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ABSTRACT

Background

Minimally differentiated acute myeloid leukemia is heterogeneous in karyotype and is
defined by immature morphological and molecular characteristics. This originally French-
American-British classification is still used in the new World Health Organization classifi-
cation when other criteria are not met. Apart from RUNX7 mutation, no characteristic
molecular aberrations are recognized.

Design and Methods

We performed whole genome single nucleotide polymorphism analysis and extensive
molecular analysis in a cohort of 52 patients with minimally differentiated acute myeloid
leukemia.

Results

Many recurring and potentially relevant regions of loss of heterozygosity were revealed.
These point towards a variety of candidate genes that could contribute to the pathogene-
sis of minimally differentiated acute myeloid leukemia, including the tumor suppressor
genes 1P53 and NF1, and reinforced the importance of RUNX? in this leukemia.
Furthermore, for the first time in this minimally differentiated form of leukemia we detect-
ed mutations in the transactivation domain of RUNX1. Mutations in other acute myeloid
leukemia associated transcriptions factors were infrequent. In contrast, FLT3, RAS, PTPN11
and JAK2 were often mutated. Irrespective of the RUNX7 mutation status, our results
show that RAS signaling is the most important pathway for proliferation in minimally dif-
ferentiated acute myeloid leukemia. Importantly, we found that high terminal deoxynu-
cleotidyl transferase expression is closely associated with RUNX7 mutation, which could
allow an easier diagnosis of RUNX7 mutation in this hematologic malignancy.

Conclusions
Our results suggest that in patients without RUNX7/ mutation, several other molecular
aberrations, separately or in combination, contribute to a common minimally differentiat-

ed phenotype.
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LOH and mutations in AML-MO

Introduction

Minimally differentiated acute myeloid leukemia
(AML-MO) is a distinct entity but heterogeneous in
manifestation.' It accounts for less than 5% of all cases
of AML, is mostly seen in elderly patients and has a
remarkably poor prognosis."® AML-MO blasts show low
expression of myeloperoxidase, express at least one
myeloid surface antigen (CD13, CD33, CD15) and have
immunophenotypic characteristics of early progenitor
cells such as expression of CD34, terminal deoxynu-
cleotidyltransferase (TdT), HLA-DR and CD117."* Co-
expression of lymphoid-associated antigens is some-
times seen but does not preclude diagnosis.*

The incidence of abnormal karyotypes is more fre-
quent in AML-MO (71 to 81%) than in other sub-
types.>*> Complex aberrant karyotypes are detected in
approximately 20% of AML-MO cases, and unbalanced
chromosomal changes involving -5/del(5q),-7/del(7q),
+8, +11 and +13 are the most frequent.”** Nevertheless,
unlike for other AML subtypes, no characteristic
translocation has been described for AML-MO.

The most frequently recurring molecular alterations
observed in AML-MO are mutations in RUNX1 (alias
AMIL1).° These are mainly biallelic or dominant-nega-
tive point mutations, other than translocations, and are
detected in 15 to 35% of cases.” RUNX1 is a transcrip-
tion factor essential for hematopoiesis that binds DNA
through its Runt domain.” RUNX1 is described as both
a tumor suppressor gene (ISG), as in AML-MO,® and as
an oncogene, as it is frequently involved in chromoso-
mal translocations in various hematologic malignan-
cies.” Other genes found to be mutated in AML-MO
include FLT3, RAS and PTPN11."** However, these
mutations are considered to be, rather than surrogates,
collaborating abnormalities with mutations in transcrip-
tion factors such as RUNX7."

In this study we aimed to identify new molecular
alterations that could explain the etiology of AML-MO.
Together with cytogenetic and immunophenotypic
analyses, we analyzed a unique cohort of 52 AML-MO
samples by whole genome single nucleotide polymor-
phism (SNP) screening to reveal regions of loss or gain
that could contain putative TSG or oncogenes. We also
performed extensive mutation analysis in genes known
to be mutated frequently in AML.

Design and methods

Patients’ material

This study was performed with archived material
from diagnostic cryo-preserved bone marrow aspirates
from 52 patients (numbered from 1 to 9 and 18 to 60),
classified morphologically and immunophenotypically
as having AML-MO (presented in Table 1 and in an Online
Supplementary file). Material was collected from the
medical centers at the Robert-Réssle-Clinic, Charité
Berlin, Germany; University of Leiden, the Netherlands;
University of Groningen, the Netherlands; Erasmus
University, Rotterdam, the Netherlands; and University

of Vienna, Austria. All samples were handled in a coded
fashion and research was conducted following the med-
ical ethical guidelines of the national organization of sci-
entific societies (FEDERA; Code for Proper Secondary Use
of Human Tissue in The Nethetlands). Pure tumor cell pop-
ulations were sorted by flow cytometry from mononu-
clear cells isolated from bone marrow or peripheral
blood at the time of diagnosis.® T cells from each sam-
ple (with the exception of those from patients 38 and
49) were expanded using previously described condi-
tions as a source for control material.*** DNA was iso-
lated from the sorted tumor cells and T cells using the
QlAamp DNA Blood Mini Kit (Qiagen, Hilden,
Germany). RNA was isolated from the mononuclear cell
fraction using the QIAamp RNA Blood Mini Kit
(Qiagen). cDNA was prepared using SuperScript® First-
Strand Synthesis System for reverse transcriptase poly-
merase chain reaction (RT-PCR) (Invitrogen, Breda, the
Netherlands).

Karyotyping

Cytogenetic analysis was performed on GTG-banded
chromosomes and the karyotype was assigned accord-
ing to the criteria of the International System for
Human Cytogenetic Nomenclature (ISCN)."” A complex
aberrant karyotype is defined in this study by at least

five abnormalities.

Single nucleotide polymorphism analyses

SNP analysis was performed using the GeneChip
Mapping 10k 2.0 array (Affymetrix, Santa Clara, CA,
USA) following the manufacturer’s instructions. Briefly,
250 ng of total genomic DNA was digested with Xbal
restriction enzyme and ligated to a universal adapter.
The ligated fragments were then PCR-amplified using
primers complementary to the universal adapters. PCR
products were purified, fragmented by DNase I, labeled
with biotinylated dATP and hybridized to the array.
The arrays were scanned using a GeneChip Scanner
(Affymetrix). Affymetrix GeneChip 5.0 genotyping
software was used to examine the SNP hybridization
patterns and to make SNP calls. The resulting data were
analyzed with the dChip software package.”

Mutation screening

RUNX1, FLT3 internal tandem duplications (ITD) and
FLT3 D835 mutation screening was performed as previ-
ously described.*” KIT D816V mutations (exon 17)
were screened using the Hinfl restriction assay.” All
patients were screened for these mutations.

Melting curve analysis was performed for all patients
to detect mutations in NRAS (codons 12/13 and 61),
KRAS (codon 61), JAK2 (codon 617), PTPN11 (exons 3
and 13), PTPN6 (exons 3 and 13) and SPI1 (exons 1 to
4). The above mentioned regions were amplified in
reactions containing LCGreen PLUS (Idaho Technology,
Salt Lake City, UT, USA) using the primers and condi-
tions described in the Omnline Supplementary Appendix.
Subsequently, melting curves of the PCR products were
generated in a LightScanner HR 96 (Idaho Technology).
Aberrant melting curves were subjected to DNA
sequencing to confirm mutations, as previously
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described.® Standard PCR techniques were used to
amplify RUNX1 (exons 6 to 8), NRAS (codon 61),
CEBPA, CEBPD, SPI1 (exon 5), TET2, PURA, PILRA,
PILRB from genomic DNA and RUNX1, CSF2RA and
IL3RA from cDNA (Ounline Supplementary Appendix).
Subsequent DNA sequencing was performed as previ-
ously described.® CEBPA and CEBPD sequencing reac-
tions included, in addition to standard reagents, 1.6 M of
betaine (Sigma-Aldrich, Saint-Louis, MO, USA).

NPM1 exon 12 and CEBPB mutations were studied by
fragment analysis. After amplification (the conditions
and primers are presented in the Omnline Supplementary
Appendix), the PCR products were analyzed on a 3730
DNA Analyzer (Applied Biosystems, Foster City, CA,
USA) with GeneScan 500 ROX (Applied Biosystems) as
a size standard. Detected mutations were confirmed by
sequencing.’

The tumor specificity of mutations detected in
genomic DNA of AML tumor cells was confirmed by
sequencing the respective control DNA (expanded T
cells) for the absence of mutations.

Results

Minimally differentiated acute myeloid leukemia
shows karyotype heterogeneity

The cohort of 52 patients was not selected for any cell-
biological feature other than the diagnosis of AML-MO.
The cohort had a median age of 61 years and consisted
of 47 de novo cases, 1 therapy-related case and 4 cases of
secondary leukemia (Table 1).

Karyotypes were available for 49 cases (Table 1). Six
(12%) cases had complex aberrant karyotypes, 14 (29 %)
cases were normal and 17 (35%) cases were associated
with a single abnormality. The remaining 12 cases car-
ried two or three chromosomal abnormalities. The pre-
dominant single abnormalities were trisomy 13, trisomy
8 and monosomy 7. Overall the most frequent abnor-
malities detected were del(5q), trisomies 8 and 13 and
monosomy 7/ del(7q) (Table 3).

We also detected several chromosomal abnormalities
that might involve known transcription factors, includ-
ing the del(16)(q22) (patient 42), frequently associated
with CBFB, the inv(3)(q21q26) and t(2;3)(p23;q27)
(patients 51 and 4), associated with EVI4, and the previ-
ously reported translocations involving ETV6 in cases 2,
9 and 43 (Table 1).*!

Single nucleotide polymorphism array analysis
revealed several potential new regions involved in
minimally differentiated acute myeloid leukemia

We compared DNA isolated from flow-sorted
leukemic cells to control DNA of the same patients using
the Affymetrix GeneChip 10K mapping array. Loss of
genetic information, detected as loss of heterozygosity
(LOH) and/or copy number changes, was found in sev-
eral chromosomes (Tables 1 and 2). Twenty-three
regions were found to be affected in 37 AML-MO
patients. Most patients had losses or gains additional to
those found by karyotype analysis. Interestingly, of the
14 patients with a normal diploid karyotype, nine dis-

played LOH on at least one chromosome (Table 1).

LOH was most frequently observed in chromosomes
21,17,7 and 5. As regards chromosome 21, copy neutral
LOH (also known as uniparental disomy [UPD] or [par-
tial] isodisomy) was found in 14 cases and a hemizygous
deletion in 3 cases (Figure 1A). Homozygous deletions of
the region on chromosome 21 harboring the tumor sup-
pressor gene RUNX1 were detected in three of the 17
cases with LOH (Table 2, Figure 1A). LOH in chromo-
somes 5 (9 patients) and 7 (9 patients), in contrast to that
in chromosome 21, was mainly due to deletions. In
chromosome 17 the minimal regions of overlap in LOH
between the patients comprised two separate regions,
one including TP53 and the other NF1 (Table 2, Figure
1B). LOH was also detected in chromosomes 3 (5
patients), chromosome 4 (4 patients) and chromosome
12 (4 patients). LOH in chromosome 12 resulted from a
hemizygous deletion that included the ETVé locus, as
previously reported.” Microdeletions (smaller than 2
Mb) were present in three patients, affecting chromo-
somes 3, 4, 8 and 11 (Table 2). The remaining examples
of LOH were restricted to a limited number of patients
(Table 2). In addition, two cases showed gain of genom-
ic regions in chromosomes 3 and X/Y (Table 2).

Mutation analysis of candidate genes did not reveal
new targets

Following the results of the SNP analysis we screened
several candidate genes, located within the minimal
common regions of LOH or gain, for mutations. Genes
were selected based on their potential relevance for
leukemia, and included PURA, PILRA, PILRB, TET2 and
CEBPD for regions of LOH, and IL3RA and CSF2RA for
a region of amplification near the pseudo-autosomal
region of chromosomes X and Y (Table 2). In most cases,
mutation screening was restricted to the samples show-
ing LOH or copy number gain (Online Supplementary
Table S2). No mutations were detected in any of these
candidate genes. However, CSF2RA and IL3RA, which
are involved in hematopoietic development,” were
shown to be highly up-regulated by gene expression
microarray analysis (data not shown).

RUNX1 mutations in minimally differentiated acute
myeloid leukemia are not restricted to the RUNX1
runt domain

Mutations in RUNX1 were detected in 18 patients
(35%) (Table 1 and Ownline Supplementary Table S1). In
concordance with the SNP analysis, 13 of these muta-
tions were homozygous/biallelic (Table 1 and Figure
1A). Patient 38 had a homozygous mutation but without
detectable LOH (Table 1). The most common RUNX1
mutations found in exons 3, 4 and 5 were base substitu-
tions in or near to the DNA binding runt domain (Table
1). We also detected four insertions that resulted in trun-
cated proteins as well as one insertion/duplication and
one deletion. In addition, exons 6, 7 and 8 of RUNX1
were sequenced in samples for which a mutation was
expected based on the LOH results and other analyses.
In two samples (from patients 26 and 41) we found a
frame shift mutation. In only one patient (patient 52)
with UPD (Figure 1A), a RUNX1 mutation remained
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Table 1. Molecular, clinical, immunological and cytogenetic features of the patients.
AML-MO Karyotype' Other Mutations in Other {3 Immunophenotype (%) of cells

sta chromosomes' transcription factors® mutations’ genes CD34 CD33 MPO TdT
I 65 46, XX,i 5172 E} 10), 12 JAK2 V61TF; ETVE:; TP53 moTm05
del(20 q) PTPN11 E76K
2t 67  Secondary 47 XXt (4;12) 4,22 ETV6 t(4;12)° NRAS Q61H; RUNXI* % 5 05 04
(PV) (q12;p13),-21, +2r(21) PTPN11 D61H
3 43 46.XX 86 50 79
4 68 46, XY,t(2;3) (p23;027) 3,4 EVI/MDS t(2;3) 50 44 0
+ hemizygous dele
5 61 Complex Complex PTPN11 D61Y TP53 58 67 0
6bd 37 46 XY 17 ETV6 [S107fs]+[V345_Y346insR]* NFI¢ 5 70 10 3
Tbe 68 47XY, +13,1(17) (q10) 1,21 RUNX1 W79C FLT3', TP53® o3 83
8 68 46,.XX 5,17 NFI¢ 0 & 12
gbd 47 Secondary Complex Complex KRAS G12D ETVE mT 1 1
18 83 45XY,-7, del20(q1?2) 21 RUNXI del 91 35 87
19 68 46 XY 4,21 RUNXI del FLT3 ITD 10 81
20 73 47XY,+8 3 97 8% 6 10
21 59 46.XY 17 ETV6 R360Xd % 5 1 2
22 7 47XY,+9 93 4 2 9%
23 62 Secondary (PV) 46.XY 9 JAK2 VB17F 60 7 2 6
24 5 45XY,-7 21 RUNX1 R139Q NRAS G13D 89 70 T4 58
25 59 Complex Complex RUNXTe; TP53 NFIe - 91 69 1 7
26 65 47XY,+8 7,21 RUNXI A297fs % 39 5 58
2T 58 n.d. 21 RUNXI1 R80H FLTS' 8 18 3 76
28 69 Secondary (MDS) 47 XY,+8 RUNX1 D48Y JAK2 VI6TF 8 35 1 13
29 45 46,XX,del(7) (q22) 3 FLT3 ITD %O 12 2
30 55 47 XY,+13 21 RUNX1 W79C PTPN11 G60V FLT3 89 21 4 2
3l 68 96,XXYY,+13,+13,der(17) RUNXI Al15fs FLT3', TPS3: 92 56 4 45
t(16;17) (p11;p11)x2,+19,+19
32 64 47 XY,+13 21 RUNXI D171V FLT3 91 5 3 68
33 31 Complex Complex RUNXI<; TP53¢ o 8 1
34 22 46 XY,t(11;19) (q13;p13) FLT3 ITD % 9B 6 0
35 35 46.XY 8 CEBPA [D69fs (+) K313dup] NRAS G13D CEBPD* 94 9% 9% 16
36° 65 47 XY,+13 RUNXI R142fs FLTS' 94 11 0 8
37 74 Therapy related Complex Complex RUNX1 M106fs 8 3 12T
38 64 n.d. RUNX1 [L55fs (+) FLT3 ITD 45 68 8 0
V128_Al129insEY_E111_V128dup]
39 74 47XX,+14 57,21 RUNXI del 89 54 4 4l
40 49 46.XY 5 8 30
41 51 46.XY RUNXI R319fs 867 4
42 57 47 XX del (16) (q22), +21 FLT3 D835V ~ CBFB del(16)(q22)¢ 70 18 3 1
43¢ 64 46.XY, t(4;12) (q12;p13) ETV6 t(4;12)" 71 51 8 8l
44 60 45XY,-7 5 PTPN11 E76V 60 20 0
45! 29 n.d. Complex ETVE®, NFI¢ 90 55
46° 81 47 XX,+13,16gh+c FLT3' 90 0 2
47 75 46,XX 21 RUNXI K83N 8% 0 0
48 71 46.XY % 2 6
49 8 47 XX, +8 FLT3 ITD 9% 0 1
50 86 46,XX,t(9;11) (q34;p11.2) 411,19 B2
51 33 46,XY,inv(3) (q21q26) FLT3ITD  EVITinv(3)(q21q26) 95 60 1
52 24 46,XX hexaploid 21 FLT3 ITD RUNXT" 95 1 0
53¢ 86 46 XY.der(13)t(1321) 21 RUNX! del FLT3 0 3 8
(q32~34;q223,+der(’13),-21
54 47 Complex complex NFI 9 84 0
55 62 46.XY 7,21 RUNXI V105fs 8 46 0 49
56 49 49X idic(Y) (q12)x3 1%% NRAS Q61R 8 % 1 01
57 57 50,X,idic(Y) (q12)x4 280 0,1
58 50 47 XY,idic(21) (q10), 19 ETV6 F103fsd FLT3 ITD 91 8 1
+add(21) (p1?1)
59 40 46.XY NPM1 W288fs; KRAS G12D 1 87 2 1
60 59 46.XX 5 FLT3 ITD; PTPN11 E76Q 80 94 4 1

“mutations in bold are homozygous; "published in Silva et al. (2003) ‘published in Silva et al.,(2007)"; “published in Silva et al. (2008)*; chemizygous locus loss detected by SNP analysis;
“FLT3 over expression associated with trisomy 13 (Silva et al., 2007)"; ¢inferred from cytogenetic data; "inferred from UPD; 'in case of multiple karyotypes the one confirmed by copy number
analysis is shown; ‘chromosomes with LOH or copy number changes detected by SNP analysis only, see table 2 for complete information; n.d. : not done; PV : polycythemia vera; MDS: myelodys-
plastic syndrome.
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Table 2. Summary of minimal common regions of chromosomal losses, gains and uniparental disomy detected by LOH and copy number analyses.

Chrom. region Aberration’ Patient(s)° Proximal SNP Distal SNP Size (Mb) Candidate genes

1 p32.2-pter (36.33) UPD 7 1s1926910 telomere ~56.041

3025.33-q26.2 UPD (2), Loss (2) 5,20,29, 45 1$958985 rs721128 10.088 ILI2A, KPNA4,
NMD3, PDCDI0

3q26.2 Loss 4 rs1488106 rs1920116 0.721 EVII, MDS

3q26.2-qter (29) Gain 29 rs974944 telomere ~29.135

4q24 UPD (2), Loss (1) 2,4,19 1s1528382 1s1374530 1.314a TET2

4q31.22-qter (35.2) UPD 4,19,50 rs720485 telomere ~45.271

5q31.2-q32 UPD (1), Loss (8) 5,8,9,25,33, 152351463 rs724603 7435 PURA®

37,39, 44,60

7q32.1-qter (36.3) UPD (2), Loss (7) 5, 18, 24, 26, rs721691 telomere ~29.980 CDC26,

29, 39,44, 45, 55 FAM40B
8qcen(11.1)-q11.21 Loss 35 centromere rs1384217 ~2a CEBPD*, MCM4
9p21.2-pter(24.3) UPD 23 rs721672 telomere ~25.133 JAK2
11q12.2-q13.2 UPD, Loss 25, 50 rs1593480 rs1938684 9.168
11q14.1-q14.2 UPD, Loss 25,50 162388 151378879 1.533
12p13.31-p13.2 Loss 1,9,33,45 rs747726 rs252028 3.257 ETVE
16g21-q23.1 Loss 42 rs588037 rs725710 11.489 CBFB
17p13.1-p13.2 Loss 1,5,7,25,31,33 rs1379867 rs724809 5 TP53
17q11.2 Loss 6, 8, 25, 45, 54 1s719601 151394385 2.958a NFI
17q21.31-qter(q25.3) UPD 21,45, 54 rs1981998 telomere ~35
19q12-qter (13.43) UPD 50 139304866 telomere ~30
19p13.2pter(23.3) UPD 58 152009518 telomere ~9.661
20q11.23-q13.2 Loss 1,18,33 rs910760 152208006 14.207
21q22.12 UPD (13), Loss (4) 2,7,18,19,24, rs2409561 rs1573304 1.042¢ RUNXI*

25, 26,27, 30,
32, 33, 37,39,
47,52, 53, 55
22q11.21-qter(q13.33) UPD 2,9,25 rs878825 telomere ~28.609
XYp22.33 Gain 56 1s9334 telomere 2.832 CSF2RA", IL3RA®

Chromosomal regions presented, proximal SNPdistal SNP and size refer to the minimally common regions between patients. Trisomies or monosomies were not considered for this
table. Patients showing complex aberrant karyotypes were not used to define minimally common regions with exception of 12p13 and 17p13.“confirmed by MLPA analysis, "gene
screened for mutations; ‘defined by homozygous deletions; ‘UPD equals copy-neutral LOH, Loss equals hemizygous deletion; °patients with UPD in bold; published in Silva et
al.,(2008)*.

undetected. In addition to patients 18, 39 and 53 (Figure FLT3 ITD and one FLT3 D835. Activating mutations in

| 1550 |

1A, Table 2), RUNX1 appeared to be homozygously
deleted in patient 19.°

Mutations in other acute myeloid
leukemia- associated transcription factors are
infrequent

We screened all patients for mutations in CEBPA,
CEBPB and SPI1. We found biallelic CEBPA mutations in
patient 35 (Table 1 and Ownline Supplementary Table S1).
No mutations were detected in CEBPB or SPI1. All
patients were also screened for exon 12 insertions in
NPM1. Patient 59 showed a four nucleotide insertion
(Table 1 and Online Supplementary Table S1). This patient
did not express CD34 and had a normal karyotype, as
reported in other cases with NPAI1 mutation.”

RAS-related genes are frequently mutated in
minimally differentiated acute myeloid leukemia

We detected 25 mutations in 22 patients (42%) in
genes related to the RAS and JAK signaling pathways
(Tables 1 and 3; Ownline Supplementary Table S1). FLT3
mutations were the most frequent mutations, i.e., nine

RAS genes were present in six patients (11.5%), two in
KRAS and four in NRAS. PTPN1{1 mutations were
observed in 6 patients (11.5 %). Activating mutations in
codon 617 of JAK2 were found in three patients, two of
whom had a previous history of hematopoietic disor-
ders. In patient 23, the JAK2 mutation was homozygous,
in line with UPD detected in chromosome 9 (Table 1).
PTPN11 mutations coexisted with RAS, FLT3 and JAK2
mutations in one case each (Table 1).

We did not find any mutations in exons 3 or 13 of
PTPNG6, a PTPN11-related gene, or in KIT. A summary of
the results is presented in Table 3 and detailed informa-
tion on the detected mutations is given in Omnline
Supplementary Table S1.

RUNX1 mutations are associated with terminal
deoxynucleotidyl transferase expression in minimally
differentiated acute myeloid leukemia

Data on protein expression of TdT were available for
40 cases (Table 1). Twenty-two (55%) cases demonstrat-
ed high TdT expression (>10% of cells). Notably, we
found a strong association between high protein expres-

haematologica | 2009; 94(11)
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Figure 1. Single nucleotide polymorphism analysis of patients showing chromosome 17 or 21 abnormalities. (A) LOH in chromosome
21 was detected in 17 patients. LOH was related to a hemizygous deletion in four patients (2, 25, 33, 53) and UPD (copy neutral) in
13, as can be seen by the copy number call. Homozygous deletions were detected in three patients (18, 39, 53) and affected the RUNX1
locus. Chromosome representation, cytoband and gene distribution (overview) are at the left side of the panel. Candidate genes are
underlined. The left heat map shows inferred LOH calls based on a hidden Markov model considering haplotype (using the paired nor-
mal). Each column represents one patient’s result. Each box represents the combined call for one or more SNP between tumor sample
and respective control (T cells). The right heat map represents chromosome copy number inferred using the paired normal as reference
and a median smoothing. Dark gray boxes represent two copies, light gray boxes represent one copy (deletion) and black boxes repre-
sent three copies for each chromosome locus. Homozygous deletions are represented by striped boxes (see copy number heat map).
(B) LOH at chromosome 17 was detected in 11 patients. Two main regions of LOH were detected: one including the TP53 locus, shared
by patients 1, 5, 7, 25, 31, and 33, the other including the NF1 locus, in patients 6, 8, 25, 45 and 54. In addition three patients showed
extensive LOH of the q arm of chromosome 17. Legend as in panel (a).
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sion of TdT and presence of a RUNX7 mutation (one-
sided Fisher’s exact test; using a 10 % expression cut-off
p=0.00002 or a 20 % cut-off p=0.00001). The only
exceptions to this association were patients 28 and 38
who, although carrying RUNX7 mutations, showed no
or low expression of TdT, and patients 3, 22 and 43 who
showed high TdT expression without having RUNX1
mutation (Table 1).

Discussion

In the last years, the approach to the classification of
AML has shifted from a morphological to a molecular
basis. Although the cohort of patients studied here was
selected based on morphological criteria, recent results
using gene expression profiling have shown that AML-
MO patients cluster together as a separate group of AML-
MO0.* In the present study we aimed to identify TSG and
oncogenes that might contribute to the AML-MO pheno-
type. Whole genome SNP analysis revealed various new
regions of LOH containing known and candidate TSG.
Conversely, chromosomal gains were rare. Many of the
LOH regions described here could not have been found
by standard cytogenetic techniques as they were UPD
(Table 1 and 2). Two LOH regions containing known
TSG were on chromosome 17. LOH at 17p13.1 (TP53)
was clearly independent from that at 17q11.2 (NF1).
This result confirms similar findings in AML.*%
However, our results suggest that both regions have
equal importance in AML-MO, since the number of
occurrences for each region is comparable. TP53 has an
important role in the maintenance of chromosomal sta-
bility and its deletion has been linked to AML with com-
plex karyotype.® In concordance, three AML-MO
patients with TP53 loss also had complex karyotypes.
NF1 is involved in negative regulation of the RAS path-
way (see below) and is found to be mutated in patients
with hematopoietic disorders.” Interestingly, a third
region of LOH was detected in chromosome 17 imply-
ing that another TSG is present at 17q (Table 2).

In a number of minimal LOH regions without known
TSG, we screened several candidate genes or transcripts
for mutations, including CEBPD at chromosome 8, TET2
at chromosome 4, and others at chromosomes 3, 5 and
7 (Table 2). Candidate genes were selected based on the
likelihood of them having a role in AML-MO or, in the
case of the region containing TET2, because it was
described as a microdeletion in four patients.”® No muta-
tions were found in any of the candidate genes.
However, for some of the LOH regions detected, hem-
izygous deletions may already be sufficient for the neo-
plastic process, without requiring a mutation in the
other allele.” In fact, several reports suggest that hap-
loinsufficiency of one or more genes, especially in chro-
mosome 5 and 7, contributes to AML.**"" Of note,
some of the areas of LOH detected by us, in particular
the ones with UPD, were too large to be screened effi-
ciently for TSG. Importantly, genome wide SNP analysis
also showed that the genomic region on chromosome 21
containing the TSG RUNX7 is the most frequently
affected region in AML-MO (Figure 1A). The complete

Table 3. Summary of molecular findings and main cytogenetic
abnormalities.

Confirmed mutations

RUNXT 20 39
ETVE: 5 10
CEBPA 1 2
FLT3 10 19
RAS 6 12
PTPNII 6 12
JAK? 3 6
NPMI 1 2
Main cytogenetic abnormalities

Del(5q) 8 15
-T/del(Tq) 7 14
+8 5 10
+13 8 15

a :published in Silva et al., (2008)*.

loss of RUNX1 or biallelic RUNX7 mutations observed
in the majority of patients with UPD in chromosome 21
was in line with mitotic recombination being the mech-
anism of homozygosity.” On the other hand, deletion of
one RUNX1 allele appears to co-exist with complex pat-
terns of LOH (Table 1 and 2). In all, we detected 18 cases
(35 %) with RUNX1 mutation of which 15 were biallel-
ic. This number is higher than in previous studies.” Most
of the mutations affected the runt domain and are con-
sidered to result in loss of DNA binding ability.**
Interestingly, two of the RUNX1 mutations were found
in the transactivation domain. To our knowledge, C-ter-
minal RUNX1 mutations have not been reported in
AML-MO, although a few cases in other AML subtypes
have been reported and they are frequent in myelodys-
plastic syndrome.***

As over 60% of the AML-MO cases retained normal
RUNX1, we screened the cohort for mutations in other
hematopoietic transcription factors frequently implicat-
ed in AML. Mutations in CEBPA, CEBPB and NPM1
were rare, showing that AML-MO is largely unrelated to
these provisional World Health Organization (WHO)
subgroups.® In fact, only a few patients (patients 35, 51
and 59) classified in this study as having FAB AML-MO
would not be considered to be part of the WHO sub-
group with minimally differentiated leukemia. Contrary
to a study showing a high (23%) frequency of mutation
in AML-MO0,” we and others found no mutations in
SPI1.°% Tt seems that mutations of these transcription
factors are not an alternative to RUNX7 mutation in
AML-MO0. However, as we previously reported, ETV6
mutations are infrequent alternatives to RUNX7 muta-
tion in this cohort.”

FLT3, RAS and PTPN11 are genes of the R4S pathway
and mutations in these genes heve been reported to col-
laborate with RUNX1 mutations in the pathogenesis of
AML by providing a proliferative advantage to the
cells."”" We detected a higher frequency of RAS (12%)
and PTPN11 (12%) mutations in AML-MO than in previ-

haematologica | 2009; 94(11)



LOH and mutations in AML-MO

ous studies (Table 3).""" Mutation frequencies for FLT3
(19%) were in accordance with other published data for
AML and AML-MO0."** It is possible that the number of
cases involving these genes is even higher, since we
sequenced only mutational hotspots. Interestingly,
mutations in FLT3, RAS and PTPN11 were absent in
patients showing a deletion of the NF1 region. This
result is in line with the view that deletion of NF1 might
be an alternative to activation of the RAS signaling path-
way in AML-MO. Finally, we detected three cases with
mutation in JAK2, another gene involved in cell prolifer-
ation (Table 3). JAK2 mutations occur frequently in
myeloproliferative disorders and less commonly in
myelodysplastic syndrome and de novo AML.** Though
two of our cases had a previous history of hematopoiet-
ic disorders, this result could indicate some relation
between AML-MO and JAK2 mutation (Table 1).

Contrary to previous findings, mutation of RAS path-
way-related genes did not correlate with RUNX7 muta-
tion."* We also did not find a positive association
between -7/del(7q) and RUNX1 mutation or a negative
one between del(5q) and RUNX7 mutation as previous-
ly reported in myelodysplastic syndrome,* although a
similar trend was noticeable. In fact, the only mutation
associated with mutations in RUNX1 was trisomy 13, as
observed by us and others.””* Trisomy 13 is also corre-
lated with higher FLT3 expression and is probably
another factor contributing to proliferative advantage in
AML-MO.

TdT expression is a common characteristic of CD34*
immature AML and is associated with a poor progno-
sis.® Remarkably, RUNX1 mutation and TdT expression
were strongly correlated. TDT encodes a DNA poly-
merase normally expressed in pre-B and pre-T lympho-
cytes during early differentiation. Recently, we found,
by gene expression profiling, that AML-M0O RUNX1
mutants showed a characteristic B-lymphocyte signa-
ture, which could explain this correlation.” TdT expres-

sion in leukemia is frequently assessed by immunophe-
notyping. Thus screening for RUNX7/ mutations in
AML-MO at diagnosis might become possible by meas-
uring TdT.

In conclusion, whole genome SNP analysis confirmed
our previous findings that events leading to partial UPD
are a major cause of mutation homozygosity in AML-
MO0.°In fact, recent reports show that UPD is common in
AML, myelodysplastic syndrome and myeloprolifera-
tive disease,”™ suggesting that this is a general mecha-
nism leading to loss of TSG activity in hematologic dis-
orders. The observed heterogeneity in chromosomal
losses in AML-MO0 without RUNX7 mutation suggests
that not one but several genes may be alternatives to
RUNX1 mutation. Conversely, mutations related to cell
proliferation, though genetically diverse, affect mainly
the RAS pathway. Combining trisomy 13 and hemizy-
gous loss of NF1 with the mutations found in FLT3,
NRAS, JAK2 and PTPN11, we detected a strikingly high
frequency (63%) of cell proliferation-related mutations.
Importantly, we showed a strong association between
TdT expression and RUNX1 mutation suggesting that
TdT expression may serve as a surrogate marker for
RUNX1 mutation in AML-MO.

Authorship and Disclosures

FPGS contributed to the conception and design of the
study; acquisition, analysis and interpretation of data,
and drafted the article; IA, BM, GB-M, HW, RV con-
tributed to the acquisition and analysis of data; HV,
EWAM, PIMV, HCK-N, WRS, W-DL and MG-G con-
tributed to interpretation of data, critical manuscript
revision, conception and design of the study. All authors
revised the article critically for important intellectual
content approved the final version to be published.

The authors reported no potential conflicts of interest.

acute leukemia with undifferentiat-
ed or minimally differentiated blasts.

Ann Hematol 1992;64:161-5.

Kern W, Staib P, Wuchter C, et al.
Analysis of FLT3 length mutations in

haematologica | 2009; 94(11)

1003 patients with acute myeloid

Referencs 5. Cuneo A, Ferrant A, Michaux JL, leukemia: correlation to cytogenet-
Boogaerts M, Demuynck H, Van ics, FAB subtype, and prognosis in
1. Bennett J]M, Catovsky D, Daniel MT, Orshoven A, et al. Cytogenetic pro- the AMLCG study and usetulness as
Flandrin G, Galton DA, Gralnick HR, file of minimally differentiated (FAB a marker for the detection of mini-
et al. Proposal for the recognition of MO) acute myeloid leukemia: corre- mal residual disease. Blood 2002;
minimally  differentiate acute lation with clinicobiologic findings. 100:59-66.
myeloid leukaemia (AML-MO). Br ] Blood 1995;85:3688-94. 11. Bowen DT, Frew ME, Hills R, Gale
Haematol 1991;78:325-9. 6. Osato M. Point mutations in the RE, Wheatley K, Groves M], et al.
. Bene MC, Bernier M, Casasnovas RUNXI1/AML1 gene: another actor RAS mutation in acute myeloid
RO, Castoldi G, Doekharan D, van in RUNX leukemia. Oncogene 2004; leukemia is associated with distinct
der HB, et al. Acute myeloid leu- 23:4284-96. cytogenetic subgroups but does not
kaemia MO: haematological, immu- 7. Speck NA, Gilliland DG. Core-bind- influence outcome in patients
nophenotypic and cytogenetic char- ing factors in haematopoiesis and younger than 60 years. Blood 2005;
acteristics and their prognostic sig- leukaemia. Nat Rev Cancer 2002;2: 106:2113-9.
nificance: an analysis in 241 patients. 502-18. 12. Bacher U, Haferlach T, Schoch C,
Br ] Haematol 2001;113: 737-45. 8. Silva FP, Morolli B, Storlazzi CT, Kern W, Schnittger S. Implications of
. Amadori S, Venditti A, Del Poeta G, Anelli L, Wessels H, Bezrookove V, NRAS mutations in AMf: a study of
Stasi R, Buccisano F, Bruno A, et al. etal. Identification of RUNX1/AML1 2502 patients. Blood 2006;107:3847-
Minimally  differentiated —acute as a classical tumor suppressor gene. 53.
myeloid leukemia (AML-MO0): a dis- Oncogene 2003;22:538-47. 13. Roumier C, Lejeune-Dumoulin S,
tinct clinico-biologic entity with 9. Look AT. Oncogenic transcription Renneville A, Goethgeluck AS,
oor prognosis. Ann Hematol 1996; factors in the human acute leukemias. Philippe N, Fenaux P, et al. Co-
92;20 -15. Science 1997;278:1059-64. operation of activating Ras/rtk signal
.van’t Veer MB. The diagnosis of 10. Schnittger S, Schoch C, Dugas M, transduction pathway mutations and

inactivating myeloid differentiation
gene mutations in MO AML: a study

| 1553 |



| 1554 |

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

of 45 patients. Leukemia 2006;20:

433-6.

Matsuno N, Osato M, Yamashita N,

Yanagida M, Nanri T, Fukushima T,

et al. Dual mutations in the AML1

and FLT3 genes are associated with
leukemogenesis in acute myeloblas-
tic leukemia of the MO subtype.

Leukemia 2003;17:2492-9.

Dash A, Gilliland DG. Molecular
enetics of acute myeloid leu-
aemia. Best Pract Res Clin

Haematol 2001;14:49-64.

van Dam FJ, Natarajan AT, Tates

AD. Use of a T-lymphocyte clonal

assay for determining HPRT mutant

frequencies in individual rats. Mutat

Res 1992;271:231-42.

Shaffer LG, Tommerup N, editors.

ISCN 2005. An International System

for Human Cytogenetics Nomen-

clature. Karger: Basel, 2004.

Lin M, Wei 1], Sellers WR, Lieber-

farb M, Wong WH, Li C. dChipSNP:

significance curve and clustering of

SNP-array-based loss-of-heterozy-

éosity data. Bioinformatics 2004;
0:1233-40.

Silva FP, Lind A, Brouwer-Mandema
G, Valk PJ, Giphart-Gassler M.
Trisomy 13 correlates with RUNX1
mutation and increased FLT3
expression in AML-MO patients.
Haematologica 2007;92:1123-6.
Beghini A, Peterlongo P, Ripamonti
CB, Larizza L, Cairoli R, Morra E, et
al. C-kit mutations in core bindin,
factor leukemias. Blood 2000;95:
726-7.
Silva FP, Morolli B, Storlazzi CT,
Zagaria A, Impera L, Klein B, et al.
ET%/'6 mutations and loss in AML-
MO. Leukemia 2008;22:1639-43.
Milatovich A, Kitamura T, Miyajima
A, Francke U. Gene for the o-sub-
unit of the human interleukin-3
receptor (IL3RA) localized to the X-
Y pseudoautosomal region. Am ]
Hum Genet 1993;53:1146-53.
Falini B, Mecucci C, Tiacci E,
Alcalay M, Rosati R, Pasqualucci L,
et al. Cytoplasmic nucleophosmin
in acute myelogenous leukemia
with a normal karyotype. N Engl |
Med 2005;352:254-66.
Silva FP, Swagemakers SM,
Erpelinck-Verschueren C, Wouters
BJ, Delwel R, Vrieling H, et al. Gene
expression profiling of minimally
differentiated  acute  myeloid
leukemia: MO is a distinct entity
subdivided by RUNX1 mutation
status. Blood 2009;114:3001-7.

Suela ], Largo C, Ferreira B, Alvarez

S, Robledo M, Gonzalez-Neira A, et

al. Neurofibromatosis 1, and not

TP53, seems to be the main target of

chromosome 17 deletions in de

novo acute myeloid leukemia. ] Clin

Oncol 2007;25:1151-2.

Rucker FG, Bullinger L, Schwaenen

C, Lipka DB, Wessendorf S, Frohling

S, et al. Disclosure of candidate

genes in acute myeloid leukemia

with complex karyotypes using
microarray-based molecular charac-

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

F.RG. Silva et al.

terization. ] Clin Oncol 2006;24:
3887-94.
Side L, Taylor B, Cayouette M,
Conner E, Thompson P, Luce M, et
al. Homozygous inactivation of the
NF1 gene in bone marrow cells from
children with neurofibromatosis
pe 1 and malignant myeloid disor-
ers. N Engl ] Med 1997;336:1718-
20.
Viguie F Aboura A, Bouscary D,
Ramond S, Delmer A, Tachdjian G,
et al. Common 4q24 deletion in four
cases of hematopoietic malignancy:
early stem cell involvement¢ Leu-
kemia 2005;19:1411-5.
Fodde R, Smits R. Cancer biology. A
matter of dosage. Science 2002; 298:
761-3.
Ebert BL, Pretz ], Bosco ], Chang CY,
Tamayo P, Galili N, et al. Ident-
ification of RPS14 as a 5q- syndrome
gene by RNA interference screen.
Nature 2008;451:335-9.
Joslin JM, Fernald AA, Tennant TR,
Davis EM, Kogan SC, Anastasi J, et
al. Haploinsu&iciency of EGRI, a
candidate gene in the del(5q), leads
to the development of myeloid dis-
orders. Blood 2007;110:719-26.
Li Z, Yan ], Matheny CJ, Corpora T,
Bravo J, Warren AJ, et al. Energetic
contribution of residues in the
Runx! Runt domain to DNA bind-
ing. ] Biol Chem 2003;278:33088-96.
Taketani T, Taki T, Takita ],
Tsuchida M, Hanada R, Hongo T, et
al. AML1/RUNX1 mutations are
infrequent, but related to AML-MO,
acquired trisomy 21, and leukemic
transformation in pediatric hemato-
logic malignancies. Genes Chromo-
somes Cancer 2003;38:1-7.
Dicker F Haferlach C, Kern W,
Haferlach T, Schnittger S. Trisom
13 is strongly associated wit
AML1/RUNXT  mutations and
increased FLT3 expression in acute
myeloid leukemia. Blood 2007;110:
1308-16.
Harada H, Harada Y, Niimi H, Kyo
T, Kimura A, Inaba T. High inci-
dence of somatic mutations in the
AMLT/RUNXI gene in myelodys-
plastic syndrome and low blast per-
centage myeloid leukemia with
myelodysplasia. Blood 2004;103:
2316-24.
WHO Classification of Tumours of
Haematopoietic and Lymphoid
Tissues. 4th ed. ed. IARC: Lyon.
2008.
Mueller BU, Pabst T, Osato M, Asou
N, Johansen LM, Minden MD, et al.
Heterozygous PU.1 mutations are
associated with acute myeloid
leukemia. Blood 2002;100:998-1007.
Dohner K, Tobis K, Bischof T, Hein
S, Schlenk RF Frohling S, et al.
Mutation analysis of the transcrip-
tion factor PU}.II in younger adults
(16 to 60 years) with acute myeloid
leukemia: a study of the AML Study
Group Ulm (AMLSG ULM). Blood
2003;102:3850-1.
Small D. FLT3 mutations: biology

haematologica | 2009; 94(11)

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

and treatment. Hematology Am Soc
Hematol Educ Program 2006;178-
84.
Roumier C, Eclache V, Imbert M,
Davi E Macintyre E, Garand R, et al.
MO AML, clinical and biologic fea-
tures of the disease, including AML1
%ene mutations: a report of 59 cases
y the Groupe Francais d’Hemato-
logie Cellulaire (GFHC) and the
Groupe Francais de Cytogenetique
Hematologique (GFCH). Blood
2003;101:1277-83.
Thiede C, Steudel C, Mohr B,
Schaich M, Schakel U, Platzbecker
U, et al. Analysis of FLT3-activating
mutations in 979 patients with acute
myelogenous leukemia: association
with FAB subtypes and identifica-
tion of subgroups with poor progno-
sis. Blood 2002;99:4326-35.
Levine RL, Pardanani A, Tefferi A,
Gilliland DG. Role of JAK2 in the
pathogenesis and therapy of myelo-
proliferative disorders. Nat Rev
Cancer 2007;7:673-83.
Steensma DE, McClure RF, Karp JE,
Tefferi A, Lasho TL, Powell HL, et
al. JAK2 V617F is a rare finding in de
novo acute myeloid leukemia, but
STATS activation is common and
remains unexplained. Leukemia
2006;20:971-8.
Niimi H, Harada H, Harada Y, Din
Y, Imagawa ], Inaba T, et al
Hyperactivation of the RAS signal-
ing pathway in myelodysplastic
syndrome with AML1/RUNX1
point mutations. Leukemia 2006;20:
635-44.
Drexler HG, Sperling C, Ludwig
WD. Terminal deoxynucleotidyl
transferase (TdT) expression Iin
acute myeloid leukemia. Leukemia
1993;7:1142-50.
Silverstone AE, Cantor H, Goldstein
G, Baltimore D. Terminal deoxynu-
cleotidyl transferase is found in pro-
thymocytes. ] Exp Med 1976;144:
543-8.

Gupta M, Raghavan M, Gale RE,
Chelala C, Allen C, Molloy G, et al.
Novel regions of acquired uni-
parental disomy discovered in acute
myeloid leukemia. Genes Chromo-
somes Cancer 2008;47:729-39.
Gondek LP, Tiu R, O'Keefe CL,
Sekeres MA, Theil KS, Maciejewski
JP. Chromosomal lesions and uni-
parental disomy detected by SNP
arrays in MDS, MDS/MPD, and
MDS-derived AML. Blood 2008;
111:1534-42.
Tuna M, Knuutila S, Mills GB. Uni-
arental disomy in cancer. Trends
Mol Med 2009;15:120-8.
Dunbar AJ, Gondek LP, O’Keefe CL,
Makishima H, Rataul MS, Szpurka
H, et al. 250K single nucleotide poly-
morphism array iaryotyping identi-
fies acquired uniparental disom
and homozygous mutations, includ-
ing novel missense substitutions of
c-Cbl, in myeloid malignancies.
Cancer Res 2008;68:10349-57.



