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Vorbemerkung / Preliminary Remarks

The following synopsis serves the purpose to summarize the peer-reviewed publication
that | contribute to the scope of my thesis. The structure and extent of the synopsis
follows the regulations of the Medizinischen Fakultat, Universitat Leipzig. For detailed
introduction, methods, results and discussion please see the publication (Schwind et al.
J Clin Oncol. 2010 Dec 20; 28(36): 5257-64) and the supplemental material, which are

inserted in their complete form in section ‘Publication’, starting on page 13.



Referat / Abstract

Despite advances in the understanding of cancer biology, most patients with acute
myeloid leukemia (AML) still die of their disease. Improving risk-stratification and
identifying new targets are important steps towards personalized medicine and outcome
improvement. MicroRNAs, short non-coding RNAs that hybridize to their target
messenger RNAs (mMRNAs) and repress the expression of the encoded proteins, are
known to be involved in physiological processes like cellular differentiation, proliferation
and cell survival but also play an essential role in cancer, including AML.

In this thesis we demonstrated that higher expression of a single microRNA
- miR-181a - was associated with clinical outcome in cytogenetically normal AML
(CN-AML) patients. In multivariable models, higher expression of miR-181a was
associated with achievement of complete remission (CR), with longer disease-free
(DFS) and overall survival (OS) even in consideration of other validated prognostic
clinical and molecular variables. Measurement of pretreatment levels of this microRNA
may improve risk-stratification for AML patients. A genome-wide gene-expression
signature gave biological insights into miR-1817a associated AML, and provides a basis
for further functional studies. Furthermore, as higher miR-181a expression associated
with improved treatment response, increasing miR-181a levels by delivering synthetic
miR-181a or by agents increasing endogenous levels of this microRNA in AML blasts

may represent a novel and personalized therapeutic approach in AML.



Einfuhrung / Introduction

Acute myeloid leukemia (AML) belongs to the most common malignant hematological
disorders with a median age at diagnosis in the late 60’s."? The disease is characterized
by uncontrolled proliferation of hematopoietic progenitor cells and a differentiation block
in bone marrow and blood. AML presents itself cytogenetically and molecularly
heterogeneous.®>” Despite recent progress in deciphering the biology of the disease and
advances in the development of new investigational therapies, the outcome of most

AML patients remains vastly improvable.®®

Determination of the best therapy for individual patients remains an every-day challenge
for clinicians. Today, specific clinical, cytogenetic and molecular prognosticators for
outcome may be used as tools to provide the physician with objective information which
may aid in the task of making informed treatment decisions.”'® Such information allows
decisions on intensification or de-escalation of therapy, enroliment in studies testing
new agents or experimental treatment approaches, as well as on the appropriateness of
an allograft procedure in first complete remission (CR) with its consequent treatment-

related morbidity, mortality and financial costs.

Among the strongest prognostic factors in AML are chromosomal aberrations (i.e.
numerical or structural abnormalities) within the malignant clones.®* An abnormal
karyotype is observed in approximately 60% of AML patients and certain abnormalities

are highly associated with outcome, following today’s standard of care.>* Since these



cytogenetic changes are associated with outcome of AML patients they are used to

assign patients to certain risk categories (Table 1).3*

Table 1: Adapted from Fréhling et al.;! Cytogenetic Classification Systems used to define prognostic
groups in the respective cooperative groups (MRC, Medical Research Council; SWOG/ECOG, Southwest
Oncology Group/Eastern Cooperative Group; CALGB, Cancer and Leukemia Group B [did not include

t(15:17)]).

Risk MRC SWOG/ECOG CALGB
£(8:21) t(8;21) without del(9q) or 1(8;21)
Favorable inv(16)/t(16;16) - GOl inv(16)/t(16;16)
t(15;17) |nv(16)It(t::§é?$;I) del(16q) del(9q)
Normal karyotype
Normal karyotype Y
del(7q) Normal karyotype del(5q)
+8 Y del(7q)
. del(9q) +6 t(9;11)
Intermediate abn(11q23) +8 +11
+21 del(12p) del(11q)
+22 abn(12p)
All other +13
Aberrations del(20q)
+21
abn(3q)
-5/del(5q)
(6;9)
-7/ del(7q) inv(3)/t(3;3)
gl':'"(ﬁ;') 1(9;22) 1(6;9)
Unfavorable ) abn(9q) £(6;11)
2 5 aberrations i), G5k,
= ! abn(17p) 23 aberrations
abn(20q)
abn(21q)
2 3 aberrations

Even though for some of these abnormalities the assigned risk is lacking agreement
among the cooperative groups [e.g. the risk associated with del(5q) or del(9q)], some

general statements can be derived (Table 1).

About 25% of AML cases that arise in younger adults will have cytogenetic
abnormalities associated with favorable outcome.’ These are i.e. the translocation
t(15;17)(922;921) in acute promyelocytic leukemia (APL) and the core-binding factor
(CBF) leukemias inv(16)(p13q22) / t(16;16)(p13;922) and t(8;21)(q22;922).>*"° Such

favorable karyotype patients have a good prognosis with CR rates exceeding 90%, a



5-year survival of at least 65% and relapse rates too low and salvage rates too high to

benefit from routine use of an allograft in first CR.""""

On the other hand, in about 10-20% of patients with AML so called adverse
cytogenetics are found. They typically include monosomies of chromosome 5 and/or 7
(-5/-7), abnormalities of 3g [abn(3q)] or complex karyotypes. The definition of the latter
ones is based on the presence of at least three (or five) unrelated cytogenetic
abnormalities according to different cooperative groups (Table 1).>* In general, these
patients can expect CR rates of approximately 60% and a 5-year survival as low as
10%.%* Due to the very poor prognosis with current standard therapies, an allograft

procedure in first CR or an experimental treatment approach may be justified.*

These risk classifications show that cytogenetic information is important for informed
decisions on appropriate treatment strategies. However, for some AML patients,
cytogenetic analysis may not be sufficient for risk-adapted stratification. For example,
approximately 40% of the patients with AML harbor a normal karyotype with no
numerical or structural abnormalities [cytogenetically normal (CN)-AML].>* But despite
the homogeneous chromosomal appearance, and their general association with an
intermediate risk, this group of patients presents with a very heterogeneous clinical

outcome.**

Within the past years, in addition to karyotype information, the presence or absence of

certain recurrent gene mutations have been proven very helpful in further refining the



risk-classifications of AML patients. A growing body of evidence suggests that two gene
mutations in AML are representing primary genetic lesions in the disease: mutations in
the NPM1 (nucleophosmin 1) gene and in the CEBPA [CCAAT/enhancer binding
protein (C/EBP), alpha] gene have been recognized as two new provisional entities by
the World Health Organization (WHO).'® Mutations in a third gene, coding for the fms-
related tyrosine kinase 3 (FLT3) are found in many AML subtypes and are believed to
confer to a proliferation and/or survival advantage of the myeloid blasts. AML with FLT3
mutations are not considered a distinct entity, but the WHO recommends determining
the presence of such mutations due to their prognostic significance.'® Today these three
mutations are recommended for assessment in newly diagnosed AML cases for

standard risk stratification.

Following these recommendations, recently an expert panel on behalf of the European
LeukemiaNet (ELN) suggested a standardized reporting system for genetic
abnormalities.'” This reporting system includes data from cytogenetic analysis and from
the mutation analysis of the three aforementioned genes (i.e. NPM1, CEBPA and
FLT3)." The guidelines are classifying AML in four genetic groups according to this

information (Table 2)."



Table 2: Adapted from Dohner et al.;"" standardized reporting for correlation of cytogenetic and molecular

genetic data in AML.

ELN Genetic Group

Subsets

Favorable

Intermediate-|

Intermediate-I|

Adverse

(8;21)(q22;922); RUNX1-RUNX1T1
inv(16)(p13922) or t(16;16)(p13q;22); CBFB-MYH11
Mutated NPM1 without FLT3-ITD (normal karyotype)

Mutated CEBPA (normal karyotype)

Mutated NPM1 and FLT3-ITD (normal karyotype)
Wild-type NPM1 and FLT3-ITD (normal karyotype)
Wild-type NPM1 without FLT3-ITD (normal karyotype)
t(9;11)(p22;923); MLLT3-MLL
Cytogenetic abnormalities not classified as favorable or adverse
inv(3)(q21926.2) or t(3;3)(q21;926.2); RPN1-EVI1
t(6;9)(p23;q34); DEK-NUP214
t(v;11)(v;923); MLL rearranged
-5 or del(5q); -7; abnl(17p); complex karyotype

CN-AML patients are classified into the Favorable or the Intermediate-l ELN Genetic

Group based on the mutational status of the CEBPA, NPM1 and FLT3 genes."' The

ELN Favorable Genetic Group comprises CN-AML patients with CEBPA mutation

and/or NPM1 mutation that do not have internal tandem duplications of the FLT3 gene

(FLT3-ITD), whereas the Intermediate-l Genetic Group encompasses CN-AML patients

with wild-type CEBPA and either NPM1 mutation with FLT3-ITD or wild-type NPM1

and/or FLT3-ITD."

Today reporting systems like the ELN system may also aid in the task of risk

stratification and may help guiding the physician to choose the most appropriate

treatment option.'® Furthermore, much effort has been undertaken to pharmacologically



target some of these molecular markers (e.g. alterations of the FLT3 gene), thereby

leading to new treatment avenues in AML."

However, the limitations of today’s prognostic assessment and treatment approaches
are reflected by the fact that only approximately 30% of all newly diagnosed AML
patients survive in the long term."*'® The outcome is even more dismal in older patients
(>60 years), who represent a large group of AML patients. Among them, only
approximately 7 to 15% achieve long-term survival."?'® Thus, novel markers are
needed to improve identification of those patients that would be better served with more
intense or experimental treatment approaches. Furthermore the identification of new
molecular alterations would increase the understanding of the disease biology and aid
in finding novel, targetable pathways in AML. Ultimately this in turn could lead to new
treatment approaches for those patients that fail current therapeutic strategies, as
demonstrated by the development of therapies targeting aberrant FLT3 activation in

AML."

In addition to mutational markers, certain aberrantly expressed genes have been
associated with outcome in AML patients (e.g. the expression of the BAALC, ERG or
MN1 gene).?>*' The measurement of the expression levels of genes or of a panel of
genes may harbor the advantage that potentially several different mutations or
epigenetic events funnel into the net expression of a certain gene or gene panel. Thus
the determination of expression levels of genes could substitute for investigating

multiple genes for the presence of mutations and/or epigenetic changes. Once



standardized methods to quantify the expression levels of RNAs have been developed
these expression markers might be able to provide a practical and financial advantage

over the determination of multiple mutations in the future.

Recently the differential expression of so called microRNAs (miRs) have been shown to
be deeply involved in the development and maintenances of a variety of human
cancers, including AML.***? MicroRNAs are short (on average 18-24 nucleotide long)
non-coding RNA molecules that hybridize to their target messenger RNAs (mRNAs) and
repress the expression of the encoded proteins.**>* The mature miRs are derived from
precursor molecules that are transcribed from their respective encoding genomic DNA
sequences similarly to other coding mRNA molecules. Following processing of the
precursor molecules the mature miRs are incorporated into the RNA-induced silencing
complex (RISC) in which the miR and the respective targeted mRNA interact, which

ultimately leads to a decreased expression of the encoded protein.?*3?

In AML expression-signatures of miRs have been associated with certain cytogenetic

aberrations,¢42

as well as recurrent mutations, such as the afore mentioned alterations
of the NPM1,%84" FLT3*® and CEBPA® genes. Furthermore, it has been demonstrated
that deregulated miR expression may also associate with outcome of CN-AML
patients.*®*? Using miR-expression profiling in CN-AML patients with unfavorable
molecular features (i.e. the presence of FLT3-ITD and/or NPM1 wild-type) a prognostic

miR-signature was discovered.®*® However, to our knowledge, the independent

prognostic impact of expression levels of a single miR outside of miR-expression

10



profiles, which would be easier to measure for molecular risk assessment of individual
patients has not been demonstrated in AML so far. Among the miRs in the described
signature, the upregulation of the miR-181 family associated with favorable outcome in
these molecular high-risk CN-AML patients.*® Interestingly, miR-181a has also been
associated with certain morphological sub-types of AML cases.** Thus to us miR-181a
appeared to be a very promising candidate to pursue further investigations regarding its
individual use for risk assessment. The genes encoding miR-187a and its close relative
miR-181b are located in two clusters in close proximity on chromosome 1g32.1 and
chromosome 9g33.3 of the human genome. In order to gain an impression of the
differential miR-181a expression in AML patients, we measured the expression of the
two precursor molecules miR-181a-1 (derived from chromosome 1g32.1) and miR-
181a-2 (derived from chromosome 9933.3) in bone marrow samples of 75 AML patients
with pretreatment material available that were enrolled on treatment protocols of the
Ostdeutsche Studiengruppe flir Hamatologie und Onkologie (OSHO) at the University of
Leipzig. All of the enrolled patients received allogeneic hematopoietic cell
transplantation after reduced-Intensity conditioning. The expression of the two
precursors showed a good correlation (R?=0.8377, Figure 1A), which allowed us to use
the mean expression of the two precursors for our preliminary investigation. At the time
of this preliminary analysis, outcome data for a subset (n=22) of these 75 patients
following the allograft procedure was available. Using a median cut to define low and
high expressers of miR-181a, we analyzed the event-free survival (EFS) following
allogeneic transplantation. Even though no statistical significance was reached, likely

due to the limited number of patients with outcome data available at the time of

11



analysis, we observed a very promising trend (P=.07; log-rank test) towards a longer
EFS following the allogeneic transplantation for patients that expressed miR-1871a at

high levels (Figure 1B).
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Figure 1: A) Scatter plot of relative miR-181a-1 and miR-181a-2 expression, normalized to 78S in
pretreatment bone marrow samples of 75 AML patients treated at the University of Leipzig. B) Event-free
survival of a subset (n= 22) with outcome data available following the allogeneic transplantation according
to miR-181a expression levels.

These data provided initial support for the usefulness of the expression level of this
individual miR to predict outcome in AML.

In the here presented study we asked the question whether the expression levels of a
single miR could provide prognostic information in CN-AML patients independent of a

comprehensive panel of other established clinical and molecular predictors.
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A B S T R A C T

Purpose

To evaluate the prognostic significance of expression levels of a single microRNA, miR-181a, in the
context of established molecular markers in cytogenetically normal acute myeloid leukemia
(CN-AML), and to gain insight into the leukemogenic role of miR-187a.

Patients and Methods

miR-181a 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 of other molecular prognosticators was assessed centrally. A gene-expression
profile associated with miR-187a expression 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 disease-free survival (DFS; P=.09). The
impact of miR-187a was most striking in poor molecular risk patients with FLT3-internal tandem
duplication (FLT3-ITD) and/or NPM1 wild-type, where higher miR-1817a expression associated with
a higher CR rate (P = .009), and longer DFS (P < .001) and OS (P < .001). In multivariable analyses,
higher miR-181a expression was significantly associated with better outcome, both in the whole
patient cohort and in patients with FLT3-ITD and/or NPM1 wild-type. These results were also
validated in an independent set of older (= 60 years) patients with CN-AML. A miR-181a-
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, is associated with clinical outcome of patients with CN-AML and may refine their
molecular risk classification. Targeted treatments that increase endogenous levels of miR-187a
might represent 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;
21), CBF-AML with inv(16) or t(16;16), and acute

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-
eloid leukemia (AML).*® Tn AML, genome-wide
microRNA-expression profiling has revealed dis-
tinctive microRNA-expression signatures capable of
differentiating among specific cytogenetic subtypes,

promyelocytic leukemia with t(15;17), and setting
them apart from other AML subtypes.””” Moreover,
microRNA expression signatures have been associ-
ated with mutations of NPM1,”'° FLT3,”'>'" and
CEBPA,”"* which are genetic alterations known to
affect clinical outcome of patients belonging to the
largest subset of AML— cytogenetically 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 American Society of Clinical Oncology 5257
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microRNA-expression profiling in patients with CN-AML with unfa-
vorable molecular features—FLT3-ITD and/or NPM1 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
in AML.

To our knowledge, the independent prognostic impact of expres-
sion levels of individual microRNAs, which are relatively easy to mea-
sure for molecular risk assessment of individual patients at diagnosis,
has not been demonstrated in CN-AML outside of microRNA expres-
sion profiles. Thus, we sought evidence here that the expression levels
of a single microRNA, miR-181a, 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 miR-181a expression could be used for individual pa-
tients’ molecular risk assessment and perhaps as a potential therapeu-
tic target.

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 material available for analysis were
included. Patients were treated similarly with intensive induction chemother-
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 a complete remission (CR),
829 received an autologous 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 Helsinki. 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, WT1, IDHI, and IDH2 genes, MLL partial tandem duplica-
tion (MLL-PTD), and BAALC and ERG expression levels were assessed cen-
trally, as previously 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-

5258 © 2010 by American Society of Clinical Oncology

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

Gene Expression Profiling

To gain further insight into the biologic processes associated with iR-
181a in CN-AML, we performed gene-expression profiling using the Af-
fymetrixU133 plus 2.0 array (Affymetrix, Santa Clara, 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 clinical end points, see Appendix).

The associations of miR-181a expression, considered as a continuous
variable, with baseline clinical, demographic, and molecular features were
analyzed using one-way analysis of variance. Univariable logistic regression
models were constructed to evaluate miR-181a expression for achievement of
CR, and univariable Cox proportional hazards models were used to evaluate
the associations of miR-181a expression with disease-free survival (DFS) and
overall survival (OS). Multivariable logistic regression models were con-
structed to analyze factors related to the probability of achieving CR, and
multivariable Cox proportional hazards models were constructed to analyze
factors important for DFS and OS (multivariable analyses are detailed in
the Appendix).

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 disease, 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), IDHI 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, 3.1 to 11.0
years), higher miR-181a 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 miR-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), NPM1 (P < .001), WT'1 (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),

JOURNAL OF CLINICAL ONCOLOGY
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miR-181a Expression in CN-AML

Table 1. Relationship of Clinical and Molecular Characteristics With Table 2. Relationship Between miR-181a Expression and Outcome of
miR-181a Expression in the Whole Group of 187 Younger Patients With Younger Patients With Cytogenetically Normal Acute Myeloid Leukemia
Cytogenetically Normal Acute Myeloid Leukemia at Diagnosis End Point ORMHR 95% Cl 5
nd Poin o
- o B
. Characteristic No. % P Analyses in all CN-AML patients
Median age, years 45 08 Complete remission 1.38 1.011t0 1.88 .04
S REnEE (230 39 Disease-free survival — — .09
eéemale %8 52 ’ Overall survival 0.82 0.71 10 0.96 .01
Male 29 18 Analyses in FLT3-ITD and/or
Race 91 NPM 1wt patients
White 163 a8 Cémp\ete remlsspn 1.64 1.12t02.42 .009
Nemwiiii 23 12 Disease-free survival 0.66 0.53t0 0.84 <.001
Median hemoglobin, g/L 9.3 051 Overall survival 0.71 0.60t0 0.84 <.001
Ra.nge 46-136 NOTE: An OR greater than 1.0 means a higher complete remission rate for
Median platelet count, X 10%/L 58 .29 higher values of miR-181a expression. An HR lower than 1.0 means longer
Range 7-466 survival for higher values of miR-181a expression. The sample size for the
Median WBC, x10%/L 279 131 entire set was n = 187 for complete remission and overall survival and
Range 0.9-295.0 n = 154 for disease-free survival. The sample size for FLT3-ITD and/or
Median blood blasts, % 62 <0011 nNilw976Wfto?a(§:§2;Z;A-lfarZ£ S:uJVZ‘gaf‘or complete remission and overall survival and
Ra.nge 0-97 Abbreviations: HR, hazard ratio; OR, odds ratio.
Median bone marrow blasts, % 67 .58
Range 21-95
FAB < .001
M1/M2 92 59
M4/M5 56 36 NPM1 (P < .001), WT1 (P < .001), and FLT3-ITD (P = .003)
Extramedullary involvementt 04 mutational status, and WBC (P = .005).
No 129 70
ves 56 30 Association of miR-181a Expression Levels With
FLT3-ITD .94 . ..
Nemgtive 117 63 Outcome in Distinct CN-AML Molecular Groups
Positive 70 37 The presence or absence of FLT3-1TD and NPM1 mutations has
FLT3TKD 06 been reported to stratify patients with CN-AML into prognostically
';':::::e 1?; ?g distinct categories. Patients with NPMI mutations, but no FLT3-ITD
NPT 003 had a more favorable outcome, whereas those with FLT3-ITD and/or
Wild type 67 36 NPMTwt had worse prognosis.® Thus, to better understand the prognos-
Mutated 120 64 tic significance of higher miR-181a expression levels in CN-AML, we
CEvsfdA iype 152 0 =001 analyzed their impact on the aforementioned prognostic subsets. While
Mutated 32 17 there was no prognostic impact of 11iR-181a expression on patients with
WT1 16 NPM 1 mutations and no FLT3-ITD (n = 65; CR rate, P = .58; DFS, P =
Wild type 161 88 .76;and OS, P = .66), we observed that higher miR-181a expression levels
Mﬂhﬁgd 2z iz 5 were associated with a significantly higher CR rate (OR, 1.64; P = .009),
Negative 175 94 ) and longer DES (HR, 0.66; P < .001) and OS (HR, 0.71; P < .001) in
Positive 12 6 patients with FLT3-ITD and/or NPMIwt (n = 122; Table 2).
IDH1 007 In multivariable analysis restricted to patients with FLT3-ITD
\ICIVﬂ(:att\;pde 133 ?; and/or NPM1wt (Table 3), higher miR-181a expression levels were
IDH2 88 associated with higher odds of achieving a CR (OR, 1.61; P = .02),
Wild type 126 88 after adjusting for age (P = .009), with longer DFS (HR = 0.74;
Mutated 17 12 P =.02), after adjusting for CEBPA (P < .001), NPM1 (P =.007),and
E’T_i;mress‘o” o3 62 0z FLT3-ITD (P = .02) mutational status, and hemoglobin levels
High 50 38 (P =.04), and with longer OS (HR, 0.74; P = .002), after adjusting for
BAALC expression 05 CEBPA (P <.001), NPM1I (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
Abbreviations: FAB, French-American-British classification; FLT3ITD, internal values as a continuous variable. To graphically display the relationship
tandem duplication of the FLT3 gene; FLT3-TKD, tyrosine kinase domain mutation bet iR-181 L d achi tof CR d
of the FLT3 gene; MLL-PTD, partial tandem duplication of the MLL gene. e. Ween k- a eX}.)rebSL().n an ac_ 1e.vemen 0_ » We compare
*Pvalues are from the one-way analysis of variance overall F-test, evaluating miR-181a expression in patients achieving CR with that of patients
the presence of any linear relationship between miR-187a expression and the : : : ERT : i .
variable tested. For tests with a Pvalue < .20, 1 indicates that higher values experlenapg failure with induction therapy 'Wlthln the SUbgroup of
of the continuous variable associate with higher miR-187a expression and | patients with FLT3-ITD and/or NPMIwt (Fig 1A). Furthermore, to
indicates that lower values of the continuous variable associate with higher graphically displaythe relationship between miR-181a expression and
miR-181a expression; for the categorical variables, those associated with . . . .
higher miR-181a expression are indicated using bold type. DES and OS, we dichotomized miR-181a expression values at the
tPrimarily extramedullary skin and gum involvement. 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).
www.jco.org © 2010 by American Society of Clinical Oncology 5259
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Table 3. Multivariable Analyses Evaluating miR-187a Expression for Clinical Outcome in Younger Patients With CN-AML

Variables in Final Models OR/HR 95% ClI P
Multivariable analyses in all patients with CN-AML
CR®
miR-181a expression 2.36 1.17t04.78 .02
ERG expression; low v high 5.86 1.60 to 21.52 .008
BAALC expression; low v high 6.69 1.56 to 28.74 .01
Age 0.36 0.17t0 0.78 .01
DFs®
miR-181a expression 0.80 0.66 to 0.97 .02
CEBPA; mutated v wild type 0.38 0.19t0 0.75 .005
NPM1; mutated v wild type 0.42 0.24t00.75 < .001¢
WTT; mutated v wild type 2.54 1.39 to 4.65 .003
FLT3-ITD; positive v negative 2.68 1.65 10 4.36 < .001¢
FLT3-TKD; positive v negative 2.19 1.14t04.19 .02
osd
miR-181a expression 0.81 0.69 t0 0.95 .01
CEBPA; mutated v wild type 0.32 0.16 t0 0.62 < .001
NPM1; mutated v wild type 0.47 0.281t00.79 < .001¢
WTT1; mutated v wild type 2.65 1.54 to 4.57 < .001
FLT3-ITD; positive v negative 2.39 1.46 t0 3.93 .003¢
WBC 1.37 1.13to0 1.67 .005¢

Multivariable analyses in patients with FLT3-ITD
and/or NPM Twt

CR®
miR-181a expression 1.61 1.07t02.42 .02
Age 0.53 0.331t00.85 .009
DFS'
miR-181a expression 0.74 0.57 10 0.96 .02
CEBPA; mutated v wild type 0.27 0.13t00.58 < .001
NPM1; mutated v wild type 0.33 0.14t00.79 .007¢
FLT3-ITD; positive v negative 3.05 1.30t07.14 .029
Hemoglobin 0.75 0.57 t0 0.99 .04
osh
miR-181a expression 0.74 0.61t00.90 .002
CEBPA; mutated v wild type 0.29 0.14 t0 0.59 < .001
NPM1; mutated v wild type 0.41 0.22t00.78 .007¢
WTT, mutated v wild type 2.23 1.181t04.23 .01
WBC 1.40 1.16t0 1.71 < .001
Extramedullary involvement; absent v present 2.45 1.27t04.71 019

NOTE. Further details of the multivariable analyses 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 listed for the categorical variables. HRs greater than 1.0 indicate higher and those
less than 1.0 indicate lower risk for relapse or death (DFS) or death (OS) for the higher values of the continuous variables and the first category listed for the
categorical variables.

Abbreviations: CN-AML, cytogenetically normal acute myeloid leukemia; CR, complete remission; DFS, disease-free survival; FLT3-ITD, internal tandem duplication
of the FLT3 gene; FLT3-TKD, tyrosine kinase domain of the FLT3 gene; HR, hazard ratio; OS, overall survival; OR, odds ratio.

2Variables considered in the model based on univariable analyses were miR-187a expression, ERG expression (low v high), FLT3-ITD (positive v negative), BAALC
expression (low v high), age (in 10-year increments), hemoglobin (in 2-unit increments), and WBC (in 50-unit increments).

bVariables considered in the model based on univariable analyses were miR-181a expression, CEBPA (mutated v wild type), ERG expression (low v high), WT1
(mutated v wild type), BAALC expression (low v high), FLT3-ITD (positive v negative), FLT3TKD (positive v negative), MLL-PTD (mutated v wild type), NPM1
(mutated v wild type), WBC (in 50-unit increments), extramedullary involvement, and race.

“Does not meet the proportional hazards assumption. For DFS, the HR for FLT3-ITD and NPM1 are reported at 9 months; for OS, the HR for NPM1, FLT3-ITD, and
WBC are reported at 9 months.

9Variables considered in the model based on univariable analyses were miR-181a expression, CEBPA (mutated v wild type), ERG expression (low v high), FLT3-ITD
(positive v negative), WTT (mutated v wild type), BAALC expression (low v high), NPM1 (mutated v wild type), WBC (in 50-unit increments), age (in 10-year
increments), hemoglobin (in 2-unit increments), platelet count, percentage of blood blasts, and extramedullary involvement.

“Variables considered in the model based on univariable analyses were miR-181a expression, age (in 10-year increments), hemoglobin (in 2-unit increments), and
WBC (in 50-unit increments).

Variables considered in the model based on univariable analyses were miR-187a expression, CEBPA (mutated v wild type), ERG expression (low v high), WT1
(mutated v wild type), FLT3-ITD (positive vnegative), FLT3-TKD (positive v negative), NPM1 (mutated v wild type), hemoglobin (in 2-unit increments), WBC (in 50-unit
increments), and race.

9Does not meet the proportional hazards assumption. For DFS, the HR for FLT3-ITD is reported at 1 year, NPM1 is reported at 9 months; for OS, the HR for NPM1
is reported at 1.5 years, extramedullary involvement is reported at 1 year.

"Variables considered in the model based on univariable analyses were miR-181a expression, CEBPA (mutated v wild type), ERG expression (low v high), WT1
(mutated v wild type), FLT3-TD (positive v negative), NPM1 (mutated v wild type), hemoglobin (in 2-unit increments), WBC (in 50-unit increments), and
extramedullary involvement.
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Fig 1. Favorable outcome of patients with FLT3-ITD and/or NPM1wt and
higher miR-181a expression levels. (A) miR-187a expression in patients who
achieved a complete response (CR) versus patients who did not achieve a CR;
(B) disease-free and (C) overall survival according to miR-187a expression
levels in patients with CN-AML dichotomized into high (above the median
miR-181a expression value) or low (at or below the median miR-187a
expression value) expression 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 DES (P = .04) and OS (P = .05), even after
adjusting for other clinical and molecular variables (Appendix Table
Al, online only).

www.jco.org

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 < .001) with that of miR-181a; 1,002 probe sets correlated
negatively and 172 probe sets positively (Fig 2). Among other genes,
we observed a negative correlation of miR-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 self-
renewal of leukemic stem cells.’**> We also observed a negative
correlation of miR-181a expression with the expression of the

Low miR-181a expression | HIGH

-—— ID1

~—— FLIT
CASP1
TCF4

ﬁ HOXA/B genes

MEIS1

IL1B
IL1RN
TLR2

TLR4

Low I "N HIGH

Fig 2. Heat map of the derived gene-expression signature correlated with
miR-187a expression. Rows represent probe sets and columns represent pa-
tients. Probe sets are ordered by hierarchical cluster analysis. Patients are
ordered from left to right by increasing miR-187a expression. Expression values
of the probe sets are represented by color, with blue indicating expression less
than and red indicating expression greater than the median value for the given
probe set. Arrows indicate genes that are discussed in the text.
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transcription coregulator ID1, which is able to prevent hematopoi-
etic differentiation and has recently been associated with adverse
outcome in AML*; the FLI1 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, a gene 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 (eg,
TLR4 and TLR2) and the interleukin pathways (eg, IL1B, ILIRN, and
CASPI), were over-represented in the miR-181a-associated gene-
expression signature (Table 4).

We report here that expression levels of miR-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 NPM1 mutations, that were recently recognized
by the WHO classification as defining markers for novel provisional
AML entities,”® and FLT3-ITD. Furthermore, we technically validated
these results by using quantitative RT-PCR.

The prognostic impact was most striking in patients with FLT3-
ITD and/or NPMIwt, 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."> Notably, 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, thereby suggesting a potential impact of this microRNA
on mechanisms of resistance to chemotherapy-induced apoptosis.
Higher expression of miR-181a was also associated with longer DES
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 WT'1 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 I prognostic cate-
gory also includes patients with FLT3-1TD and/or NPMIwt, but only
those who lack CEBPA mutations; patients with FLT3-ITD and/or
NPMIwt and CEBPA mutations are classified in the favorable catego-
1y.”” When we analyzed the prognostic significance of miR-181a ex-
pression in this European LeukemiaNet intermediate I prognostic
category (n = 92), higher miR-181a expression levels were still associ-

5262 © 2010 by American Society of Clinical Oncology

Table 4. GO Terms of Biological Processes Significantly Overrepresented
in the miR-187a-Expression Profile
Percentage of Members
of the GO Term Present
GO ID GO Terms in the miR-181a Profile P
50715 Positive regulation of 83.33 < .001
cytokine secretion
50706 Regulation of 80 <.001
interleukin-1 beta
secretion
50716 Positive regulation of 80 <.001
interleukin-1
secretion
50704 Regulation of 80 < .001
interleukin-1
secretion
50718 Positive regulation of 80 < .001
interleukin-1 beta
secretion
50707 Regulation of 77.78 <.001
cytokine secretion
45123 Cellular extravasation 66.67 <.001
50701 Interleukin-1 66.67 .001
secretion
50702 Interleukin-1 beta 66.67 .001
secretion
7159 Leukocyte adhesion 66.67 .002
50663 Cytokine secretion 66.67 < .001
9595 Detection of biotic 62.5 < .001
stimulus
50709 Negative regulation 60 .003
of protein
secretion
30593 Neutrophil 60 <.001
chemotaxis
45408 Regulation of 57.14 .002
interleukin-6
biosynthetic
process
45576 Mast cell activation 57.14 .004
30149 Sphingolipid 55.56 <.001
catabolic process
42226 Interleukin-6 50 .003
biosynthetic
process
32635 Interleukin-6 50 .003
production
50714 Positive regulation of 50 < .001
protein secretion
46466 Membrane lipid 50 <.001
catabolic process
NOTE. Shown are significantly overrepresented GO terms with = 50% of their
assigned members represented in the gene expression signature associated with
higher miR-187a expression. Gray shading identifies terms associated with genes
encoding proteins in the interleukin-18 and toll-like receptor pathways (eg, /L15,
ILTBRN, CASP1, TLR2, TLR4, etc).
Abbreviation: GO, Gene Ontology.

ated with a significantly higher CR rate (OR, 1.56; P = .04), and longer
DEFS (HR, 0.72; P = .03) and OS (HR, 0.77; P = .01). Altogether, these
data support a pivotal role of miR-181a 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.*” Moreover, 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-181a 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 elevated 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 also 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 IDI, an inhibitor of hematopoietic 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 seemingly promotes develop-
ment of hematopoietic progenitors and contributes to regulat-
ing hematopoietic cell differentiation.’”

In an effort to further understand how changes in miR-181a
expression affect the aggressiveness of the disease, 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 miR-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 ILIB have previously been implicated in human
cancer.” > TLR4 has been shown to promote tumor growth and
interfere with response to chemotherapy in ovarian cancer,* and to
contribute to the development of cytopenias in myelodysplastic syn-
dromes."” Tn addition, TLR4 signaling has also been linked to blocking
myeloid differentiation of hematopoietic stem and progenitor cells in
severe sepsis.*® IL-1 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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5. Marcucci G, Radmacher MD, Maharry K, et al:
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support survival and proliferation of malignant blasts in AML
patients.*”>° However, the mechanisms through which the changes in
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 elucidated.

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. Moreover, it does so independently from other validated
clinical and genetic variables, 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 reliable methods of delivery of this microRNA directly to the leuke-
mia cells and/or identification of agents capable of increasing en-
dogenous levels of miR-181a 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 either 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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SUPPLEMENTAL MATERIAL

Definition of Clinical Endpoints

Complete remission (CR) was defined as bone marrow (BM) cellularity >20% with
maturation of all cell lines, <5% leukemic blasts, undetectable Auer rods, and recovery
of leukocyte (=1,500/pL) and platelet (>100,000/uL) counts with no leukemic blasts in
the blood, all of which had to persist for at least 1 month. Relapse was defined as 25%
BM blasts, reappearance of circulating blasts or development of extramedullary
leukemia.” Overall survival (OS) was measured from the date the patient was enrolled
onto the study until the date of death, and patients alive at last follow-up were censored.
Disease-free survival (DFS) was measured from the date of CR until the date of relapse
or death; patients alive and relapse-free at last follow-up were censored. Pretreatment
central nervous system, spleen, liver, skin, nodes, gum, or mediastinal mass

involvement constituted extramedullary disease.

White blood count (WBC), BM, and peripheral blood (PB) blasts

Forty-four percent of the 423 CN-AML cases enrolled on the two protocols [Cancer and
Leukemia Group B (CALGB) 9621 and 19808] were part of our study. WBC, and BM
and PB blasts were significantly higher in the cases we studied (P<.001 for all three
variables) versus the cases we did not. This is a result of selection criteria used to
identify patients with adequate blast counts for reliable molecular studies. To explore
this potential bias, we thoroughly evaluated WBC and blast percentage (BM and PB) in

all our outcome multivariable models to ensure that the outcome association of our main
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variable, miR-181a expression, did not change. MiR-181a stayed significant in all of the
models that contained these variables (CR and DFS for WBC; CR, DFS, OS for BM and
PB blasts) and neither WBC nor percent blasts (BM or PB) became significant for

outcome.

miR-181a Expression Analyses
MiR-181a expression was measured using the OSUCCC v3.0 microRNA microarray
chip. For quantification, the two miR-181a probes on the chip were averaged. These

two probes correlated very strongly (r=.98, P<.001), and no outliers were observed.

BM samples were used to study miR-187a levels in the majority of our cases (72%).
When we compared miR-181a levels across BM and blood samples, we did not see any

differences across the tissue types.

Since miR-181b expression was also part of the reported prognostic microRNA
signature, in CN-AML with unfavorable molecular features — FLT3-ITD and/or NPM1
wild-type (NPM1wt) — we also analyzed the prognostic impact of miR-181b
expression.2 We found that the expression levels of miR-181b did not provide any
additional information, with respect to outcome. Therefore we focused on miR-181a

expression levels.

In order to validate the microRNA microarray-based miR-181a quantification, we

performed real-time RT-PCR for miR-187a in a subgroup of 30 patients, 15 of whom
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had high and 15 low miR-181a expression levels according to the microarray data. MiR-
181a expression was normalized to an internal control, U48 small nucleolar RNA
expression. Primers, probes and amplification conditions will be provided upon request.
QOutcome analysis of these 30 patients analyzed by RT-PCR reproduced the results
obtained using the microRNA microarray. Using a median cut-off value for the real-time
RT-PCR data to define high and low expressers, patients in the high miR-187a
expression group had a significantly better DFS (P<.001) and OS (P<.001) than those in
the low miR-181a expression group, thereby confirming the outcome results we

observed using the microRNA microarray data for these 30 cases.

Multivariable Models

Multivariable logistic regression models were constructed to analyze factors related to
the probability of achieving CR, and multivariable Cox proportional hazards models
were constructed to analyze factors important for DFS and OS. Factors examined for
inclusion in the CR models were miR-181a, ERG and BAALC expression, FLT3-ITD,
MLL partial tandem duplication (MLL-PTD), WT1 and NPM1 mutation status, age,
hemoglobin level, platelet count, WBC, percentage of blood and BM blasts, race, sex,
induction regimen (ADE versus ADEP), and extramedullary involvement. For OS and
DFS, factors examined for model inclusion were miR-181a, ERG and BAALC
expression, FLT3-ITD, FLT3 tyrosine kinase domain mutations (FLT3-TKD), MLL-PTD
and WT1, NPM1, and CEBPA mutation status, age, hemoglobin level, platelet count,
WBC, percentage of blood and BM blasts, race, sex, and extramedullary involvement.

Of the above factors, those significant at a=.20 from the univariable models (see
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footnotes in Table 3) were used in a limited backward selection procedure to build
multivariable models, by retaining the main variable miR-187a throughout the model

building. Variables remaining in the final models were significant at a=.05.

To further explore the impact of miR-181a expression level in the presence of other
prognostic markers, we fitted additional multivariable models for outcome. All molecular
markers were retained in these models irrespective of statistical significance. High miR-
181a expression levels remained significantly associated with favorable outcome for all
three end points. For the achievement of CR, the only molecular marker significant in
the model was miR-181a expression (P=.01). For DFS, miR-181a expression (P=.02),
CEBPA mutation status (P=.005), FLT3-ITD (P<.001), FLT3-TKD (P=.02), NPM1
mutation status (P<.001), and WT7 mutation status (P=.001) were all significant in the
model. For OS, miR-181a expression (P=.03), FLT3-ITD (P<.002), and WT1 mutation

status (P<.001) were the only significant predictors.

For all Cox models, the proportional hazards assumption was checked for each variable
individually. If the proportional hazards assumption was not met for a particular variable
for a given endpoint, an artificial time-dependent covariate was included in the model for
that endpoint, which requires estimating the hazard ratios at specific time points for
these variables as opposed to being able to provide one hazard ratio for the entire time
period analyzed. For achievement of CR, estimated odds ratios (OR), and for survival
endpoints, hazard ratios (HR) with their corresponding 95% confidence intervals (Cl)

were obtained for each significant prognostic factor.’
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Missing Data
Missing data were handled using a complete case analysis approach.3 This was

required only for developing a CR model for the whole patient set.

Validation Analysis of Prognostic Significance of miR-181a Expression Levels
Older patients included in the validation set were treated on one of the following CALGB
first-line treatment protocols: 8525,° 8923,° 9420,” 9720,% and 10201.° Per protocol,

patients enrolled on this study did not receive stem cell transplantation in first CR.

In this set of older CN-AML patients with FLT3-ITD and/or NPM1wt (n=122), miR-181a
expression levels were measured by microRNA microarray assays. miR-181a
expression was used as a continuous variable in univariable and multivariable analyses.
Due to the large number of predictors relative to the number of events in the analyzed
data set, individual variables were evaluated along with miR-187a expression and
based on these “bi-variable” results the final models were developed (see Supplemental

Table S1).

Gene-Expression Profiling

As for the miRNA expression profiling, total RNA was extracted from pretreatment BM
or blood mononuclear cells. Using AffymetrixU133 plus 2.0 GeneChips (Affymetrix,
Santa Clara, CA), RNA samples from a group of cytogenetically normal acute myeloid

leukemia patients treated on CALGB 9621 were analyzed (including data normalization
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and computation of expression intensities), as previously reported.10 Expression values
were logged (base 2) before analysis. A filtering step was performed to remove probe
sets that did not display significant variation in expression across arrays. In this
procedure, a chi-square test was used to test whether the observed variance in
expression of a probe set was significantly larger than the median observed variance in
expression for all probe sets using a=.01 as the significance level. A total of 19,871
probe sets met the filtering criterion and were included in subsequent analyses. Thirty-
nine patients with FLT3-ITD and/or NPM1 wild-type and enrolled on CALGB 9621 were
studied in the gene-expression profiling studies detailed above. These patient samples
were used for the identification of the gene-expression profile associated with miR-181a
expression. For this purpose, univariable correlation tests (using Pearson’s correlation)
were performed between the median miR-181a expression level and expression values

of each Affymetrix probe set, using a univariable significance level of a=.001.

Analyses were performed using BRB-ArrayTools version 3.8.0 Beta 2 Release (R.
Simon and A.P. Lam, National Cancer Institute, Bethesda, MD) and using the R version
2.9.0 (R Foundation for Statistical Computing, Vienna, Austria). Summary measures of
gene expression were computed for each probe-set using the robust multichip average
(RMA) method, which incorporates quantile normalization of arrays. For in silico target
prediction of miRNAs, the online applications miRBase Targets Version 5 and

Targetscan Release 5.0 were used.

Gene Ontology Analysis
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We used GenMAPP version 2.1 and MAPPFinder version 2.0 to assess which biological
processes (as designated by the Gene Ontology project at www.geneontology.org)
were overrepresented among the genes that constituted the signature. An
overrepresented biological process is one that has more associated genes (also
referred to as members) in the gene-expression signature than is expected by chance.
In our analysis, we considered only biological processes that were represented by =5
members among the genes that could be analyzed in our microarray-expression
database. MAPPFinder uses a permutation procedure to determine overrepresented
biological processes. An alpha level of .005 was used for identifying such biological
processes. Furthermore, we only report the overrepresented biological processes for
which at least half of their members (ie, genes) analyzed in our microarray-expression

database were identified as part of the signature associated with miR-187a expression.
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Table S1. Multivariable Analyses Evaluating miR-1871a Expression for Clinical
Outcome in Older Cytogenetically Normal Acute Myeloid Leukemia Patients with
FLT3-ITD and/or Wild-Type NPM1

End Variables in Final Models HR 95% ClI P
Point
miR-181a expression 0.64 0.46, 0.90 047
DEs+  NPM1; mutated v wild-type 0.28 0.11, 0.71 .037
Platelets 1.45 1.14,1.85 .002
WBC 1.85 1.32, 2.61 <.001
miR-181a expression 0.78 0.63, 0.95 .057
FLT3-TKD; positive v negative 5.89 1.68, 20.58 .006
os* NPM1; mutated v wild-type 0.49 0.24,0.98 .03f
Platelets 1.20 1.01,1.35 .005
WBC 1.15 1.02, 1.30 .02

NOTE: Hazard ratios greater than (less than) 1.0 indicate higher (lower) risk for
relapse or death (DFS) or death (OS) for the higher values of the continuous variables
and the first category listed for the categorical variables.

Abbreviations: Cl, confidence interval; DFS, disease-free survival, FLT3-TKD, tyrosine
kinase domain of the FLT3 gene; HR, hazard ratio; OS, overall survival; WBC, white
blood count.

* Variables considered in the models were miR-181a expression, CEBPA (mutated v
wild-type), FLT3-ITD (positive v negative), FLT3-TKD (positive v negative), NPM1
(mutated v wild-type), WBC (in 50 unit increments), platelet count (in 50 unit
increments), and age (in 10 year increments).

T Does not meet the proportional hazards assumption. For DFS, the hazard ratios for
miR-181a expression and NPM1 mutation status are estimated at 18 months; for OS,
the hazard ratios for miR-1871a expression and NPM1 mutation status are estimated at
24 months.
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Zusammenfassung / Conclusion

Within the scope of this thesis we present a study that reported on the prognostic
impact of the expression levels of a single miR - miR-187a - in CN-AML patients. We
showed that higher levels of miR-181a expression directly correlated with higher odds of
achieving CR following standard cytarabine/daunorubicine based treatment protocols
and lower risk of experiencing relapse and/or death. This is - to our knowledge - the first
study that demonstrated that the expression of a single non-coding RNA associates with
clinical outcome in AML, even in the context of other well established molecular
markers. In the manuscript we also validated our results in an independent set of older
(>60 years) CN-AML patients. Higher miR-181a expression levels were also associated
with a significantly higher CR rate, and longer disease-free (DFS) and overall survival
(OS) within the ELN Intermediate-l Genetic Group, thus refining the ELN risk
classification. Altogether, the presented data support a pivotal role of miR-181a
expression levels for the response to treatment of CN-AML patients, and suggest that
miR-181a expression might be used to further refine the risk in AML patients."
Additional studies to validate our prognostic findings are needed. Interestingly, very
recently the favorable prognostic impact of higher miR-181 could also be shown to in
AML with cytogenetic abnormalities.*® Moreover, validation studies are currently ongoing
at the University of Leipzig, building upon our preliminary data (shown in the
introduction) that suggest that higher pretreatment expression levels of miR-181a may
also be associated with improved outcome following allogeneic hematopoietic cell
transplantation after reduced-Intensity conditioning. If the results are confirmed and

validated and once standardized RNA quantification methods are established, miR-

31



181a expression might be included in diagnostic panels, and used to improve risk-

stratification of AML patients and help guide treatment decisions of physicians.

Additionally, in the here presented study, in order to gain insight into the biology of miR-
181a associated leukemia, we derived a genome-wide gene expression profile
associated with miR-1871a expression levels. These results may aid in the task of
elucidating the biology of miR-181a associated outcome differences in CN-AML

patients, and provide a basis for further functional studies.

Since our prognostic study was published, additional evidence that underscore miR-
181a’s tumor suppressive effects and thus support our findings have emerged. In
chronic lymphatic leukemia (CLL) lower miR-181a expression levels have been
associated with a more aggressive subtype harboring chromosome 17p deletions and in
gastric cancer higher miR-181 expression was reported to be associated with increased
chemosensitivity.*®*” Furthermore, recently other groups have reported targets of miR-
181a that may also have a role in AML. Shin et al. demonstrated that miR-181a may
have tumor suppressor activity by targeting oncogenic K-Ras in oral squamous
cancer,”® and it has been described that high expression levels of miR-181a promote
apoptosis in gliomas and astrocytomas by targeting members of the BCL2 family.*>*°
Indeed, also BCL?2 itself has been suggested to be a direct target of miR-187a and Bai
et al. showed that miR-187a directly targets anti-apoptotic BCL2 in AML cell lines.®"*?

Overexpression of miR-181a in a cytarabine resistant HL-60 cell line decreased BCL-2

expression, induced apoptosis and sensitized the cells to cytarabine treatment.®®> The
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findings that miR-181a is able to lower the endogenous apoptosis threshold of AML
blasts supports our observation of an association of higher miR-181a expression with

treatment response in AML and provided a functional basis for our clinical observations.

The identification of low levels of miR-187a as an adverse prognostic factor provides the
opportunity for potential therapeutic intervention by artificially substituting miR-181a.
Since free synthetic miRs are easily degraded in bio-fluids, have limited cellular uptake
and are quickly cleared from blood the administration of unprotected synthetic miRs
does not present a feasible approach. However, we recently presented a novel non-viral
nanoparticle based targeted delivery system for miRs in AML, which may overcome
these limitations.*® In a proof-of-principal study, our preliminary results indicated that our
nanoparticle-based delivered synthetic miR-1871a is efficient in upregulation of mature
miR-181a levels in AML cell lines and patient blasts. These increased miR-181a levels
consequently downregulated miR-181a target genes (i.e. NRAS and KRAS) in miR-
181a-nanoparticle treated AML cells.>® Furthermore, the miR-187a-nanoparticle
treatment had anti-leukemic activity and sensitized AML blasts to daunorubicine

treatment in vitro,>

which is in accordance with the findings in the here presented
clinical study as well as the in vitro findings reported by others. These results show that
miR-181a may not only have prognostic significance and improve risk stratification in

AML, but our findings may also pave the way to a new miR-based personalized

medicine for AML patients in the future.
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