 10-day schedule of decitabine. Proc Natl Acad Sci U
S A. 2010; 107:7473-8.

Marcucci G, Maharry K, Wu YZ, Radmacher MD, Mrézek K, Margeson D, Holland KB, Whitman SP,
Becker H, Schwind S, Metzeler KH, Powell BL, Carter TH, Kolitz JE, Wetzler M, Carroll AJ, Baer MR,
Caligiuri MA, Larson RA, Bloomfield CD: IDH1 and IDH2 gene mutations identify novel molecular
subsets within de novo cytogenetically normal acute myeloid leukemia: a Cancer and Leukemia Group
B study. J Clin Oncol. 2010; 28:2348-55.

Liu S, Wu LC, Pang J, Santhanam R, Schwind S, Wu YZ, Hickey CJ, Yu J, Becker H, Maharry K,
Radmacher MD, Li C, Whitman SP, Mishra A, Stauffer N, Eiring AM, Briesewitz R, Baiocchi RA, Chan
KK, Paschka P, Caligiuri MA, Byrd JC, Croce CM, Bloomfield CD, Perrotti D, Garzon R, Marcucci G:
Sp1/NFkappaB /HDAC /miR-29b regulatory network in KIT-driven myeloid leukemia. Cancer Cell.
2010; 17:333-47.

Becker H, Marcucci G, Maharry K, Radmacher MD, Mrézek K, Margeson D, Whitman SP, Paschka P,
Holland KB, Schwind S, Wu YZ, Powell BL, Carter TH, Kolitz JE, Wetzler M, Carroll AJ, Baer MR,
Moore JO, Caligiuri MA, Larson RA, Bloomfield CD: Mutations of the Wilms tumor 1 gene (WTT) in
older patients with primary cytogenetically normal acute myeloid leukemia: a Cancer and Leukemia
Group B study. Blood. 2010; 116:788-92.

Whitman SP, Maharry K, Radmacher MD, Becker H, Mrézek K, Margeson D, Holland KB, Wu YZ,
Schwind S, Metzeler KH, Wen J, Baer MR, Powell BL, Carter TH, Kolitz JE, Wetzler M, Moore JO,
Stone RM, Carroll AJ, Larson RA, Caligiuri MA, Marcucci G, Bloomfield CD: FLT3 internal tandem
duplication associates with adverse outcome and gene- and microRNA-expression signatures in
patients 60 years of age or older with primary cytogenetically normal acute myeloid leukemia: a
Cancer and Leukemia Group B study. Blood. 2010; 116:3622-6.

Schwind S, Marcucci G, Maharry K, Radmacher MD, Mrézek K, Holland KB, Margeson D, Becker H,
Whitman SP, Wu Y, Metzeler KH, Powell BL, Kolitz JE, Carter TH, Moore JO, Baer MR, Carroll AJ,
Caligiuri MA, Larson RA, Bloomfield CD: BAALC and ERG expression levels are associated with
outcome and distinct gene- and microRNA-expression profiles in older patients with de novo
cytogenetically normal acute myeloid leukemia: A Cancer and Leukemia Group B study. Blood. 2010;
116:5660-9.

145



10 Schlaak M*, Schwind S* Wetzig T, Maschke J, Treudler R, Basara N, Lange T, Simon JC,
Niederwieser D, Al-Ali HK: Ultaviolet A (UVA-1) in acute graft- versus- host disease of the skin. Bone
Marrow Transplant. 2010; 45:141-8. *shared first-author

11 Schwind S, Maharry K, Radmacher MD, Mrézek K, Holland KB, Margeson D, Whitman SP, Hickey C,
Becker H, Metzeler KH, Paschka P, Baldus CD, Liu S, Garzon R, Powell BL, Kolitz JE, Carroll AJ,
Caligiuri MA, Larson RA, Marcucci G, Bloomfield CD: Prognostic Significance of Expression of a Single
microRNA, miR-181a, in Cytogenetically Normal Acute Myeloid Leukemia: A Cancer and Leukemia
Group B Study. J Clin Oncol. 2010; 28:5257-64.

12 Metzeler KH, Maharry K, Radmacher MD, Mrézek K, Margeson D, Becker H, Curfman J, Holland KB,
Schwind S, Whitman SP, Wu Y, Blum W, Powell BL, Carter TH, Wetzler M, Moore JO, Kolitz JE, Baer
MR, Carroll AJ, Larson RA, Caligiuri MA, Marcucci G, Bloomfield CD: TET2 mutations refine the new
European LeukemiaNet (ELN) risk classification of adult primary cytogenetically normal acute myeloid
leukemia: A Cancer and Leukemia Group B study. J Clin Oncol. 2011; 29:1373-81.

13 Becker H, Maharry K, Radmacher MD, Mrézek K, Metzeler KH, Whitman SP, Schwind S,
Kohlschmidt J, Wu YZ, Powell BL, Carter TH, Kolitz JE, Wetzler M, Carroll AJ, Baer MR, Moore JO,
Caligiuri MA, Larson RA, Marcucci G, Bloomfield CD: Clinical outcome and gene- and microRNA-
expression profiling according to the Wilms tumor 1 (WT1) single nucleotide polymorphism rs16754 in
adult de novo cytogenetically normal acute myeloid leukemia: a Cancer and Leukemia Group B study.
Haematologica. 2011; 96:1488-95.

14 Schwind S*, Marcucci G*, Kohlschmidt J, Radmacher MD, Mrézek K, Maharry K, Becker H, Metzeler
KH, Whitman SP, Wu Y, Powell BL, Baer MR, Kolitz JE, Carroll AJ, Larson RA, Caligiuri MA, Bloomfield
CD: Low expression of MN1 associates with better treatment response in older patients with de novo
cytogenetically normal acute myeloid leukemia. Blood. 2011; 118:188-98. *shared first-author

15 Metzeler KH, Becker H, Maharry K, Radmacher MD, Kohlschmidt J, Mrézek K, Nicolet D, Whitman
SP, Wu YZ, Schwind S, Powell BL, Carter TH, Wetzler M, Moore JO, Kolitz JE, Baer MR, Carroll AJ,
Larson RA, Caligiuri MA, Marcucci G, Bloomfield CD: ASXL1 Mutations Identify a High-Risk Subgroup
Of Older Patients with Primary Cytogenetically Normal AML Within the ELN ‘Favorable’ Genetic
Category. Blood. 2011; 118:6920-9.

16 Rodriguez B, Tam HH, Frankhouser D, Trimarchi M, Murphy M, Kuo C, Parikh D, Ball B, Schwind S,
Curfman J, Blum W, Marcucci G, Yan P, Bundschuh R. A Scalable, Flexible Workflow for MethylCap-
Seq Data Analysis.IEEE Int Workshop Genomic Signal Process Stat. 2011:1-4.

17 Marcucci G*, Metzeler KH*, Schwind S*, Becker H*, Maharry K, Mrézek K, Radmacher MD,
Kohlschmidt J, Nicolet D, Whitman SP, Wu YZ, Powell B, Carter TH, Kolitz JE, Wetzler M, Carroll AJ,
Baer MR, Moore JO, Caligiuri MA, Larson RA, Bloomfield CD: Age-related Prognostic Impact of
Different Types of DNMT3A Mutations in Adults with Primary Cytogenetically Normal Acute Myeloid
Leukemia. J Clin Oncol. 2012; 30:742-50. *shared first-author

18 Whitman S, Caligiuri MA, Maharry K, Radmacher MD, Kohlschmidt J, Becker H, Mrézek K, Wu YZ,
Schwind S, Metzeler KH, Mendler JH, Wen J, Baer MR, Powell BL, Carter TH, Kolitz JE, Wetzler M,
Carroll AJ, Larson RA, Marcucci G, Bloomfield CD: The MLL partial tandem duplication in adults aged
60 years and older with de novo cytogenetically normal acute myeloid leukemia. Leukemia. 2012;
26:1713-7.

19 Eisfeld AK, Marcucci G, Liyanarachchi S, Déhner K, Schwind S, Maharry K, Leffel B, Déhner H,
Radmacher MD, Bloomfield CD, Tanner SM, de la Chapelle A: Heritable polymorphism predisposes to
high BAALC expression in acute myeloid leukemia. Proc Natl Acad Sci U S A. 2012; 109:6668-73.

20 Eisfeld AK, Marcucci G, Maharry K, Schwind S, Radmacher MD, Nicolet D, Becker H, Mrozek K,
Whitman SP, Metzeler KH, Mendler JH, Wu YZ, Baer MR, Powell B, Carter T, Moore JO, Kolitz JE,
Wetzler M, Caligiuri MA, Larson RA, Tanner SM, de la Chapelle A, Bloomfield CD: miR-3151
interplays with its host gene BAALC and independently impacts on outcome of patients with
cytogenetically normal acute myeloid leukemia. Blood. 2012; 120:249-58.

146



21 Blum W*, Schwind S* Tarighat SS, Geyer S, Eisfeld AK, Whitman S, Walker A, Klisovic R,
Santhanam R, Wang H, Curfman JP, Jacob S, Caligiuri M, Chan K, Garr C, Kefauver C, Grever M,
Perrotti D, Byrd J, Bloomfield CD, Garzon R, Marcucci G. Clinical and Pharmacodynamic Activity of
the Combination Bortezomib and Decitabine: a Phase | Trial in Patients with Acute Myeloid Leukemia
(AML). Blood. 2012; 119:6025-31. *shared first-author

22 Mendler JH, Maharry K, Radmacher MD, Mrézek K, Becker H, Metzeler KH, Schwind S, Whitman SP,
Jihane K, Kohlschmidt J, Nicolet D, Powell BL, Carter TH, Wetzler M, Moore JO, Kolitz JE, Baer MR,
Carroll AJ, Larson RA, Caligiuri MA, Marcucci G, Bloomfield CD: RUNX1 Mutations Associate with
Poor Outcome in Younger and Older Patients with Cytogenetically Normal Acute Myeloid Leukemia
and with Distinct Gene- and MicroRNA-Expression Signatures. J Clin Oncol. 2012; 30:3109-18.

23 Mrozek K, Marcucci G, Nicolet D, Maharry K, Becker H, Whitman SP, Metzeler KH, Schwind S, Wu
YZ, Kohlschmidt J, Pettenati MJ, Heerema NA, Block AMW, Patil SR, Baer MR, Kolitz JE, Moore JO,
Carroll AJ, Stone RM, Caligiuri MA, Bloomfield CD: Prognostic Significance of the European
LeukemiaNet Standardized System for Reporting Cytogenetic and Molecular Alterations in Acute
Myeloid Leukemia: a Study of 1,550 Adults With Primary Disease. J Clin Oncol. 2012; 30:4515-23.

24 Mims A, Walker A, Huang X, Sun J, Wang H, Santhanam R, Dorrance AM, Walker C, Hoellerbauer P,
Tarighat SS, Chan KK, Klisovic RB, Perrotti D, Caligiuri MA, Byrd JC, Chen CS, Lee LJ, Jacob S,
Mrézek K, Bloomfield CD, Blum W, Garzon R, Schwind S,* Marcucci G*: Increased anti-leukemic
activity of decitabine via AR-42-induced upregulation of miR-29b: A novel epigenetic-targeting
approach in acute myeloid leukemia; Leukemia. 2013; 27:871-8. *shared senior-author

25 Hickey CJ, Schwind S, Radomska HS, Dorrance AM, Santhanam R, Mishra A, Wu YZ, Houda A,
Maharry K, Nicolet D, Mrézek K, Walker A, Eiring AM, Whitman SP, Becker H, Perrotti D, Wu LC,
Zhao X, Fehniger TA, Vij R, Byrd JC, Blum W, Lee LJ, Caligiuri MA, Bloomfield CD, Garzon R,
Marcucci G: Lenalidomide-mediated enhanced translation of C/EBPa-p30 protein upregulates
expression of the anti-leukemic microRNA-181a in acute myeloid leukemia. Blood. 2013; 121:159-69.

26 Schwind S, Edwards CG,* Nicolet D, Mrézek K, Maharry K, Wu YZ, Paschka P, Eisfeld AK,
Hoellerbauer P,Becker H, Metzeler KH, Curfman J, Kohlschmidt J, Prior TW, Kolitz JE, Blum W,
Pettenati MJ, Dal Cin P, Carroll AJ, Caligiuri MA, Larson RA, Volinia S, Marcucci G, Bloomfield CD:
inv(16)/t(16;16) acute myeloid leukemia with non-type A CBFB-MYH11 fusions associate with distinct
clinical and genetic features and lack KIT mutations. Blood. 2013; 121:385-91. *shared first-author

27 Rodriguez BA, Frankhouser D, Murphy M, Trimarchi M, Tam HH, Curfman J, Huang R, Chan MW, Lai
HC, Parikh D, Ball B, Schwind S, Blum W, Marcucci G, Yan P, Bundschuh R: Methods for high-
throughput MethylCap-Seq data analysis. 2012; BMC Genomics, Oct 26;13 Suppl 6:S14.

28 Wang H, Chen P, Wang X, Santhanam R, Wu J, Saradhi V, Liu X, Schwind S, Mims A, Byrd J,
Grever M, Villalona M, Klisovic R, Walker A, Garzon R, Blum W, Chan S, Marucci G: In vivo
Quantification of Active Decitabine-Triphosphate Metabolite: a Novel Pharmacoanalytical Endpoint for
Optimization of Hypomethylating Therapy in Acute Myeloid Leukemia. The AAPS Journal. 2013;
15:242-9.

29 Phillips CL, M Davies SM, McMasters R, Absalon M, O’Brien M, Mo J, Broun R, Moscow JA, Smolarek
T, Garzon R, Blum W, Schwind S, Marcucci G, Perentesis JP: Low Dose Decitabine in Very High
Risk Relapsed or Refractory Acute Myeloid Leukemia in Children and Young Adults. Br J Haematol.
2013; 161:406-10.

30 Marcucci G, Maharry KS, Metzeler KH, Volinia S, Wu YZ, Mrézek K, Nicolet D, Kohlschimdt J,
Whitman SP, Mendler JH, Schwind S, Becker H, Eisfeld AK, Carroll A, Powell B, Kolitz JE, Garzon R,
Caligiuri M, Stone RM, Bloomfield CD: The Clinical Role of microRNAs in Cytogenetically Normal
Acute Myeloid Leukemia: miR-155 Upregulation Independently Identifies High-Risk Patients. J Clin
Oncol. 2013; 31:2086-93.

31 Huang X,* Schwind S, Yu B, Santhanam R, Wang H, Hoellerbauer P, Mims A, Klisovic R, Walker A,

Chan KK, Blum W, Perrotti D, Byrd JC, Bloomfield CD, Caligiuri MA, Lee RJ, Garzon R, Muthusamy
N, Lee LJ, Marcucci G: Targeted Delivery of microRNA-29b by Transferrin Conjugated Anionic

147



Lipopolyplex Nanoparticles: A Novel Therapeutic Strategy in Acute Myeloid Leukemia. Clin Canc Res.
2013; 19:2355-67. *shared first-author

32 Mendler JH, Maharry KH, Becker B, Eisfeld AK, Senter L, Mrozek K, Kohlschmidt J, Metzeler KH,
Schwind S, Whitman SP, Khalife J, Caligiuri MA, Klisovic RB, Moore JO, Carter TH, Marcucci G, CD
Bloomfield: In rare acute myeloid leukemia patients harboring both RUNX1 and NPM1 mutations,
RUNX1 mutations are unusual in structure and present in the germline. Haematologica. 2013;98:€92-
4,

33 Metzeler KH, Maharry K, Kohlschmidt J, Volinia S, Mrézek K, Becker H, Nicolet D, Whitman SP,
Mendler JH, Schwind S, Eisfeld AK, Wu YZ, Bayard L. Powell BL, Carter TH, Wetzler M, Kolitz JE,
Baer MR, Carroll AJ; Stone RM, Caligiuri MA, Marcucci G, Bloomfield CD: A stem cell-like gene
expression signature associates with a distinct microRNA expression profile and inferior survival in
adults with primary cytogenetically normal acute myeloid leukemia. Leukemia. 2013; 27:2023-31.

34 Marcucci G, Yan P, Maharry K, Frankhouser D, Nicolet D, Metzeler KH, Kohlschmidt J, Mrézek K, Wu
YZ, Bucci D, Curfman JP, Whitman SP, Eisfeld AK, Mendler JH, Schwind S, Becker H, Bar C, Carroll
AJ, Baer MR, Wetzler M, Carter TH, Powell BL, Kolitz JE, Byrd JC, Plass C, Garzon R, Caligiuri MA,
Stone RM, Volinia S, Bundschuh R, Bloomfield CD: Epigenetics Meets Genetics in Acute Myeloid
Leukemia: Clinical Impact of a Novel Seven Gene Score. J Clin Oncol. 2014; 32:548-56.

35 Whitman SP, Kohlschmidt J, Maharry K, Volinia S, Mrézek K, Nicolet D, Schwind S, Becker H,
Metzeler HK, Mendler JH, Eisfeld AK, Carroll AJ, Powell BL, Carter TH, Baer MR, Kolitz JE, Park IK,
Stone RM, Caligiuri MA, Marcucci G, Bloomfield CD. GAS6 expression identifies high-risk adult AML
patients: implications for therapy. Leukemia. 2014; 28:1252-8.

36 Eisfeld AK*, Schwind S$*, Hoag K, Walker CJ, Liyanarachchi S, Patel R, Huang X, Markowitz J, Duan
W, Otterson GA, Carson WE, Marcucci G, Bloomfield CD, de la Chapelle A. NRAS isoforms
differentially affect downstream pathways, cell growth, and cell transformation. Proc Nat/ Acad Sci U S
A. 2014; 111:4179-84. *shared first-author

37 Becker H, Maharry K, Mrozek K, Volinia S, Radmacher MD, Eisfeld AK, Kohlschmidt J, Metzeler KH,
Schwind S, Whitman SP, Mendler JH, Wu YZ, Paschka P, Powell BL, Carter TH, Wetzler M, Kolitz
JE, Carroll AJ, Baer MR, Caligiuri MA, Stone RM, Marcucci G, Bloomfield CD. Prognostic gene
mutations and distinct gene- and microRNA-expression signatures in acute myeloid leukemia with a
sole trisomy 8. Leukemia. 2014; 28:1754-8

38 Eisfeld AK, Schwind S, Patel R, Huang X, Santhanam R, Walker CJ, Markowitz J, Jarvinen TM, Leffel
B, Perrotti D, Carson WE, Marcucci G, Bloomfield CD, de la Chapelle A. Intronic miR-3151 drives
leukemogenesis by direct deregulation of TP53 and explains the impact of the miR-3151/BAALC locus
in acute myeloid leukemia. Sci Signal. 2014; 7(321):ra36

39 Niederwieser C, Kohlschmidt J, Volinia S, Whitman SP, Metzeler HK, Eisfeld AK, Maharry K, Yan P,
Frankhouser D, Becker H, Schwind S, Carroll AJ, Nicolet D, Mendler JH, Curfman JP, Wu YZ, Baer
MR, Powell BL, Kolitz JE, Moore JO, Carter TH, Bundschuh R, Stone RM, Krzysztof M, Bloomfield
CD. High DNMT3B Expression Associates with Adverse Outcome in Older Cytogenetically Normal
Patients with Primary Acute Myeloid Leukemia. 2015; Leukemia. 29:567-75.

40 Zhao X, Huang X, Wang X, Wu Y, Eisfeld AK, Schwind S, Gallego-Perez D, Boukany PE, Marcucci
G, Lee J. Nanochannel Electroporation as a Platform for Living Cell Interrogation in Acute Myeloid
Leukemia. Adv Sci. 2015; 2: 1500111.

41 Poenisch W, Plétze M, Holzvogt B, Andrea M, Schliwa T, Zehrfeld T, Hammerschmidt D, Schwarz M,
Edelmann T, Becker C, Hoffmann FA, Schwarzer A, Kreibich U, Gutsche K, Reifenrath K,
Schwarzbach H, Heyn S, Franke GN, Jentzsch M, Leiblein S, Schwind S, Lange T, Vucinic V, Al-Ali
HK, Niederwieser D. Stem cell mobilization and autologous stem cell transplantation after
pretreatment with bendamustine, prednisone and bortezomib (BPV) in newly diagnosed multiple
myeloma. J Cancer Res Clin Oncol. 2015; 141:2013-22.

42 Pfrepper C, Klink A, Behre G, Schenk T, Franke G-N, Jentzsch M, Schwind S, Al-Ali H-K, Hochhaus
A, Niederwieser D, Sayer HG. Risk factors for outcome in refractory acute myeloid leukemia patients

148



treated with a combination of fludarabine, cytarabine and amsacrine followed by a reduced intensity
conditioning and allogeneic stem cell transplantation. J Cancer Res Clin Oncol. 2016; 142:317-24.

43 Huang X*, Schwind S$*, Santhanam R, Eisfeld AK, Chiang C, Yu B, Hoellerbauer P, Dorrance A, Jin
Y, Tarighat SS, Khalife J, Walker A, Chan KK, Caligiuri M, Perrotti D, Muthusamy N, Bloomfield CD,
Garzon R, Lee RJ, Lee JL, Marcucci G. Targeting the RAS/MAPK pathway with miR-181a in Acute
Myeloid Leukemia. Oncotarget. 2016; 7:59273-86. *shared first-author

44 Eisfeld AK, Kohlschmidt J, Schwind S, Nicolet D, Blachly JS, Orwick S, Shah C, Bainazar M, Kroll K,
Walker CJ, Carroll AJ, Powell BL, Stone RM, Kolitz JE, Baer MR, de la Chapelle A, Mrézek K, Byrd
JC, Bloomfield CD. Novel mutations in the CCND1 and CCND2 genes are frequent events in adult
patients with acute myeloid leukemia and (8;21)(q22;922): CALGB 8461, 9665, and 20202 (Alliance).
Leukemia. 2017; 31:1278-85.

45 Jentzsch M, Bill M, Leiblein S, Schubert K, Plel} M, Bergmann U, Wildenberger K, Schuhmann L,
Cross M, Poénisch W, Franke GN, Vucinic V, Lange T, Behre G, Mrézek K, Bloomfield CD,
Niederwieser D, Schwind S. Prognostic impact of the bone marrow CD34+/CD38- cell burden at
diagnosis in acute myeloid leukemia patients undergoing allogeneic stem cell transplantation. Am J
Hematol. 2017; 92:388-96.

46 Bill M, Jentzsch M, Grimm J, Schubert K, Lange T, Cross M, Behre G, Vucinic V, Pénisch W, Franke
GN, Niederwieser D, Schwind S. Prognostic impact of the European LeukemiaNet standardized
reporting system in older AML patients receiving stem cell transplantation after non-myeloablative
conditioning. Bone Marrow Transplant. 2017;52:932-5.

47 Henker R, Schwind S, Déhring C, Heindl M, Beimer M, Hoffmeister A, Karlas T. Giant duodenal
hematoma after duodenal biobsy in a patient with suspected acute gastrointestinal graft-versus-host
disease. 2017; Endoscopy. 49(S 01):E132-133.

48 Tessenow H, Holzvogt M, Holzvogt B, Andrea M, Heyn S, Schliwa T, Schwarz M, Zehrfeld T, Becker
C, Pfrepper C, Franke GN, Krahl R, Jentzsch M, Leiblein S, Schwind S, Bill M, Vucinic V, Lange T,
Niederwieser D, Poenisch W. Successeful Treatment of Patients with newly diagnosed/untreated light
chain Multiple Myeloma with a Combination of Bendamustine, Prednisone and Bortezomib (BPV).
2017; J Cancer Res Clin Oncol. doi: 10.1007/s00432-017-2439-x.

49 Dias A, Al-Kali A, Van Dyke D, Niederwieser D, Vucinic V, Muller C, Schwind S, Teichmann AC,
Bakken R, Burns LJ, Litzow M. Inversion 3 Cytogenetic Abnormality in an Allogeneic Hematopoietic
Cell Transplant Recipient Representative of a Donor Derived Constitutional Abnormality. 2017; Biol
Blood Marrow Transplant. pii: S1083-8791(17)30466-4.

50 Wurm AA, Zjablovskaja P, Kardosova M, Gerloff D, Brauer-Hartmann D, Katzerke C, Hartmann JU,
Benoukraf T, Fricke S, Hilger N, Miiller AM, Bill M, Schwind S, Tenen DG, Niederwieser D, Alberich-
Jorda M, Behre G. Disruption of the C/EPAa-miR-182 balance impairs granulocytic differentiation. Nat
Commun. 2017;8:46.

51 Beck J, Schwarzer A, Glaser D, Migge LO, Uhlig J, Heyn S, Kragl B, Mohren M, Hoffmann FA, Lange
T, Schliwa T, Zehrfeld T, Becker C, Kreibich U, Winkelmann C, Edelmann T, Andrea M, Bill M,
Jentzsch M, Schwind S, Niederwieser D, Pénisch W. Lenalidomid in combination with bendamustine
and prednisolon in relapsed/refractory multiple myeloma: results of a phase 2 clinical trial (OSHO-
#077). 2017; J Cancer Res Clin Oncol. Doi: 10.1007/s00432-017-2504-5. Epub ahead of print.

52 Jentzsch M, Bill M, Grimm J, Schulz J, Schubert K, Beinicke S, Hantschel J, Pénisch W, Franke GN,
Vucinic V, Behre G, Lange T, Niederwieser D, Schwind S. High BAALC copy numbers in peripheral
blood prior to allogeneic transplantation predict early relapse in acute myeloid leukemia patients.
Oncotarget. 2017. doi: 10.18632/oncotarget.21322. Epub ahead of print

53 Namasu CY, Katzerke C, Brauer-Hartmann D, Wurm AA, Hartmann JU, Schwind S, Miller-Tidow C,
Hilder N, Fricke S, Christopeit M, Niederwieser D, Behre G. ABR, a novel inducer of transcription
factor C/EPAaq, contributes to myeloid differentiation and is a favorable prognostic factor in acute
myeloid leukemia. 2017; Oncotarget. Accepted for publication.

149



Conference Proceedings und Abstracts

1 Al-Ali HK, Schwind S, Becker C, Mueller C, Niederwieser D: 5-Azacitidine Induces Hematologic
Responses in a High Proportion of Patients with Acute Myeloid Leukaemia Refractory to or Not
Eligible for Intensive Chemotherapy. Blood. 108:552A-552A (Abstract #1953) 2006.

2 Al-Ali HK, Schwind S, Becker C, Mueller C, Niederwieser D: 5-Azacitidine in patients with acute
myeloid leukemia refractory to or not eligible for intensive chemotherapy and transfusion dependent
myeloproliferative diseases. Onkologie. 29(S3):92-92 (Abstract #P479) 2006.

3 Al-Ali HK, Schwind S, Krahl R, Becker C, Leiblein S, Mueller C, Niederwieser D: Epigenetic Therapy
with 5-Azacitidine In A Treatment Schedule Of Five Days Repeated Every 4 Weeks Can Induce
Hematologic Responses In Patients With Acute Myeloid Leukaemia Refractory To Or Not Eligible For
Intensive Chemotherapy. Haematologica. 92(S1): 7-7 (Abstract #0019) 2007.

4 Al-Ali HK, Schwind S, Becker C, Mueller C, Niederwieser D: Safety and Efficancy of 5-Azacitidine for
five days every 4 weeks in patients with Acute Myeloid Leukaemia (AML) refractory to or not eligible
for intensive Chemotherapy. Onkologie. 30(S3):186-187 (Abstract #P697) 2007.

5 Schwind S, Lange T, Basara N, Niederwieser D, Al-Ali HK: Allogeneic Hematopoietic Cell
Transplantation (HCT) for Ph+ Chronic Myeloid Leukaemia (CML) in Second Chronic Phase after
Treatment with the New Tyrosine Kinase Inhibitor Dasatinib is Feasible and may lead to Complete
Molecular Responses. Onkologie. 30(S3):202 (Abstract #P746) 2007.

6 Schwind S, Marcucci G, Maharry K, Radmacher MD, Whitman SP, Paschka P, Mrézek K, Kolitz JE,
Larson RA, Bloomfield CD: MicroRNA-181a expression as a prognosticator in cytogenetically normal
acute myeloid leukemia (CN-AML). J Clin Oncol. 27:15s (Abstract #7001) 2009.

7 Schwind S, Marcucci G, Maharry K, Mrézek K, Radmacher MD, Holland KB, Becker H, Whitman SP,
Wu Y, Baer MR, Powell BL, Carroll AJ, Caligiuri MA, Larson RA, Bloomfield CD: Aberrant Gene
Expression of BAALC and ERG in Older [260 Years (y)] De Novo Cytogenetically Normal Acute
Myeloid Leukemia (CN-AML): A Cancer and Leukemia Group B (CALGB) Study. Blood. 114:93-94
(Abstract #214) 2009.

8 Whitman SP, Maharry K, Radmacher MD, Mrézek K, Margeson D, Holland KB, Becker H, Wu Y,
Schwind S, Baer MR, Powell BL, Stone RM, Carroll AJ, Larson RA, Caligiuri MA, Marcucci G,
Bloomfield CD: Adverse Prognostic Impact of FLT3 Internal Tandem Duplication (ITD) Is Age-
Associated in Older [*60 Years (Y)] De Novo cytogenetically Normal Acute Myeloid Leukemia (CN-
AML) Patients (Pts): a Cancer and Leukemia Group B (CALGB) Study. Blood. 114:631-632 (Abstract
#1579) 20009.

9 Hickey C, Schwind S, Becker H, Alachkar H, Garzon R, Wu Y, Liu S, Perrotti D, Marcucci G:
MicroRNA-181a Targets TEL/AML1 Expression and Impairs Cell Proliferation in t(12;21) Acute
Lymphocytic Leukemia (ALL) Cells. Blood. 114:318-318 (Abstract #766) 2009.

10 Chandler JC, Klisovic RB, Phelps MA, Walker A, Garzon R, Yang X, Schaaf L, Schwind S, Becker H,
Liu S, Hickey C, Kefauver C, Mickle J, Devine SM, Grever MR, Byrd JC, Marcucci G, Blum W: Phase |
Study of Lenalidomide in Acute Leukemia: Remissions in Post-Allogeneic Relapse of Acute Myeloid
Leukemia. Blood. 114:346-347 (Abstract #841) 2009.

11 Eiring AM, Harb J, Neviani P, Oaks J, Liu S, Spizzo R, Schwind S, Santhanam R, Hickey C, Becker
H, Chandler JC, Andino R, Cortes J, Hokland P, Huettner C, Bhatia R, Roy D, Liebhaber S, Caligiuri
MA, Marcucci G, Garzon R, Croce CM, Calin GA, Perrotti D: Suppression of RISC-Independent Decoy
and RISC-Mediated mRNA Base-Pairing Activities of MicroRNA-328 Is Required for Differentiation-
Arrest and Enhanced Survival of Blast Crisis CML Progenitors. Blood. 114:351-352 (Abstract #855)
2009.

12 Liu S, Lai CW, Pang J, Santhanam R, Schwind S, Wu Y, Hickey C, Yu J, Mishra A, Becker H, Li C,
Briesewitz R, Baiocchi RA, Chan KK, Caligiuri MA, Byrd JC, Perrotti D, Garzon R, Marcucci G:
Evidence of MicroRNA-29b and Sp1/NFkappaB-HDAC Regulatory Network for KIT Expression in KIT-

150



Driven Acute Myeloid Leukemia (AML): Biologic and Therapeutic Implications. Blood. 114:387-387
(Abstract #938) 2009.

13 Becker H, Marcucci G, Maharry K, Radmacher MD, Mrézek K, Whitman SP, Paschka P, Margeson D,
Wu Y, Schwind S, Langer C, Baer MR, Carroll AJ, Caligiuri MA, Kolitz JE, Larson RA, Bloomfield CD:
Comparison of Clinical and Biologic Significance of WT1 Mutations in Populations of Older (*60
years[y]) and Younger (<60 y) Adult Patients (Pts) with Cytogenetically Normal (CN) De Novo Acute
Myeloid Leukemia (AML): a Cancer and Leukemia Group B (CALGB) Study. Blood. 114:138-138
(Abstract #326) 2009.

14 Schwind S, Marcucci G, Holland KB, Mrozek K, Radmacher MD, Maharry K, Becker H, Whitman SP,
Wu Y, Carter TH, Powell BL, Caligiuri MA, Baer MR, Larson RA, Bloomfield CD: Higher MN1
Expression is an Unfavorable Prognosticator in Older Patients (Pts) with Cytogenetically Normal Acute
Myeloid Leukemia (CN-AML). Cancer Research. 70 (Abstract #2717) 2011.

15 Alachkar H, Liu S, Schwind S, Becker H, Metzeler KH, Hickey C, Pang J, Whitman SP, Chan KK,
Garzon R, Lucas DM, Perrotti D, Wu LC, Grever MR, Kinghorn AD, Marcucci G: The natural product
silvestrol decreases oncogenic FLT3 and miR-155 levels in FLT3-ITD positive Acute Myeloid
Leukemia (AML). Cancer Research. 70 (Abstract #3558) 2011.

16 Eiring AM, Harb J, Neviani P, Oaks J, Liu S, Spizzo R, Schwind S, Santhanam R, Hickey C, Becker
H, Chandler JC, Andino R, Cortes J, Hokland P, Huettner C, Bhatia R, Roy D, Liebhaber S, Caligiuri
MA, Marcucci G, Garzon R, Croce CM, Calin GA, Perrotti D: Suppression of RISC-Independent Decoy
and RISC-Mediated RNA-Pairing Activities of MicroRNA-328 Is Required for Maturation-Arrest and
Enhanced Survival of Blast Crisis CML Progenitors. Cancer Research. 70 (Abstract #1950) 2011.

17 Blum W, Klisovic RB, Garzon R, Walker A, Schwind S, Liu SJ, Schaaf L, Garr C, Devine SM, Grever
MR, Byrd JC, Marcucci G: Phase 1 Trial of Decitabine and Bortezomib in High Risk Acute Myeloid
Leukemia (AML). Blood 116:1349-1349 (Abstract #3293) 2010.

18 Covey TM, Gulrajani M, Becker H, Chandler JC, Schwind S, Marcucci G, Cesano A: Single Cell
Network Profiling as a Platform to Reveal Leukemia-Specific Signaling Signatures and Sensitivity to
Kinase Inhibitor Therapies. Blood 116:1135-1135 (Abstract #2753) 2010.

19 Becker H, Maharry K, Radmacher MD, Margeson D, Mrozek K, Whitman SP, Wu Y, Metzeler KH,
Schwind S, Holland KB, Kolitz JE, Carroll A, Caligiuri M, Baer M, Larson RA, Marcucci G, Bloomfield
CD: Sole Trisomy 8 In Patients (pts) with De Novo Acute Myeloid Leukemia (AML) Is Associated with
Age-Independent Poor Outcome That Is Modified by Molecular Markers and with Unique Gene- and
Microrna (miR)-Signatures: a Cancer and Leukemia Group B (CALGB) Study. Blood 116:255-255
(Abstract #577) 2010.

20 Mishra, A, Liu, SJ, Sams, GH, Curphey, DP, Santhanam, R, Rush, LJ, Schaefer, D, Falkenberg, LG,
Sullivan, L, Jaroncyk, L, Zou, XC, Fisk, H, Labanowska, J, Caserta E, Wu LC, Becker H, Schwind S,
Chandler JC, Wu, YZ, Heerema, NA, Porcu, P, Garzon, R, Marcucci, G, Caligiuri, MA: Interleukin-15 Is
a Proto-Oncogene In Acute Large Granular Lymphocyte Leukemia. Blood 116:311-311 (Abstract
#704) 2010.

21 Metzeler KH, Maharry K, Radmacher MD, Mrézek K, Margeson D, Becker H, Curfman J, Holland KB,
Schwind S, Whitman SP, Wu YZ, Blum W, Powell BL, Carter TH, Wetzler M, Moore JO, Kolitz JE,
Baer MR, Carroll AJ, Larson RA, Caligiuri MA, Marcucci G, Bloomfield CD: Mutations In the Tet
Oncogene Family Member 2 (TET2) Gene Refine the New European LeukemiaNet Risk Classification
of Primary, Cytogenetically Normal Acute Myeloid Leukemia (CN-AML) In Adults: A Cancer and
Leukemia Group B (CALGB) Study. Blood 118:48-49 (Abstract #98) 2010.

22 Marcucci G, Maharry K, Wu Y, Radmacher MD, Mrézek K, Margeson D, Holland K, Whitman SP,
Becker H, Schwind S, Metzeler KH, Powell B, Carter T, Kolitz J, Wetzler M, Baer M, Carroll A,
Caligiuri M, Larson RA, Bloomfield CD: IDH1 and IDHZ2 gene mutations identify novel molecular
subsets within de novo cytogenetically normal Acute Myeloid Leukemia (CN-AML): A Cancer and
Leukemia Group B (CALGB) Study. Haematologica. 95(S2):456-456 (Abstract #1107) 2010.

151



23 Metzeler KH, Maharry K, Margeson D, Curfman J, Becker H, Radmacher MD, Mr6zek K, Holland K,
Whitman SP, Wu Y, Schwind S, Blum W, Powell B, Carter T, Baer M, Carroll A, Kolitz J, Caligiuri M,
Larson RA, Marcucci G, Bloomfield CD: TETZ2 mutations occur in over 20% of adults with de novo
cytogenetically normal Acute Myeloid Leukemia, and their prevalence increases with age: A Cancer
and Leukemia Group B Study. Haematologica. 95(S2):12-13 (Abstract #0030) 2010.

24 Becker H, Marcucci G, Maharry K, Radmacher MD, Wu Y, Mrozek K, Whitman SP, Margeson D,
Holland K, Schwind S, Metzeler KH, Powell B, Carter T, Kolitz J, Wetzler M, Carroll A, Baer M, Moore
J, Caligiuri M, Larson RA, Bloomfield CD: CEBPA double mutations impact favorably on the outcome
of older adults with wild-type NPM1 cytogenetically normal Acute Myeloid Leukemia and are
associated with distinct gene and microRNA expression. Haematologica. 95(S2):247-248 (Abstract
#0593) 2010.

25 Rodriguez B, Tam HH, Frankhouser D, Trimarchi M, Murphy M, Kuo C, Parikh D, Ball B, Schwind S,
Curfman J, Blum W, Marcucci G, Yan P: A Scalable, Flexible Workflow for MethylCap-Seq Data
Analysis. 2011; Unpublished conference proceedings; Gensips 2011 December 4-6, San Antonio,
Texas, USA

26 Edwards CG, Maharry K, Mrézek K, Schwind S, Paschka P, Nicolet D, Kohlschmidt J, Prior TW, Wu
YZ, Kolitz JE, Blum W, Pettenati MJ, Dal Cin P, Carroll AJ, Caligiuri MA, Larson RA, Marcucci G,
Bloomfield CD: Cytogenetic, Molecular and Clinical Features Associated with Rare CBFB-MYH11
Fusion Transcripts in Patients (Pts) with Acute Myeloid Leukemia (AML) and inv(16)/t(16;16). Blood
118:1077-1077 (Abstract #2514) 2011.

27 Eisfeld AK, Marcucci G, Maharry K, Schwind S, Radmacher MD, Nicolet D, Becker H, Whitman SP,
Metzeler KH, Mrézek K, Wu YZ, Baer MR, Powell BL, Carter TH, Moore JO, Kolitz JE, Wetzler M,
Caligiuri MA, Larson RA, Tanner SM, de la Chapelle A, Bloomfield CD. MiR-3151, a Novel MicroRNA
Embedded in BAALC, Is Only Weakly Co-Expressed with Its Host Gene and Independently Impacts on
the Clinical Outcome of Older Patients (Pts) with De Novo Cytogenetically Normal Acute Myeloid
Leukemia (CN-AML). Blood 118:635-635 (Abstract #1462) 2011.

28 Huang X, Schwind S, Yu B, Pang J, Santhanam R, Chan K, Garzon R, Blum W, Bloomfield CD, Liu S,
Perrotti D, Lee RJ, Byrd JC, Muthasamy N, Lee LJ, Marcucci G. Targeted Delivery of MicroRNA-29b
by Nanoparticles Provides Antileukemic Activity and Increases Sensitivity to the Hypomethylating
Agent Decitabine (DAC) in Acute Myeloid Leukemia (AML). Blood 118:39-39 (Abstract #81) 2011.

29 Mendler JH, Maharry K, Radmacher MD, Mrézek K, Kohlschmidt J, Nicolet D, Becker H, Metzeler KH,
Schwind S, Whitman SP, Blum W, Powell BL, Kolitz JE, Carter TH, Wetzler M, Moore JO, Carroll AJ,
Baer MR, Larson RA, Caligiuri MA, Marcucci G, Bloomfield CD. Poor Outcome of RUNX1-Mutated
(RUNX1-mut) Patients (Pts) with Primary, Cytogenetically Normal Acute Myeloid Leukemia (CN-AML)
and Associated Gene- and MicroRNA (miR) Expression Signatures. Blood 118:1476-1477 (Abstract
#3454) 2011.

30 Metzeler KH, Becker H, Maharry K, Radmacher MD, Kohlschmidt J, Mrézek K, Nicolet D, Whitman
SP, Wu YZ, Schwind S, Powell BL, Carter TH, Wetzler M, Moore JO, Kolitz JE, Baer MR, Carroll AJ,
Larson RA, Caligiuri MA, Marcucci G, Bloomfield CD. ASXL1 Mutations Identify a High-Risk Subgroup
of Older Patients with Primary Cytogenetically Normal Acute Myeloid Leukemia within the European
LeukemiaNet ‘Favorable’ Genetic Category. Blood 118:192-192 (Abstract #417) 2011.

31 Mrozek K, Marcucci G, Maharry K, Nicolet D, Becker H, Whitman SP, Metzeler KH, Schwind S, Wu
YZ, Kohlschmidt J, Pettenati MJ, Koduru PRK, Heerema NA, Block AW, Patil SR, Baer ME, Kolitz JE,
Moore JO, Carroll AJ, Larson RA, Bloomfield CD. Prognostic Utility of the European LeukemiaNet
(ELN) Genetic-Risk Classification in Adults with De Novo Acute Myeloid Leukemia (AML): A Study of
1,550 Patients (Pts). Blood 118:190-191 (Abstract #414) 2011.

32 Walker AR, Metzeler KH, Geyer S, Becker H, Schwind S, Whitman SP, Curfman J, Wu YZ, Perrotti D,
Klisovic RB, Garzon R, Blum W, Marcucci G: Impact of DNMT3A Mutations on Clinical Response to
the Hypomethylating Agent Decitabine in Older Patients (pts) with Acute Myeloid Leukemia (AML).
Blood 118:430-430 (Abstract #944) 2011.

152



33 Alachkar H, Santhanam R, Lucas DM, Schwind S, Hickey C, Jiuxia P, Perrotti D, Pan L, Kinghorn AD,
Marcucci G, Grever MR: Translational research from the tropical forest to the clinic: Silvestrol, a
natural product from the plant Aglaia foveolata inhibits the expression of tyrosine kinases and shows a
significant in vivo activity in acute myeloid leukemia (AML). Blood 118:1123-1123 (Abstract #2616)
2011.

34 Eisfeld AK, Marcucci G, Liyanarachchi S, Déhner K, Schwind S, Maharry K, Nicolet D, Radmacher
MD, Déhner H, Tanner SM, Bloomfield CD, de la Chapelle A: Heritable polymorphism predisposes to
high expression of BAALC in cytogenetically normal acute myeloid leukemia (CN-AML). Proceedings
of the American Association for Cancer Research 53: 316 (Abstract #1307) 2012.

35 Schwind S, Blum W, Liu S, Tarighat SS, Geyer S, Klisovic R, Eisfeld AK, Walker A, Whitman SP,
Santhanam R, Wu YZ, Jacob S, Caligiuri MA, Grever MR, Perrotti D, Byrd JC, Bloomfield CD, Garzon
R, Marcucci G. The combination of Bortezomib (BOR) and Decitabine (DEC): A Phase | trial in
patients (pts) with acute myeloid leukemia (AML) targeting FLT3 expression. Proceedings of the
American Association for Cancer Research 53: 2 (Abstract #CT-06) 2012.

36 Mims AS, Walker AR, Hoellerbauer P, Huang X, Chan KK, Klisovic RB, Perrotti D, Caligiuri MA, Byrd
JC, Chen CS, Blum W, Garzon R, Schwind S, Marcucci G: AR42, a Histone Deacetylase Inhibitor
(HDACI), increases microRNA (miR)-29b and sensitizes cells to decitabine (DAC) treatment: A novel
epigenetic-targeting approach in Acute Myeloid Leukemia (AML). Proceedings of the American
Association for Cancer Research 53: 31 (Abstract #119) 2012.

37 Huang X, Schwind S, Eisfeld AK, Jin Y, Yu B, Hickey CJ, Pang J, Santhanam R, Chan K, Perrotti D,
Muthusamy N, Byrd JC, Blum W, Bloomfield CD, Liu S, Garzon R, Lee RJ, Lee LJ, Marcucci G:
Synthetic microRNA-181a nanoparticles (NP) target RAS and sensitize cells to daunorubicin (DNR) in
acute myeloid leukemia (AML). Proceedings of the American Association for Cancer Research 53:
271-272 (Abstract #1111) 2012.

38 Metzeler KH, Maharry K, Kohlschmidt J, Mrézek K, Volinia S, Becker H, Schwind S, Mendler JH,
Eisfeld AK, Whitman SP, Wu YZ, Powell BL, Carter TH, Kolitz JE, Baer MR, Carroll AJ, Caligiuri MA,
Stone RM, Marcucci G, Bloomfield CD: A leukemia stem cell gene expression signature associates
with a distinct microRNA expression profile and worse treatment outcomes in older adults with primary
cytogenetically normal acute myeloid leukemia. 2012; Presented at the annual meeting 2012 of the
European Hematology Association (EHA) (Abstract #1128)

39 Xi Zhao X, Wu Y, Wang X, Gallego-Perez D, Boukany PE, Huang X, Schwind S, Marcucci G, Lee LJ:
CEBPA Mutant Regulates miR-181a Expression in AML Cells: A Single Cell Study by Nanochannel
Electroporation. 2012. Presented at the annual meeting of the American Institute of Chemical
Engineers (AIChE) 2012.

40 Huang X, Schwind S, YuB, Liu S, PangJ, Santhanam R, WuY, Chan KK, Blum W, Bloomfield CD,
Perrotti D, Garzon R, Byrd JC, Muthusamy N, Lee RJ, Marcucci G, Lee LJ: A Novel Anionic
Nanoparticle Delivery System for Microrna-29b Targets FLT3 and KIT Receptor Tyrosine Kinase
Expression in Acute Myeloid Leukemia. 2012. Presented at the annual meeting of the American
Institute of Chemical Engineers (AIChE) 2012.

41 Huang X, Schwind S, Eisfeld AK, Yu B, Santhanam R, Hoellerbauer P, Jin Y, Hickey CJ, Pang J,
Chan KK, Perrotti D, Muthusamy N, Byrd JC, Blum W, Bloomfield CD, Liu S, Garzon R, Lee RJ, Lee
LJ, Marcucci G: Therapeutic Targeting of the RAS-Pathway by Synthetic miR-187a Nanoparticles in
Acute Myeloid Leukemia (AML). Presented at the annual meeting of the American Society of
Hematology (ASH) 2012 (Abstract #2422).

42 Alachkar H, Maharry K, Santhanam R, Neviani, P, Volinia S, Kohlschmidt J, Metzeler KH, Dorrance
AD, Schwind S, Becker H, Mendler JH, MD, Eisfeld AK, Whitman S, Mrézek K, Garzon R, Perrotti, D,
Caligiuri, Stone RM, Marcucci G, Bloomfield CD: SPARC contributes to Leukemia Growth and
Aggressive Disease in Acute Myeloid Leukemia (AML). Presented at the annual meeting of the
American Society of Hematology (ASH) 2012 (Abstract #773).

43 Marcucci G, Maharry K, Metzeler KH, Volinia S, Wu YZ, Mrézek K, Nicolet D, Kohlschimdt J, Whitman
S, Mendler, JH, Schwind S, Becker H, Eisfeld AK, Carroll AJ, Powell BL, Kolitz JE, Garzon R,

153



Caligiuri,MA, Stone RM, Bloomfield CD: The Clinical Role of Micrornas (miRs) in Cytogenetically
Normal (CN) Acute Myeloid Leukemia (AML): miR-155 Upregulation Independently Identifies High-
Risk Patients (Pts Presented at the annual meeting of the American Society of Hematology (ASH)
2012 (Abstract #1387).

44 Whitman S, Kohlschmidt J, Maharry K, Nicolet D, Schwind S, Becker H, Metzeler KH, Mrézek K,
Mendler JH, Eisfeld AK, Volinia S, Powell BL, Carter TH, Kolitz JE, Stone RM, Park IK, Caligiuri MA,
Marcucci G, Bloomfield CD: Adverse Prognostic Impact of GAS6 Expression in De Novo
Cytogenetically Normal Acute Myeloid Leukemia (CN-AML) (CALGB 8461, 9665, 20202; Alliance).
Presented at the annual meeting of the American Society of Hematology (ASH) 2012 (Abstract
#1293).

45 Wang H, Chen P, Wang J, Santhanam R, Aimiuwu J, Vijayasaradhi UV, Liu Z, Schwind S, Mims AS,
Klisovic RB, Walker A, Grever MR, Villalona-Calero M, Byrd JC, Garzon R, Blum W, Chan KK,
Marcucci G: Quantification of the Active Decitabine-Triphosphate (DAC-TP) Metabolite: A Novel
Pharmacoanalytical Endpoint for Optimization of Hypomethylating Therapy in Acute Myeloid Leukemia
(AML). Presented at the annual meeting of the American Society of Hematology (ASH) 2012 (Abstract
#3578).

46 Blum W, Klisovic RB, Walker A, Schwind S, Jiang Y, Wang J, Phelps M, Geyer S, Devine SM, Walsh
K, Vasu S, Curfman JP, Schaaf L, Garr C, Kefauver C, Byrd JC, Grever MR, Garzon R, Marcucci G:
Priming of miR-181a in Acute Myeloid Leukemia (AML) to Increase Chemosensitivity: A Phase | Trial
of Lenalidomide (LEN) Followed by Idarubicin and Cytarabine. 2012; Presented at the annual meeting
of the American Society of Hematology (ASH) 2012 (Abstract #2619).

47 Motiwala T, Roy S, Liu S, Schwind S, Claus R, Mo X, Garzon R, Déhner H, D6hner K, Jarjoura D,
Plass C, Marcucci G, Jacob ST: Aberrant Epigenetic Suppression of the Ptprot Gene Encoding a
Protein Tyrosine Phosphatase Targeting KIT in Acute Myeloid Leukemia. Presented at the annual
meeting of the American Society of Hematology (ASH) 2012 (Abstract #1322).

48 Jentzsch M, Lange T, Krahl R, Franke GN, Schakols K, Cross M, Vucinic V, Al-Ali HK, Niederwieser
D, Schwind S: Prognostic significance of aberrant expression of BAALC, ERG and MN1 in patients
with acute myeloid leukaemia undergoing allogenic haematopoietic cell transplantation with reduced-
intensity conditioning. Presented at the annual meeting of the European Group for Blood and Marrow
Transplantation (EBMT) 2013 (Abstract #P1102).

49 Schwind S, Jentzsch M, Lange T, Pénisch W, Heyn S, Vucinic V, Franke GN, Krahl R, Jakel N, Al-Ali
H, Cross M, Behre G, Marcucci G, Bloomfield C, Niederwieser D: Low pre-treatment miR-181a-1 and
miR-181a-2 expression associates with relapse in intermediate risk acute myeloid leukemia (AML)
after reduced-intensity conditioning (RIC) allogeneic transplantation. Presented at the annual meeting
of the European Haematology Association (EHA) 2013 (Abstract #P362).

50 Niederwieser C, Kohlschmidt J, Maharry K, Mrézek K, Metzeler KH, Volinia S, Yan P, Frankhouser D,
Whitman SP, Becker H, Eisfeld AK, Schwind S, Curfman J, Wu YZ, Baer MR, Powell BL, Kolitz JE,
Moore JO, Carter TH, Marcucci G, Bloomfield CD: High expression of DNMT3B negatively impacts on
clinical outcome of older patients (pts) with primary cytogenetically normal (CN) acute myeloid
leukemia (AML) [CALGB 20202 (ALLIANCE)]. Presented at the annual meeting of the European
Haematology Association (EHA) 2013 (Abstract #S1168).

51 Eisfeld AK, Schwind S, Patel R, Huang X, Santhanam R, Walker C, Jarvinen T, Leffel B, Perrotti D,
Marcucci G, Bloomfield C, de la Chapelle A. Overexpression of intronic miR-3151 and its host gene
BAALC increases leukemogenesis in acute myeloid leukemia (AML) by direct deregulation of TP53
and may be targeted by bortezomib. Presented at the annual meeting of the European Haematology
Association (EHA) 2013 (Abstract #P020).

52 Jentzsch M, Lange T, Krahl R, Franke GN, Schakols K, Cross M, Al-Ali HK, Vucinic V, Niederwieser
D, Schwind S: Low BAALC expression associates with longer survival in acute myeloid leukemia
(AML) patients (pts) undergoing allogeneic hematopoietic cell transplantation (HCT) after reduced-
intensity conditioning (RIC). Presented at the annual meeting of the Deutsche Gesellschaft fir
Hamatologie und Onkologie (DGHQO) 2013 (Abstract #V444).

154



53 Schwind S, Jentzsch M, Lange T, Pénisch W, Heyn S, Vucinic V, Franke GN, Krahl R, Jakel N, Al-Ali
HK, Cross M, Behre G, Marcucci G, Bloomfield CD, Niederwieser D: High pretreatment miR-181a-1
and/or miR-181a-2 expression in intermediate risk acute myeloid leukemia (AML) patients (pts)
associates with lower relapse rates after reduced-intensity conditioning (RIC) allogeneic hematopoietic
cell transplantation (HCT). Presented at the annual meeting of the Deutsche Gesellschaft fir
Hamatologie und Onkologie (DGHQO) 2013 (Abstract #V652).

54 Papaioannou D, Maharry K, Mrézek K, Becker H, Metzeler KH, Mendler JH, Whitman SP, Eisfeld AK,
Schwind S, Wu YZ, Nicolet D, Kolitz JE, Baer MR, Powell BL, Bucci D, Carroll AJ, Volinia S, Stone
RM, Marcucci G, Bloomfield CD: Differential Clinical Impact of Gene Mutations and Their
Combinations in Primary Cytogenetically Normal Acute Myeloid Leukemia (CN-AML). Presented at the
annual meeting of the American Society of Hematology (ASH) 2013 (Abstract #2540).

55 Namasu CY, Gerloff D, Wurm AA, Braeuer-Hartmann D, Hartmann JU, Katzerke C, Schwind S, Hilger
N, Fricke S, Niederwieser D, Behre G: ABR, a novel inducer of transcription factor C/EBPaq, is
necessary for myeloid differentiation and a prognostic factor in acute myeloid leukemia. Presented at
the annual meeting of the American Society of Hematology (ASH) 2013 (Abstract #3814).

56 Bill M, Jentzsch M, Lange T, Kloss L, Krahl R, Franke GN, Fricke S, Vucinic V, Pénisch W, Al-Ali HK,
Cross M, Behre G, Niederwieser D, Schwind S: Prognostic Significance of EVI1 Expression in Acute
Myeloid Leukemia Patients with Intermediate and Adverse Cytogenetic Risk Undergoing Allogeneic
Hematopoietic Cell Transplantation with Reduced-Intensity Conditioning. Presented at the annual
meeting of the American Society of Hematology (ASH) 2013 (Abstract #3383).

57 Pfrepper C, Klink A, Behre G, Schenk T, Franke GN, Jentzsch M, Schwind S, Al-Ali HK, Hochhaus A,
Niederwieser D, Sayer H. Lines of pre-treatment and blast count prior to HCT is predictive for survival
in refractory AML patients treated with FLAMSA-RIC. Presented at the annual meeting of the
European Group for Blood and Marrow Transplantation (EBMT) 2014 (Abstract # PH-P020).

58 Jentzsch M, Lange T, Bill M, Krahl R, Franke GN, Schakols K, Cross M, Behre G, Vucinic V,
Niederwieser D, Schwind S. Patients with acute myeloid leukemia undergoing reduced-intensity
conditioning allogeneic hematopoietic stem cell transplantation: The prognostic impact of aberrant
BAALC, ERG and MN1 expression levels. Presented at the 120th Annual Meeting 2014 of the
Deutsche Gesellschaft fir Innere Medizin (DGIM) (#P038).

59 Bill M, Jentzsch M, Lange T, Kloss L, Krahl R, Franke GN, Fricke S, Vucinic V, Pdnisch W, Al-Ali HK,
Cross M, Behre G, Niederwieser D, Schwind S: Prognostic Significance of EVI1 Expression in Acute
Myeloid Leukemia Patients with Intermediate and Adverse Cytogenetic Risk Undergoing Allogeneic
Hematopoietic Cell Transplantation with Reduced-Intensity Conditioning. Presented at the 120th
Annual Meeting 2014 of the Deutsche Gesellschaft fur Innere Medizin (DGIM) (#P040).

60 Weidner H, Bill B, Wildenberger K, Jentzsch M, Kloss L, Schmalbrock L, Cross M, Fricke S, Behre G,
Schmidt E, Niederwieser D, Schwind S. The adverse predictor ERG is down-regulated by miR-9 in
Acute Myeloid Leukemia. Presented at the 120th Annual Meeting 2014 of the Deutsche Gesellschaft
fur Innere Medizin (DGIM) (#P033).

61 Bill M, Schmalbrock L, Jentzsch M, Schubert K, Wildenberger K, Weidner H, Pénisch W, Vucinic V,
Franke GN, Cross M, Behre G, Niederwieser D, Schwind S. Prognostic significance of IDH mutations
in acute myeloid leukemia (AML) patients undergoing hematopoietic stemcell transplantation (HCT)
after reduced intensity conditioning (RIC). Presented at the Annual Meeting 2014 of The European
Hematology Association (EHA), Haematologica 2014;99(s1) 167.

62 Jentzsch M, Bill M, Leiblein S, Weidner H, Wildenberger K, Cross M, Pless M, Bergmann U, Nehring-
Vucinic C, Jakel N, Krahl R, Pénisch W, Franke GN, Vucinic V, Behre G, Niederwieser D, Schwind S.
High burden of CD34+/CD38- cells predicts worse outcome in acute myeloid leukemia (AML) patients
after allogeneic stem cell transplantation (HCT) with reduced intensity conditioning (RIC). Presented at
the Annual Meeting 2014 of The European Hematology Association (EHA), Haematologica
2014;99(s1) 166-167.

63 Schmalbrock L, Bill M, Jentzsch M, Schubert K, Wildenberger K, Weidner H, Pénisch W, Vucinic V,
Franke GN, Cross M, Behre G, Niederwieser D, Schwind S. Isocitrate dehydrogenase (IDH)

155



mutations (mut) in acute myeloid leukemia (AML) patients (pts) with adverse karyotype undergoing
hematopoietic stemcell transplantation (HCT) after reduced intensity conditioning (RIC) are associated
with a favorable outcome. Presented at the DGHO annual meeting 2014 (Abstract #V110).

64 Tumewu T, Franke G-N, Schwind S, Jakel N, Heyn S, Pdnisch W, Al-Ali HK, Leiblein S, Krahl R,
Jentzsch M, Behre G, Niederwieser D, Vucinic V. Allogeneic stem cell transplantation (HCT) with
reduced intensity conditioning (RIC) is a feasible therapeutic option in older or comorbide patients (pts)
with acute lymphoblastic leukemia (ALL). Presented at the DGHO annual meeting 2014 (Abstract
#P174).

65 Jentzsch M, Bill M, Leiblein S, Weidner H, Schmalbrock L, Wildenberger K, Cross M, Plel M,
Bergmann U, Nehring-Vucinic N, Jakel N, Krahl R, Pdnisch W, Franke GN, Vucinic V, Behre G,
Niederwieser D Schwind S. A high CD34+/CD38-cell burden at diagnosis of acute myeloid leukemia
predicts worse outcome in patients undergoing reduced intensity conditioning allogeneic stem cell
transplantation. Presented at the DGHO annual meeting 2014 (Abstract #V150).

66 Weidner H, Bill M, Schmalbrock L, Jentzsch M, Kloss L, Gaber T, Schubert K, Wildenberger K, Gerloff
D, Vucinic V, Franke GN, Lange T, Cross M, Fricke S, Behre G, Niederwieser D, Schwind S. High
Expression of miR-9 Down-regulates the Poor Outcome Prognosticator ERG and Associates with
Reduced Relapse-rates in Acute Myeloid Leukemia. Presented at the annual meeting of the American
Society of Hematology (ASH) 2014 (Abstract #1575).

67 Gaber T, Bill M, Jentzsch M, Schubert K, Weidner H, Kloss L, Schmalbrock L, Wildenberger K,
Pdénisch W, Vucinic V, Franke GN, Lange T, Cross M, Behre G, Niederwieser D, Schwind S.
Prognostic Implications of Pri-MicroRNA-320a Expression in Acute Myeloid Leukemia Patients.
Presented at the annual meeting of the American Society of Hematology (ASH) 2014 (Abstract
#1037).

68 Schwind S, Jentzsch M, Bill M, Schubert K, Schmalbrock L, Weidner H, Kloss L, Gaber T,
Wildenberger K, Pénisch W, Vucinic V, Franke GN, Lange T, Cross M, Behre G, Niederwieser D. High
pri-miR-181a-1 and pri-miR-181a-2 Expression Associates with Improved Outcomes in Patients with
Acute Myeloid Leukemia Undergoing Allogeneic Stem Cell Transplantation after Reduced Intensity
Conditioning. Presented at the annual meeting of the American Society of Hematology (ASH) 2014
(Abstract #732).

69 Hartmann J, Braeuer-Hartmann D, Gerloff D, Katzerke C, Wurm AA, Miller-Tidow C, Schwind S,
Tenen DG, Niederwieser D, Behre G. The G-CSF induced miR-143 targets MAPK-family proteins and
is a prognostic factor for RIC-transplanted AML patients. Presented at the annual meeting of the
American Society of Hematology (ASH) 2014 (Abstract #2200).

70 Jentzsch M, Bill M, Niederwieser D, Schwind S. miR-181a Expression in Acute Myeloid Leukaemia.
Treatment Strategies Hematology, 2014 Volume 4, Issue 2 (49-55).

71 Bill M, Weidner H, Schwind S. MikroRNA-9 als Modulator der ERG-Expression in der akuten
myeloischen Leukamie. Leukdmie Rundbrief, 2014 19 (20-21).

72 Bonifacio L, Schmalbrock L, Bill M, Jentzsch M, Schubert K, Wildenberger K, Kloss L, Weidner H,
Gaber T, Pénisch W, Vucinic V, Franke GN, Lange T, Cross M, Behre G, Niederwieser D, Schwind S.
Exon 23 DNA methyltransferase 3A gene mutations in patients with acute myeloid leukemia receiving
hematopoietic stem cell transplantation after non myeloablative conditioning. Presented at the annual
meeting of the European Group for Blood and Marrow Transplantation (EBMT) 2015 (Abstract #P103).

73 Bill M, Jentzsch M, Schubert K, Wildenberger K, Cross M, Vucinic V, Franke GN, Pénisch W, Behre G,
Lange T, Niederwieser D, Schwind S. Prognostic impact of the European LeukemiaNet standardized
reporting system in acute myeloid leukemia patients receiving hematopoietic stem cell transplantation
after non-myeloablative conditioning. Presented at the annual meeting of the European Group for
Blood and Marrow Transplantation (EBMT) 2015 (Abstract #P713).

74 Jentzsch M, Bill M, Leiblein S, Schubert K, Ple M, Bergmann U, Wildenberger K, Schmalbrock L,
Cross M, Pdnisch W, Franke GN, Vucinic V, Behre G, Niederwieser D, Schwind S. The prognostic
impact of CD34+/CD38- cell burden at diagnosis and during disease course in acute myeloid leukemia

156



patients undergoing allogeneic stem cell transplantation. Presented at the annual meeting of the
European Group for Blood and Marrow Transplantation (EBMT) 2015 (Abstract #P035).

75 Poenisch W, Ploetze M, Holzvogt B, Andrea M, Schliwa T, Bourgeois M, Heyn S, Franke GN,
Jentzsch M, Leiblein S, Krahl R, Schwind S, Vucinic V, Al-Ali HK, Niederwieser D. Successful Stem
Cell Mobilization and Autologous Stem Cell Transplantation after Pretreatment consisting of
Bendamustine, Prednisone and Bortezomib (BPV) in 35 Patients with newly diagnosed/ untreated
Multiple Myeloma. Presented at the annual meeting of the European Group for Blood and Marrow
Transplantation (EBMT) 2015 (Abstract #P360).

76 Bill M, Jentzsch M, Schubert K, Lange T, Grimm J, Knyrim M, Leiblein S, Franke GN, Vucinic V,
Pdnisch W, Cross M, Behre G, Niederwieser D, Schwind S. EVI1 expression associates with higher
cumulative incidence of relapse in patients with acute myeloid leukemia receiving hematopoietic cell
transplantation with nonmyeloablative conditioning. Submitted to the annual meeting of the European
Hematology Association (EHA) 2015 (Abstract #P336).

77 Poenisch W, Mrachacz H, Khoder N, PIdtze M, Holzvogt B, Andrea M, Schliwa T, Heyn S, Franke GN,
Krahl R, Jentzsch M, Leiblein S, Schwind S, Vucinic V, Niederwieser D. Successful treatment of
patients with newly diagnosed/untreated light chain multiple myeloma with a combination of
bendamustine, prednisolone and bortezomib (BPV). Submitted to the annual meeting of the European
Hematology Association (EHA) 2015.

78 Jentzsch M, Bill M, Leiblein S, Schubert K, Wildenberger K, Pless M, Bergmann U, Weidner H, Knyrim
M, Grimm J, LangeT, Cross M, Franke GN, Pénisch W, Vucinic V, Behre G, Niederwieser D and
Schwind S. Prognostic Impact of aberrant MN71 Expression in Patients with Acute Myeloid Leukemia
(AML) Undergoing Allogeneic Stem Cell Transplantation in Complete Remission after Non-
Myeloablative Conditioning (NMA-SCT). Presented at the DGHO annual meeting 2015 (Abstract
#V126).

79 Grimm J, Bill M, Weidner H, Knyrim M, Schmalbrock L, Jentzsch M, Schubert K, Wurm A, Gerloff D,
Cross M, Lange T, Behre G, Niederwieser D and Schwind S. microRNA (miR)-9 directly
downregulates the oncogenic transcription factor ets related gene (ERG) & high expression associates
with improved outcomes in acute myeloid leukemia (AML). Presented at the DGHO annual meeting
2015 (Abstract #V541).

80 BillM, Jentzsch M, SchubertK, Knyrim M, Grimm J, Cross M, VucinicV, Franke GN, Pdnisch W, Behre
G, Lange T, Niederwieser D and Schwind S. Non-myeloablative conditioning (NMA) followed by
hematopoietic stem cell transplantation (HCT) in patients (pts) with acute myeloid leukemia (AML):
prognostic impact of the european leukemianet (ELN) standardized reporting system. Presented at the
DGHO annual meeting 2015 (Abstract #V428).

81 Grimm J, Bill M, Kloss L, Jentzsch M, Knyrim M, Schubert K, Ginther C, Vucinic V, Franke GN,
Pdnisch W, Behre G, Niederwieser D and Schwind S. Assessment of NPM71 Type A Mutation Burden
by Digital Droplet PCR As a Marker of Minimal Residual Disease in Acute Myeloid Leukemia Patients
Undergoing Stem Cell Transplantation. Presented at the annual meeting of the American Society of
Hematology (ASH) 2015 (Abstract #4398).

82 Bill M, Jentzsch M, Schuhmann L, Grimm J, Knyrim M, Schmalbrock L, Schubert K, Cross M, Vucinic
V, Franke GN, Pénisch W, Behre G, Lange T, Niederwieser D and Schwind S. High Expression of the
Hedgehog Transcription Factor GL/1 is Associated with Improved Outcomes in Patients with Acute
Myeloid Leukemia Undergoing Hematopoietic Stem Cell Transplantation after Non-Myeloablative
Conditioning. Presented at the annual meeting of the American Society of Hematology (ASH) 2015
(Abstract #2032).

83 Knyrim M, Jentzsch M, Bill M, Grimm J, Schubert K, Cross M, Franke GN, Pdnisch W, Vucinic V,
Behre G, Niederwieser D and Schwind S. Prognostic Impact of Aberrant RUNX71 Expression in
Patients with Acute Myeloid Leukemia Undergoing Allogeneic Hematopoietic Stem Cell
Transplantation. Presented at the annual meeting of the American Society of Hematology (ASH) 2015
(Abstract #3829).

157



84 Jentzsch M, Schuhmann L, Bill M, Leiblein S, Bergmann U, Plel} M, Schubert K, Schmalbrock L,
Grimm J, Knyrim M, Poénisch W, Vucinic V, Franke GN, Behre G, Niederwieser D and Schwind S.
Unsupervised Cluster Analysis of Antigen Expression Patterns Identifies Subgroups with Distinct
Biological and Clinical Features in Patients with Acute Myeloid Leukemia undergoing Allogeneic Stem
Cell Transplantation. Presented at the annual meeting of the American Society of Hematology (ASH)
2015 (Abstract #2573).

85 Gerloff D, Wurm AA, Hartmann JU, Hilger N, Muller AM, Katzerke C, Brauer-Hartmann D, Namasu
CY, Cross M, Schwind S, Krohn K, Fricke S, Niederiweser D and Behre G. Next Generation
Sequencing and Functional Analysis of Mirna Expression in Acute Myeloid Leukemia Patientes with
Different FLT3 Mutations: Block of MiR-155 in FLT3-ITD Driven AML Leads to Downregulation of
Myeloid Blasts in Vivo. Presented at the annual meeting of the American Society of Hematology (ASH)
2015 (Abstract #2438).

86 Bill M, Kloss L, Jentzsch M, Grimm J, Schubert K, Schulz J, Knyrim M, Cross M, Vucinic V, Behre G,
Pénisch W, Franke G-N, Niederwieser D and Schwind S. Assessing NPM1 Mutations Type A as
Minimal Residual Disease Marker by Digital Droplet PCR before Stem Cell Transplantation is a Strong
Prognostic Factor in Patients with AML. Accepted at the Annual Meeting 2016 of The European
Hematology Association (Abstract E1497)

87 Grimm J, Dick T, Bill M, Jentzsch M, Schulz J, Schmalbrock S, Bonifacio L, Knyrim M, Schubert K,
Cross M, Poénisch W, Vucinic V, Behre G, Franke G-N, Niederwieser D and Schwind S. Assessement
of the Allelic Ratio of DNMT3A R882 Mutations in Acute Myeloid Leukemia by Digital Droplet PCR.
Accepted at the Annual Meeting 2016 of The European Hematology Association (Abstract E90)

88 Jentzsch M, Bill M, Schumann L, Grimm J, Schulz J, Knyrim M, Franke GN, Behre G, Ponisch W,
Vucinic V, Miiller-Tidow C, Pabst C, Niederwieser D, Schwind S. High Expression of the Stem Cell
Marker GPR56 is associated with an increased Relapse Incidence in AML after Allogeneic Stem Cell
Transplantation. Accepted at the Annual Meeting 2016 of The European Hematology Association
(Abstract S820)

89 Beck J, Heyn S, Glaser D, Schwarzer A, Mugge LO, Uhlig J, Kragl B, Mohren M, Hoffmann FA, Lange
T, Schliwa T, Zehrfeld T, Kreibich U, Winkelmann C, Edelmann T, Andrea M, Jentzsch M, Schwind S,
Becker C, Niederwieser D, Poenisch W. Revlimid, Bendamustine and prednisolone (RBP) in
relapsed/refractory multiple myeloma: final results of a phase Il clinical trial; OSHO-#077. Accepted
for presentation at the annual meeting of the European Hematology Association (EHA) 2016 (Abstract
E1316)

90 Namasu C, Wurm A, Brauer-Hartmann D, Hartmann JU, Katzerke C, Gerloff D, Hilger N, Fricke S,
Schwind S, Christopeit M, Niederwieser D, Behre G. ABR, a novel inducer of transcription factor
C/EPAGq, is necessary for myeloid differentiation and a favorable prognostic factor in acute myeloid
leukemia. Accepted for presentation at the annual meeting of the DGHO annual meeting 2016
(Abstract #P495)

91 Hartmann JU, Brauer-Hartmann D, Gerloff D, Miroslava K, Kazerke C, Meritxell AJ, Schwind S,
Wurm, A Bill M, Niederwieser D, Behre G. miR-143 targets ERK5 in granulopoiesis and predicts
outcome of Acute Myeloid Leukemia patients. Accepted for presentation at the annual meeting of the
DGHO annual meeting 2016 (Abstract #V753)

92 Wurm A, Zjablovskaja P, Miroslava K, Gerloff D, Brauer-Hartmann D, Katzerke C, Hartmann JU,
Fricke, S, Hilger N, Muller AM, Bill M, Schwind S, Tenen DG, Niederwieser D, Meritxell AJ, Behre G.
Disturbance of the C/EPAa-miR-182 balance impairs granulocytic differentiation and promotes
development of acute myeloid leukemia. Accepted for presentation at the annual meeting of the
DGHO annual meeting 2016 (Abstract #V831)

93 Grimm G, Dick T, Bill M, Jentzsch M, Schulz J, Schmalbrock L, Bonifacio L, Knyrim M, Schubert K,
Cross M, Pdnisch W, Vucinic V, Behre G, Franke GN, Niederwieser D, Schwind S. The Allelic Ratio
(AR) of DNMT3A R882 Mutations (Mut) Determined by Digital Droplet PCR (ddPCR) is a Potential
Prognostic Factor in Acute Myeloid Leukemia (AML). Accepted for presentation at the annual meeting
of the DGHO annual meeting 2016 (Abstract # V348)

158



94 Gaber T, Bill M, Jentzsch M, Schubert K, Weidner H, Grimm J, Schulz J, Kloss L, Schmalbrock L,
Bonifacio L, Wildenberger K, Poénisch W, Vucinic V, Franke GN, Lange T, Cross M, Behre B,
Niederwieser D, Schwind S. Differential Expression of Pri-miR-320a Impacts on Outcome in Acute
Myeloid Leukemia Patients Undergoing Non-Myeloablative Allogenic Stem Cell Transplantation.
Accepted for presentation at the annual meeting of the DGHO annual meeting 2016 (Abstract # P190)

95 Jentzsch M, Bill M, Schuhmann L, Leiblein S, Schubert K, Grimm J, Bergmann U, Plel M,
Schmalbrock L, Schulz J, Knyrim M, Franke GN, Behre G, Pdnisch W, Vucinic V, Niederwieser D,
Schwind S. The Surface Antigen Profile in Patients (pts) with Acute Myeloid Leukemia (AML)
Identifies Subgroups Characterized by Distinct Biological and Clinical Features. Accepted for
presentation at the annual meeting of the DGHO annual meeting 2016 (Abstract # V783)

96 Jentzsch M, Bill M, Schumann L, Grimm J, Schulz J, Knyrim M, Franke GN, Behre G, Ponisch W,
Vladan V, Miller-Tidow C, Pabst C, Niederwieser D, Schwind S. High Expression of the Stem Cell
Marker GPR56 Associates With an Increased Relapse Incidence in Acute Myeloid Leukemia (AML)
Patients (pts) Undergoing Allogeneic Stem Cell Transplantation (HSCT). Accepted for presentation at
the annual meeting of the DGHO annual meeting 2016 (Abstract # V1013)

97 Bill M, Kloss L, Jentzsch M, Grimm J, Schubert K, Schulz J, Knyrim M, Cross M, Vucinic V, Behre G,
Ponisch W, Franke GN, Niederwieser D, Schwind S. NPM1 Type A mutations as minimal residual
disease marker in acute myeloid leukemia patients before allogeneic stem cell transplantation
determined by high sensitive and specific digital droplet PCR is a strong prognosticator for outcome.
Accepted for presentation at the annual meeting of the DGHO annual meeting 2016 (Abstract #V481)

98 Bill M, Jentzsch M, Schuhmann L, Grimm J, Knyrim M, Schmalbrock L, Schubert K, Cross M, Vucinic
V, Franke GN, Poénisch W, Behre G, Lange T, Niederwieser D, Schwind S. The prognostic impact of
differential GLI1 expression in patients with Acute Myeloid Leukemia after Hematopoietic non-
myeloablative conditioning and stem cell transplantation. Accepted for presentation at the annual
meeting of the DGHO annual meeting 2016 (Abstract #V1012)

99 Grimm J, Jentzsch M, Bill M, Schulz J, Schubert K, Beinicke S, Hantschel J, Schuhmann L, Cross M,
Vucinic V, Pénisch W, Behre G, Franke GN, Niederwieser D, Schwind S. High Expression of ZBTB7A
at Diagnosis Associated with Inferior Outcome in Acute Myeloid Leukemia Patients Receiving
Hematopoietic Stem Cell Transplantation. Presented at the annual meeting of the American Society of
Hematology (ASH) 2016 (Abstract #5092).

100 Bill M, Jentzsch M, Schulz J, Schubert K, Grimm J, Schmalbrock LK, Bonifacio L, Beinicke S,
Hantschel J, Pénisch W, Behre G, Vucinic V, Lange T, Franke GN, Niederwieser D, Schwind S.
Absolute Quantification of Pre-microRNA-155 Copy Numbers By Digital Droplet PCR Identifies Acute
Myeloid Leukemia (AML) Patients with Adverse Outcome. Presented at the annual meeting of the
American Society of Hematology (ASH) 2016 (Abstract #1698).

101 Jentzsch M, Bill M, Schulz J, Grimm J, Beinicke S, Schubert K, Hantschel J, Wildenberger K,
Schmalbrock LK, Bonifacio L, Pénisch W, Behre G, Franke GN, Lange T, Vucinic V, Niederwieser D,
Schwind S. High Blood BAALC Copy Numbers Determined By Digital Droplet PCR at Timepoint of
Allogeneic Transplantation in Complete Remission Predicts Relapse in Patients with Acute Myeloid
Leukemia. Presented at the annual meeting of the American Society of Hematology (ASH) 2016
(Abstract #517).

102 Ramdohr F, Bill M, Jentzsch M, Schubert K, Grimm J, Schulz J, Schuhmann L, Schmalbrock LK,
Bonifacio L, Beinicke S, Hantschel J, Pénisch W, Vucinic V, Franke GN, Lange T, Cross M, Behre G,
Niederwieser D, Schwind S. Biological Associations and Clinical Impact of Differential Expression of
the Pre-Mir-29a/b-1 and Pre-Mir-29b-2/C Clusters in Acute Myeloid Leukemia. Presented at the
annual meeting of the American Society of Hematology (ASH) 2016 (Abstract #5110).

103 Eisfeld AK, Kohlschmidt J, Schwind S, Nicolet D, Blachly JS, Orwick S, Shah C, Bainazar M,
Kroll K, Walker CJ, Carroll AJ, Powell BL, Stone RM, Kolitz JE, Baer MR, Chapelle Adl, Mrézek K,
Byrd JC, Bloomfield CD. CCND1 and CCND2 Mutations Are Frequent in Adults with Core-Binding
Factor Acute Myeloid Leukemia (CBF-AML) with 1(8;21)(922;922). Presented at the annual meeting of
the American Society of Hematology (ASH) 2016 (Abstract #2740).

159



104 Ramdohr F, Franke GN, Jentzsch M, Pénisch W, Michael C, Heyn S, Wang SY, Behre G,
Leiblein S, Schwind S, Niederwieser D, Vucinic V. Outcome of chronic lymphocytic leukemia patients
undergoing non-myeloablative allogenic stem cell transplantation after treatment with the bruton
tyrosine kinase inhibitor Ibrutinib. Accepted for presentation at the annual meeting of the European
Hematology Association (EHA) 2017 (Abstract #3637)

105 Jentzsch M, Bill M, Schulz J, Grimm J, Hantschel J, Beinicke S, Schubert K , Pénisch W, Behre
G, Franke GN, Lange T, Vucinic V, Niederwieser D, Schwind S. Blood BAALC and MN1 copy number
assessment by digital droplet PCR prior to allogeneic transplantation predicts relapse in acute myeloid
leukemia patients. Accepted for presentation at the annual meeting of the European Hematology
Association (EHA) 2017 (Abstract #2329)

106 Jentzsch M, Bill M, Schuhmann L, Grimm J, Schulz J, Schubert K, Knyrim M, Schmalbrock L,
Beinicke S, Hantschel J, Pénisch W, Vucinic V, Franke GN, Behre G, Niederwieser D, Schwind S.
Unsupervised hierarchical clustering of surface antigen expression identifies normal karyotype AML
patients with distinct disease characteristics and poor outcome. Accepted for presentation at the
ASCO annual meeting 2017 (Abstract #7042)

107 Grimm J, Jentzsch M, Bill M, Schulz J, Schubert K, Beinicke S, Hantschel J, Schumann L, Cross
M, Vucinic V, Poénisch W, Behre G, Franke GN, Niederwieser D, Schwind S. High Expression of
ZBTB7A is a Marker for Poor Prognosis in Acute Myeloid Leukemia (AML) patients (pts) Receiving
Hematopoietic Stem Cell Transplantation (HSCT). Submitted for presentation at the annual meeting of
the DGHO 2017.

108 Jentzsch M, Bill M, Schulz J, Grimm J, Hantschel J, Beinicke S, Schubert K, Pénisch W, Behre G,
Franke GN, Lange T, Vucinic V, Niederwieser D, Schwind S. High blood BAALC copy numbers
assessed by digital droplet PCR prior to allogeneic stem cell transplantation (HSCT) predicts relapse
in Acute Myeloid Leukemia (AML) patients. Submitted for presentation at the annual meeting of the
DGHO 2017.

160



8. CURRICULUM VITAE

PERSONLICHE DATEN

Name:
Geburtsdatum:
Geburtsort:
Staatsangehorigkeit:

Dr. med. Sebastian Schwind
5. Januar 1977

Berlin

Deutsch

SCHULISCHE AUSBILDUNG

1983-1989 Wetzlargrundschule in Berlin

1989-1996 Leonardo-da-Vinci Gymnasium in Berlin

STUDIUM

1996-2003 Studium der Humanmedizin an der Feien Universitat Berlin
Méarz 1999 Famulatur in der Gefalichirurgie, Reutingen

Méarz 2000 Famulatur in der Traumalogie, Berlin

August 2000 Famulatur in der Endokrinologie, Berlin

Marz 2001 Famulatur in der plastischen Chirurgie, Kap Stadt, Stdafrika
September 2001 Famulatur in der klinischen Pharmakologie, Berlin

Oktober 2002- Februar 2003
Februar 2003- Juni 2003

Juni 2003- September 2003

PROMOTION

Praktisches Jahr (1.Tertial) in der Inneren Medizin,
Kantonsspital Aarau, Aarau, Schweiz

Praktisches Jahr (2. Tertial) in der Anasthesiologie
Klinikum Neukéln, Berlin

Praktisches Jahr (3. Tertial) in der Allgemeinchirurgie,
Universitatsklinikum Benjamin Franklin, Berlin

Titel: , The prognostic Impact of microRNA-181a expression levels in patients with cytogenetically normal

acute myeloid leukemia”;
Note: summa cum laude

BERUFLICHER WERDEGANG

2004- 2005

Seit November 2005

April 2008— August 2012

Medical Advisor/ Product Manager bei
Sanofi-Synthelabo, Berlin
Internal Medicine und Neurology Drugs

Arzt in Weiterbildung

Department fur Innere Medizin, Neurologie und Dermatologie
Selbststaige Abteilung fir Hdmatologie und Internistische Onkologie,
Hamostaseologische Ambulanz

Research Fellowship an der Ohio State University (OSU), Columbus,
OH; USA; Comprehensive Cancer Center

161



MITGLIEDSCHAFTEN

Deutsche Gesellschaft fir Innere Medizin (DGIM)
Deutsche Gesellschaft flir Himatologie und Medizinische Onkologie (DGHO)
European Hematology Association (EHA)

GUTACHTERTATIGKEIT

Leukemia

Leukemia Research

Onkologie

The International Journal of Biochemistry & Cell Biology

AUSZEICHNUNGEN

2009 ASCO Cancer Foundation Merit Award

2010 AACR-GlaxoSmithKline Outstanding Clinical Scholar Award
2011 EHA-ASH Translational Research Training in Hematology Award
2012 AACR-Aflac, Incorporated Scholar-in-Training Award

2013 EHA Travel Grant

2014 Pomblitz-Award of the University of Leipzig, Germany

DRITTMITTEL

Stiftung Leukdmie des Kompetenznetzes ,, Akute und chronische Leukdmien®

Title: , Die funktionelle Bedeutung differentieller ERG Expression in der Akuten Myeloischen Leukamie*
15.000,00 EUR,

Duration: 01.05.2013 bis 30.05.2014

Jose Carreras Leukamie Stiftung

Titel: ,Die funktionelle Relevanz und therapeutische Implikationen aberranter ERG Expression in der
akuten myeloischen Leukamie*

198.040,00 EUR

Duration: 01.09.2014 bis 30.08.2016

Zusammen gegen den Krebs e.V.

Titel: “Die Rolle von long non-coding RNAs (IncRNAs) in Neoplasien mit IDH und DNMT3A-Mutationen”
166.600,00 EUR

Duration: 01.12.2015 bis 30.04.2018

Zusammen gegen den Krebs e.V.

Titel: “Die Synthese und Testung von Zweit-Generationsinhibitoren des Transkriptionsfaktors ERG”
179.347,20 EUR,

Duration: 01.12.2015 bis 30.04.2018

Jose Carreras Leukamie Stiftung

Titel: ,Der Einfluss des molekularen Resterkrankungsnachweises im Krankheitsverlauf auf die Prognose
von Patienten mit akuter myeloischer Leukéamie*

156.448,00 EUR

Duration: 01.02.2017 bis 30.01.2019

162



9. ACKNOWLEDGEMENTS / DANKSAGUNG

Ich mochte diese Gelegenheit nutzen, um mich besonders bei meinem Mentor
Professor Dr. med. Dr. h. c. Dietger Niederwieser zu bedanken, ohne dessen
Unterstitzung meiner wissenschaftlichen und arztlichen Tatigkeit es nicht moglich
gewesen ware, diese Arbeit zu erstellen, und der mich jederzeit grof3zigig unterstutzte.
Nach meiner Ruckkehr aus den U.S.A. hat er die Rahmenbedingungen und Freiraume
geschaffen, die fur den Aufbau einer eigenen Arbeitsgruppe notwendig waren. Ich
bedanke mich ebenso herzlich bei Professor Dr. Clara D. Bloomfield flr ihre
kontinuierliche Unterstutzung auch Uber meinen Forschungsaufenthalt in den U.S.A
hinaus, fur Ihre Geduld und anhaltende Anleitung. Die umfangreiche wissenschaftliche
Forderung, die nachhaltige Betreuung, die ich als auRergewdhnlich erleben durfte und
die vielen Erfahrungen und Eindricke machen mich mehr als dankbar.

Ich danke meiner Familie, besonders meinen Eltern, meinen Geschwistern, Madlen und
Thorsten sowie all meinen Freunden fur ihre gro3e Geduld, Unterstiutzung und Liebe.
Besonderer Dank gilt auch meiner Arbeitsgruppe fur die harte Arbeit an all den
bisherigen Forschungsprojekten, sowie fur das unermuddliche und engagierte
Vorantreiben der aktuellen, spannenden Projekten: Marius Bill, Juliane Grimm, Janine
Hantschel, Steffanie Beinicke, Karoline Goldmann, Julia Schulz und natirlich nicht
zuletzt Madlen Jentzsch.

Abschlieliend mochte ich mich ganz herzlich bei allen meinen Kollegen in den U.S.A
und in Deutschland bedanken und naturlich allen, die die Studie ermoglicht haben, fur
ihre Freundschaft, Ratschlage, Feedback und Unterstiutzung; und bei so vielen, die den
gemeinsamen wissenschaftlichen und klinischen Alltag mit Freude und viel Humor stets

bereichern.

163



