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Souhrn

Zmény chromosomu 11 patii mezi Casté cytogenetické nalezy u hematologickych
malignit. Zlomové misto se na tomto chromosomu obvykle nachdzi v oblasti 11q23.3, v
proto-onkogenu MLL. Vzacné se zlomy vyskytuji i v jinych oblastech, coz svédéi o ucasti i
dalsich genG. V na$i studii jsme se zaméfili na identifikaci zlomi a oblasti
amplifikace/delece na tomto chromosomu v buikach kostni dfené/periferni krve nemocnych
s nov¢ diagnostikovanou akutni myeloidni leukémii (AML).

Potvrdili jsme, ze zmény chromosomu 11 jsou ¢asto se vyskytujicim cytogenetickym
nalezem u détskych i dospélych nemocnych s AML. Identifikovali jsme mnoZzstvi
rekurentnich i ndhodnych zlomovych mist (rekurentni v genu MLL (11923.3) a NUP98
(11p15.4) a dalsi potencionalné nendhodné zlomy v oblastech 11p13, 11p12 a 11q13.2).
Poukazali jsme na nékolik novych kandidatnich genti s moznou tilohou v patogenezi AML.
Vyhodnotili jsme nejcastéji deletované a duplikované/amplifikované oblasti a vybrali
kandidatni tumor supresorové geny a onkogeny. Dokazali jsme, Ze zmény chromosomu 11
jsou dilezitym prognostickym markerem. Z klinického hlediska 1ze nemocné rozdélit do
dvou skupin: pacienti s pfestavbou MLL genu a pacienti s ostatnimi zménami chromosomu
11 bez ohledu na lokalizaci zlomu. Oproti nemocnym s ptestavbou genu MLL jsme
prokazali spojitost ostatnich zmén chromosomu 11 se starSim vékem nemocnych,
komplexnim karyotypem, nebalancovanou zménou (na 11p v dusledku ztraty genetického
materialu a na 11q obvykle ziskem) a velmi nepfiznivym klinickym prib&hem s kratkou
dobou pieziti. FISH skrining zaméfeny na detekci nejéast&jSich aberaci u AML se jako
rychla analyza piitomnosti patologickych nalezli spojenych s nepfiznivou prognézou ukéazal
velmi pifinosny u pacienti s nedostatkem délicich se bunck a pro detekci kryptickych
prestaveb MLL genu.

Studium zlomovych mist a oblasti amplifikace/delece na chromosomech slouzi nejen ke
klinické stratifikaci nemocnych do prognostickych skupin, ale je i nezbytnym podkladem
pro identifikaci genu, které asociuji se vznikem a progresi nadord. Molekularni a funk&ni
analyzy téchto genid a jejich produktl ndm pomahaji porozumét patogenezi maligni
transformace, ptipadné i lékové rezistence. Vyznamné pfispivaji také k vyvoji novych

terapeutik a individualni 1é¢by pro nemocné.



Summary

Chromosome 11 abnormalities are found in many hematological malignancies. In
acute myeloid leukemia (AML), a proto-oncogene MLL (11g23.3) is frequently altered.
However, rearrangements of other regions of chromosome 11 have been reported.
Therefore, we have identified and characterized the chromosome 11 breakpoints and
common deleted and amplified areas in the bone marrow or peripheral blood cells of
newly diagnosed patients with AML.

Chromosome 11 abnormalities were proved as a frequent chromosomal change found
in both adult and childhood newly diagnosed AML patients. Many recurrent and random
breakpoints were identified (recurrent in the NUP98 gene (11p15.4) and MLL (11¢23.3),
and three possibly nonrandom in chromosomal bands 11p13, 11p12 and 11g13.2). We
notified new possibly significant genes in the development of AML. The most common
deleted, duplicated/amplified regions and candidate tumor suppressor genes and oncogenes
were determined. The potential involvement and contribution of affected areas of
chromosome 11 to the malignant transformation process was discussed. The chromosome
11 changes were assessed as an important prognostic marker. From the clinical point of
view, the chromosome 11 abnormalities can be stratified into two relatively homogenous
groups: patients with MLL rearrangements and patients with other chromosome 11
changes. Unlike the patients with MLL rearrangements, the patients with other
chromosome 11 changes are usually older, with complex karyotype, unbalanced
aberrations and very poor clinical outcome. FISH screening focused on the most frequent
aberration in AML was proved to be very helpful as a rapid detection of pathological
clones with unfavourable prognosis and in case of dividing cells lack and cryptic MLL
gene rearrangement.

In conclusion, molecular analyses of chromosomal breakpoints and amplified or
deleted areas are very important not only for the patient stratification into specific
prognostic and clinical subgroups but also for the identification of genes involved in tumor
pathogenesis. Further investigation of the affected genes and their protein products will
improve our understanding of the oncogenesis of AML and could be clinically applied for

the designation of more effective therapeutic approach.



1. Introduction

1.1 Chromosome 11

Chromosome 11 represents approximately 4 to 4.5% of human genome (about 134.5
Mb in size, including the centromere) and belongs to the most gene and diseases rich
chromosome. Until now, 1524 protein-coding genes have been identified on the
chromosome 11 (Taylor et al. 2006).

Chromosome 11 has an important role in the history of molecular genetics. In the
chromosomal band 11pl15.5, the gene encoding B-hemoglobine is located. One nucleotide
substitution leads to a defective protein and hematological disease known as a circle cell
anemia (name according to the morphology of affected erythrocytes). The association of
disease with abnormal protein was revealed by Linus Pauling for the first time in 1949.

Nowadays, the chromosome 11 abnormalities are believed to be at the origin of more
than 100 congenital and malignant diseases for example Beckwith-Wiedeman syndrome,

Emanuel syndrome, Jacobsen syndrome, Wilms tumor, hematological malignancies atd.

1.2. Molecular basis of hematological malignancies

The development and progression of hematological malignancies is based on the
accumulation of genetic mutations and epigenetic changes in hematopoietic progenitor cells
that alter normal cell processes such as cell growth, proliferation, and differentiation
(Hanahan and Weinberg 2011). Some of these genetic alterations are random and have no
diagnostic, prognostic or therapeutic significance. On the other hand, some others are
recurrent with a specific occurrence in particular type of neoplasia and have important
clinical applications (Mitelman 2000).

The typical genetic changes in neoplasia are unbalanced and balanced aberrations
(Sandberg and Meloni-Ehrig 2010). From the cytogenetic point of view, the unbalanced
changes can be presented as a lost of genetic material (monosomy or deletion which usually
involved tumor suppressor) or gain of genetic material (trisomy, polyploidy, duplication or
amplification usually including proto-oncogenes). Balanced rearrangements can be observed
in the form of reciprocal translocation, inversion or insertion and gene structure and/or
expression are modified. Not only protein-coding genes but also genes for miRNA can be

altered by un/balanced rearrangements (Cho 2007).



1.3. Chromosome 11 changes in hematological malignancies

In hematological malignancies, chromosome 11 long arm abnormalities are more
frequent than short arm changes. Breakpoints on the long arm are typically localized to
chromosomal band 11g23.3, altering the proto-oncogene MLL (myeloid/lymphoid
leukemia). MLL aberrations occur in 5-10% of acute leukemias including pediatric, adult
and therapy-related hematological malignancies of both lymphoid and myeloid lineage
(Meyer et al. 2009). However, the frequency may be higher because some MLL gene
rearrangements have cryptic character (Park et al. 2008). The MLL translocations are known
for their great variability caused by a number of different partner genes and for a diversity of
mechanisms generating malignant MLL fusion gene. Approximately 85 different MLL
rearrangements have been recently published. In more than 60 of these rearrangements, the
concrete MLL partner gene has been identified; the most common partner genes are AFF1
(4921), MLLT3 (9p22), MLLT10 (10p12), MLLT4 (6q27), MLLT1 (19p13.3), and ELL
(19p13.1) (Meyer et al. 2009). AML with 11923 rearrangements, with the exception of
t(9;11), are characterized by poor prognosis and negative clinical outcome (Marchesi et al.
2011).

Another mechanism of interrupting the MLL gene is a partial tandem duplication (PTD).
The PTD of the MLL gene has been described in about 6 — 10% of adult patients with AML
with normal karyotype and in most cases with trisomy 11 as a sole cytogenetic abnormality
(Whitman et al. 2001, Mrozek et al. 2007). The partial duplications of the MLL gene usually
include exones 2 through 8. Surprisingly, the PTD has been observed also in healthy
population but in quantitatively lesser extent and/or includes series of untypical exones
(Basecke et al. 2006). In rare cases, the duplication is nontandem due to insertion of DNA
from another chromosome. Such partial nontandem duplications (PNTD) are results of
multiple different rearrangements which consist of aberrations like MLL PTD and fusion of
the MLL gene with other gene. That unusual complex rearrangement can simulate a simple
translocation (Whitman et al. 2001).

Other identified altered genes in 11q are as follows CCND1 (11q13.3), ATM (11g22),
rarely DDX10 (11q22-q23), GAB2 (11q14.1), MIR100 (11g24.1), and NUMAL (11q13).

On the short arm, the NUP98 (nucleoporin 98 kDa) gene in chromosomal band 11p15.4
has been described as rarely altered. NUP98 encodes a nucleoporin protein that normally
mediates the transport of RNAs and proteins across the nuclear membrane (lwamoto et al.

2010). NUP98 belongs to the group of promiscuous genes involved in leukemic



chromosomal translocations and a total of 25 different fusion partners (often homeobox
genes) have been reported (La Starza et al. 2009). Rearrangements in NUP98 are rare and
occur in various primary and therapy-related hematological diseases (Wang et al. 2010,
Hollink et al. 2011). Therefore, it is difficult to define the prognostic impact of the various
NUP98 fusion genes and translocations. However, NUP98 rearrangements seem to be more
often associated with a poor outcome (Hollink et al. 2011).

Other identified altered genes in 11p are as follows LMO1 (11p15) and LMO2 (11p13).

However, for many other commonly rearranged regions of chromosome 11, the altered
genes remain to be identified. In general, the chromosome 11 abnormalities have been
described in many hematological malignancies, most often in acute myeloid leukemia
(AML).

1.4. Acute myeloid leukemia (AML)

Acute myeloid leukemia is heterogeneous hematopoietic tissue disorder diagnosed in
about 80% to 85% of all acute leukemias in adults. There are two classifications: FAB
(French-American-British) and WHO (World Health Organization) used for subtyping. An
abnormal karyotype is observed in 50-60% of AML cases (Mrozek et al. 2004, Marchesi et
al. 2011). Many recurrent structural and numerical cytogenetic abnormalities associated with
AML have been reported. In general, the most frequent AML abnormalities involve
chromosomes 5 (deletion of long arm), 7 (deletion of long arm/monosomy 7), 8 (trisomy 8),
11 (MLL gene alterations), and 17 (deletion of tumor suppressor TP53 gene) (Mrozek et al.
2008, Marchesi et al. 2011). Complex chromosomal aberrations (CCAs) defined as the
presence of three or more chromosome abnormalities constitutes 10% to 15% of all AML
patients (Babicka et al. 2007, Mrozek et al. 2008).

Some specific structural and numerical cytogenetic aberrations were established as
diagnostic markers for specific AML subtypes and as independent prognostic factors for
complete remission attainment, relapse risk, and overall survival (Mrézek et al. 2007,
Marchesi et al. 2011). Patients are classified into following three risk categories: favorable,
intermediate and unfavorable. AML with translocations t(15;17)(q22;q921), t(8;21)(q22;q22)
and inversion inv(16)(p13g22) are assigned to the favorable group, abnormalities of
chromosomes 5, 7, 11, and 17 or complex chromosomal aberrations are mostly associated

with unfavorable outcome. The prognosis of trisomy 8 remains controversial and is



classified as intermediate or unfavorable. Patients without cytogenetic aberration are in
intermediate risk group (Mrozek et al. 2007, Marchesi et al. 2011).

First examination at the time of diagnosis is conventional cytogenetics. Unfortunately
this technique is limited by factors such as cells proliferation, chromosomal morphology,
extent of pathological clone with chromosomal aberration and resolution of methods.
Therefore, some cryptic aberration can be missed. In these cases, FISH analysis is a suitable
informative supplement as same as in patients where mitoses for karyotyping are not

present.

1.4.1. Childhood AML

Childhood AML contains only 15 — 20% of all childhood acute leukemias. An abnormal
karyotype is proved in almost 80% of AML childhood cases (Mrozek et al. 2004, Manola
2009). Children with AML can be divided into two groups.

Younger children are often diagnosed as AML FAB subtypes M4, M5 and M7 (usually
children with Down syndrome). The most common chromosomal aberrations are
rearrangements of the MLL gene (11¢23.3) (Manola 2009). Balgobind et al. (2009) proved
better clinical outcome in children with translocation t(1;11)(q21;g23), whilst
1(6;11)(927;923), t(10;11)(p12;923) and t(10;11)(p11l.2;023) have been associated with
unfavorable prognosis.

Older children are usually diagnosed with AML FAB subtype MO, M1, M2 and M3. Their
cytogenetic findings are more similar to that detected in adult AML patients (Mrozek et al.
2004). One of the common cryptic translocation, that seemed to be specific only for
children, is t(5;11)(q35;p15) (fusion gene NUP98-NSD1). It has been proved in de novo
childhood AML with apparently normal karyotype or with deletion del(5g) as a sole
abnormality (Jaju et al. 2001). However, later it has been observed also in adult AML
patients (Casas et al. 2003).

In spite of intensive chemotherapy, the half of AML childhood patients relaps and die.
Therefore, the development of targeted therapy with minimal destruction of health tissue is
very essential.



2. Aims of study

Chromosome 11 abnormalities are found in many hematological malignancies,
frequently in acute myeloid leukemia (AML). Therefore, we focused our study on
identification and characterization of the chromosome 11 breakpoints and common
deleted/amplified areas in the bone marrow/peripheral blood cells in newly diagnosed
patients with the diagnosis of AML.

The aims of our study were:

+ to define chromosome 11 abnormalities in the bone marrow or peripheral blood
cells of adult and childhood patients with newly diagnosed AML at the molecular-
cytogenetic level

+ to identify the locations of the breakpoints and commonly affected areas of
deletions and duplications/amplifications, and to uncover the genes possibly involved
in AML pathogenesis.

» to determine the potential association of identified chromosome 11 breakpoints
with balanced/unbalanced rearrangements, complex karyotypes, primary or secondary
types of AML or with adult/childhood leukemia

» to assess the potential relationship between identified chromosome 11 breakpoints

and clinical parameters and to assign prognostic significance of these changes

« to establish the importance of molecular-cytogenetic screening focused on the most
common chromosomal changes in AML (11923.3 abnormalities, deletion of the 5q
and 79, monosomy 7 and numerical changes of chromosomes 8 and 9)

10



3. Materials and methods

Patients: We examined 300 newly diagnosed adult patients (159 males/141 females
with a median age of 55 years and a range from 19 to 84 years) and 14 childhood
patients (7 girls/7 boys, median age of 6.4 years, range from 1 to 15 years) with AML
(243 primary AML including all children, 71 secondary AML). These patients were
assessed according to the French-American-British (FAB) and/or World Health
Organization (WHO) classifications. FAB subtypes were as follows: M2 (n=84), M1
(n=59), M4 (n=57), M5 (n=33), MO (n=16), M6 (n=12), M7 (n=1) and non-specified
(n=38) in adults and M5 (n=5), M4 (n=4), M2 (n=2), M0 (n=2) and M7 (n=1) in

children. All patients provided written informed consent.

Conventional cytogenetics: At diagnosis, cytogenetic studies were performed on

bone marrow or peripheral blood cells (if blasts were presented), using standard G-
banding techniques (Wright staining).

Eluorescence in situ hybridization (FISH) analyses: The complex aberrations were
investigated by multicolor FISH (mFISH) and multicolor banding (mBAND). All

patient samples were examined by FISH, using the Vysis LSI MLL Break Apart
Rearrangement probe (11923.3) (Abbott). The chromosome 11 breakpoints were
investigated by bacterial artificial chromosome (BAC) probes (BlueGnome). In 245
patients, the FISH screening for the most common chromosome abnormalities in
AML was applied: del(7)(q31)/-7 (LSl 7931/CEP 7 probe), del(5)(q31) (LSI
5031/5p15.2 probe) and +8 (CEP 8/control — usually CEP 9).

Microarray methods: For the identification of chromosome 11 and genomic

imbalances in general, a SNP arrays (HumanCytoSNP-12 BeadChips, Illumina) were

used in ten cases.

All methods were prepared according to the manufacturer’s recommended protocols.

Statistic analysis: Differences of patient survival time were examined by Kaplan-

Mayer analysis with Mantel-Cox test.
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4. Results

4.1. Chromosome 11 abnormalities in adults with AML

Chromosome 11 abnormalities were confirmed in 54 (18%) of the 300 adult
patients with newly diagnosed AML. Five patients had trisomy 11 and the absence of
chromosome 11 breakpoints. In eleven patients, more than one chromosome 11
breakpoint was detected in the same homologue; there were two breakpoints in four
cases and three or more breakpoints in seven cases. In two patients, both homologues
of chromosome 11 were affected.

Aberrations in the short arm of chromosome 11 (11p) were confirmed in thirteen
patients. Additional chromosomal changes were detected in all cases. Aberrations in
the long arm of chromosome 11 (11q) were revealed in 40 patients. Four of them had
abnormalities in 11p as well. In 17 patients, 11q alterations were detected with more

than one numerical abnormality or with other structural aberrations.

Chromosome 11 breakpoint mapping

Using conventional cytogenetics, mFISH and/or mBAND, twelve different
breakpoints were revealed: 11p15 (n=7), 11p14 (n=2), 11p13 (n=6), 11p12 (n=1),
11p11.2 (n=6), 11p11.1 (n=2), 11q12 (n=2), 11q13 (n=3), 11q14-g21 (n=3), 1122
(n=3), 11¢923.3 (n=30) and 1124 (n=3). The most frequently altered regions were
mapped by FISH with BAC probes and with SNP microarray in ten patients. Two
patients were excluded from the gene mapping because no material was available. By
SNP array, new cryptic deletions were revealed in four patients. In four cases, the
breakpoint was localized to another chromosomal band/subband. FISH analysis
identified new chromosome 11 aberrations and breakpoints in two cases. Using FISH
mapping, localizations of the mBAND chromosome 11 breakpoints were changed in
nine cases; the changes were primarily to neighboring bands or subbands. In one
patient, the cryptic deletion detected by SNP microarray was not confirmed by FISH.
Using a combination of FISH and SNP microarray, we identified at least 36 different
chromosome 11 breakpoints (see Table 1).

Comparisons of clinical and cytogenetic data of identified chromosome 11

breakpoints are summarized in Table 2. and 3.
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Table 1. Identified chromosome 11 breakpoints in AML and the candidate genes

Region Frequency Localization (Mb) Candidate genes
11p155 5 ch11:0-3.52 cca 50 genes (HRAS, CD151, MUC6, MUC2, CARS)
11pl54 3 ch11:3.73-3.81 NUP98
11p154-p15.1 3 ch11:3.87-27.92 cca 80 genes (RRML1, EIF3F, LMO1, HTATIP2, FANCF)
11p14.1 1 ch11:28.56-29.15 lincRNA
1 not mapped
1 ch11:29.31-31.06 FSHB, KCNA4, C11orf46, MPPED2, DCDC5, DCDC1
11p13 1 ch11:30.98-31.06 DCDC5, DCDC1
2 ch11:30.98-31.80 DCDC5, DCDC1, DNAJC24, ELP4, IMMP1L, miRNA
1 ch11:31.06-31.64 DNAJC24, ELP4, IMMP1L, miRNA
1 ch11:36 42-36.75 TRAF6, RAG1, RAG2, Cllorf74
1 ch11:36.75-37.06 No protein/RNA coding gene
1 ch11:36.88-37.49 No protein/RNA coding gene
11p12 1 ch11:37.65-40.03 RNA genes: SNORA31, U6, lincRNA
1 ch11:40.18-40.26 LRRC4C
1 ch11:41.87-42.06 lincRNA
1 ch11:42.06-43.06 lincRNA
1 ch11:42.90-43.29 No protein/RNA coding gene
1 not mapped
11p112 1 ch11:44 48-45.08 CD82, TP53111, TSPAN18,lincRNA
- 1 ch11:46.37-46.54 DGKZ, MDK, CHRM4, AMBRAL
1 ch11:47.13-47.23 ARFGAP2, PACSIN3
1 ch11:47.33-47.39 SPI1, MYBPC3, MADD
11p111 1 not mapped
11ql2 2 not mapped
1 ch11:67 42-67.90 NDUFS8, UNC93B1, ALDH3B1, TCIRG1, CHKA,
11q13.2 1 ch11:67.64-68.31 ALDH3B2,lincRNA, miRNA, U6 RNA
2 ch11:68.31-68.52 GAL, MTL5, lincRNA
11q14.1 1 ch11:78.39-78.52 0ODz4
1 ch11:79.11-87.47 cca 25 genes (ODZ4, RSF1, THRSP, GAB2, PICALM,
11q142 1 ch11:79.11-92.28 MIR708, RAB30, SYTL2, EED, FZD4)
- 1 ch11:87.65-92.10 cca 20 genes (RAB38, TYR, NOX4, TRIM49, NAALAD2,
CHORDC1, FAT3)
1 ch11:92.10-94.62 cca 30 genes (FAT3, MRE11A, MTNRIB, PANX1, FUT4)
1 ch11:94.62-95.34 KDM4D, ENDOD1, CWC15, SESN3, KDM4DL
11q21 1 ch11:95.16-95.64 CEP57, FAM76B, MTMR2, 5S RNA, lincRNA
1 ch11:95.85-104.45 cca 30 genes (MAML2)
1 ch11:95.85-96.07 MAML2
11q2.1 1 not mapped
1 ch11:105.51-106.38 GRIA4, U6, U4, KIAA1826, KBTBD3, AASDHPPT,
11223 1 ch11:106.54-108.09 lincRNA
: cca 11 genes (GUCY1A2, ALKBHB, RAB39A, CUL5,
ACATIL, NPAT)
11g23.1 1 ch11:109.76-110.70 ARGHAP20, RDX, ZC3H12C, FDX1
1 ch11:110.70-113.60 cca 30 genes (POU2AF1, MIR34B, MIR34C, CRYAB, SIK2)
119233 1 ch11:113.79-118.00 cca 30 genes (ZBTB16, NNMT, TAGLN, APOA4, APOC3)
1 ch11:118.00-118.30 cca 10 genes (TMPRSS4, UBE4A, AMICAL, MPZL2)
28 ch11:118.30-118.39 MLL
1 not mapped
11q24 1 ch11:121.00-121.50 TECTA, SC5DL, SORL1
1 ch11:124.50-125.00 cca 25 genes (SPA17, ESAM, ROBO3, ROBO4, HEPACAM)
11925 1 ch11:131.50-132.50 OPCML, NTM, C11orf39

Abbreviations:

, possibly non-random breakpoints, overlapping regions.
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Areas of amplification/duplication and deletion
In 25 out of 35 (71%) patients with balanced chromosome 11 rearrangements, the
MLL gene was affected.

The gain of chromosome 11 involved 11q in all cases. Partial trisomy was
observed in eight cases. The common area of duplication was 11q23.3—11q24
(ch11:118.35-125.00 Mb), starting from the 3" end of MLL.

Chromosome 11 amplification (more than three copies of the region) was observed
in nine patients. One patient had an amplification only in 11p. The commonly
amplified region of 11q included the 5" end of MLL (n=8).

Partial loss of chromosome 11 was observed in nine patients. In only three cases,
the 11q area was involved. We did not confirm one common deleted region. However,
two regions were lost more often: 11p13 (n=4; ch11:31.00-31.50 Mb),
11p14.1-11p13 (n=4; ch11:28.00-31.00 Mb), and 11pter-11p15.5 (n=4; ch11:0-3.52
Mb).

Partial tandem (PTD) and nontandem (PNTD) MLL duplication

The MLL PTD was proved in 50 of 210 (23%) newly diagnosed adult AML
patients (23 female/27male, average age 55 years, 9x secondary AML). The patients
were diagnosed with AML: M2 (n=18), M1 (n=13), M4 (n=10), M0 (n=4), M5 (n=2),
M6 (n=2), other (n=1). MLL PTD were detected with: normal karyotype (n=21), 0
mitosis (n=3), t(8;21)/inv(16) (n=4), complex karyotype (n=5, 2x chromosome 11
aberration and 1x trisomy 11), MLL gene rearrangement (n=7), and with other
chromosome changes (n=10, 1x partial trisomy 11, 1x trisomy 11, 2x monosomy 7).
Duplication of the exones 2 to 6 was the most frequent. The MLL PNTD was proved
in 3 females with t(9;11)(p22;023), t(11;19)(p13;g23) and t(9;12;11)(p22;p13;923).

4.2. Chromosome 11 abnormalities in children with AML

Chromosome 11 abnormality was proved in five out of 14 children with newly
diagnosed AML (36%). In all cases (3 girls/2 boys, average age 2 years, de novo
AML M5), a balanced MLL gene rearrangement was detected. All patients are alive,
however the observation time of survival have been too short to define the prognostic

impact (<1 year in four of them).
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5. Discussion

In this study, we described chromosome 11 abnormalities in 18% of newly
diagnosed adult patients with AML. The aberrations affected the 11q region more
often than 11p. The alterations of 11p were always part of a complex karyotype. The
instability of chromosome 11 in AML was confirmed by the presence of more than
two chromosome 11 breakpoints detected in eleven patients and breakpoints that
affected both chromosome 11 homologues in two cases.

Using a combination of FISH and SNP microarrays, at least 36 different
breakpoints on chromosome 11 were identified. In agreement with the literature, the
most frequent breakpoint of chromosome 11 was located in the MLL gene (11g23.3)
(Meyer et al. 2009). In seven patients, only FISH was able to detect MLL gene
rearrangements, primarily due to its cryptic character. Park et al. (2008) confirmed
that some MLL translocations escape detection when routine cytogenetic methods are
the only diagnostic test used in the clinical laboratory. The most common
translocations in our cohort of patients were t(9;11)(p22;g23) (n=11) and
1(11;19)(923;p13.3) (n=4). However, we found two three-way translocations, and we
were the first to identify a new reciprocal MLL translocation of t(6;11)(p21.3;g23). In
three cases, we detected a very rare MLL gene abnormality - a partial nontadem MLL
gene duplication (MLL PNTD). The MLL PNTD is generated as a consequence of
multiple recombination events, however the mechanisms triggering the formation of
MLL PNTD remain unclear (Whitman et al. 2005, Sarova et al. 2009).

In three patients, the breakpoint was identified in the NUP98 gene (11p15.4). In
two cases, a balanced variant of translocations t(5;11;20)(q35;p15;p?) and
t(4;5;11)(g11;935;p15) were observed. The t(5;11) translocation usually has a cryptic
character; it has been detected with an apparently normal karyotype or with deletion
del(5q) (Jaju et al. 2001). In one of our cases, we did not detect a NUP98
rearrangement by mFISH/mBAND or microarray.

In this report, three possibly nonrandom breakpoints were described in the 11p13,
11p12 and 11qg13.3 bands. Three overlapping regions were mapped in 11p13:
ch11:30.98-31.06 Mb, ch11:29.31-31.06 Mb, and ch11:30.98-31.80 Mb. The first of
these regions spans only the DCDCS5 and DCDC1 genes. The second and third regions
involve the aforementioned genes and a few others. Thus, DCDC5 and DCDC1
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appear to be important candidates for genes affected in these rearrangements. Both
genes play an important role in microtubule polymerization, which is necessary for
cell division and cytoplasmic transport. In the 11p12 (ch11:36.75-37.49 Mb) region,
no protein or RNA-coding genes have been observed or predicted. The two candidate
genes are located in the 11q13.3 breakpoint (ch11:68.31-68.52 Mb): GAL and MTL5.
Galanin is a neuropeptide and thus acts as a transfer molecule between the central and
peripheral nervous systems. Its deregulation has already been demonstrated in some
solid tumours (Rauch and Kofler, 2010). The MTL5 gene plays a role in
spermatogenesis, cell growth and differentiation.

Overlapping regions were also detected in chromosomal bands 11p15.5 (ch11:0-
3.52 Mb), 11p15.4-p15.1 (ch11:3.87-27.92 Mb), 11p12 (42.06-43.29 Mb), 11q12 (not
mapped), 11¢13.2 (67.42-68.31 Mb), 11g14.2-q21 (79.11-104.45 Mb) and 11¢24 (not
mapped). Due to a shortage of bone marrow cells, these regions were not as precisely
defined as the others. Therefore, it is not appropriate to classify them as a truly
recurrent.

Five breakpoint sites involved only one protein coding gene: NUP98 (11p15.4),
MLL (11g23.3), LRRC4 (11pl12), ODZ4 (11q14.1) or MAML2 (11q21). The
breakpoint in the LRRC4 and the ODZ4 was detected in only one patient. It is possible
that these breakpoints are random and play no significant role in leukemogenesis. Two
overlapping breakage sites were observed at 11g21: ch11:95.85-96.07 Mb that
involved only the MAML2 gene and chl11:95.85-104.45 Mb, which covers
approximately 30 genes and includes MAML2. The MAML2 gene is a transcriptional
co-activator for the NOTCH receptors, participating in signal transduction and
resulting in the activation of NOTCH downstream targets. As MLL fusion partner
gene, MAML2 has been reported in AML and myelodysplastic syndromes (Nemoto et
al. 2007).

Many chromosome 11 breakpoints were generated by unbalanced chromosome
11 changes. Deletions involved mainly 11p areas. We did not identify a single
common deleted region. Nevertheless, some areas were affected more often than
others, such as 1lpter-11p15.5 (n=4; ch11:0-3.52 Mb), 11p14.1-11p13 (n=4;
ch11:28.00-31.00 Mb), and 11p13 (n=4; ch11:31.00-31.50 Mb). There are a lot of
known and predicted tumor suppressor genes located at 11p15.5, such as MIR210

(microRNA suppressing cancer cell survival and proliferation), MUC6, MUC2,
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MUC5B (mucins with roles in proliferation and metastases), CDKN1C (cyclin
dependent kinas inhibitor, p57) or RPLP2 (ribosomal protein). In the 11p14.1-p13 and
11p13 region, only a few protein-coding genes are presented: MPPED?2 (an inhibitor
of proliferation), DCDC5, DCDCL1 (involved in the polymerization of microtubulin),
DNAJC24 (a stimulator of ATPases), and IMMPL (a mitochondrial peptidase).

We proved that duplication/amplification of the chromosome 11 is nonrandom
recurrent aberration in AML (Sarova et al. 2010). The gain of chromosome 11 genetic
material involved the 11q in all cases. Partial trisomy 11 was observed in eight
patients. The common area of duplication was 11q23.3—11q24 (ch11:118.35-125.00
Mb), starting from the 3" end of MLL. Amplification (more than three copies) was
confirmed in nine patients. One patient had an amplification of only the 11p area. The
common region of 11q amplification was the 5’end of MLL. The second most
common amplified region was 11¢23.3—11¢25 (ch11:118.00-132.50 Mb). Using a
CGH array, Rucker et al. (2006) identified three common amplified 11q regions:
11g12-914, 11923.3 and 11g23.3-g24.1. Zatkova et al. (2009) detected three amplified
areas in all of the investigated patients: 11923.3, 11924.2-924.3 and 11924.3-g25. We
can summarize that the chromosome 11 amplicons vary in size however usually
include the MLL gene, parts of the gene and distal chromosomal bands of 11923.3-g25
(Sarova et al. 2010).

There are a lot important genes in the 11g23.3—11q25 region as follows: MLL
(transcription factors), DDX6 (RNA helicase), ARHGEF12 and SPAl7 (signal
transduction), H2AFX (histon protein), ETS1 (apoptosis inhibitor), UBE4A
(ubiquitination pathway) and miR-100 (miRNA). Many other studies have confirmed
the involvement of the MLL and DDX6 gene amplification in AML (Rucker et al.
2006, Zatkova et al. 2009). MicroRNA 100 is a member of small non-coding RNAs of
approximately ~ 22 nucleotides in length, play important roles in the differentiation of
various cell types and in the initiation and progression of cancer. Wooi Loon Ng et al.
(2010) showed that the over-expression of miR-100 is responsible for the low-
expression of the tumour suppressor gene ATM (11922). ATM is one of the most
important checkpoint proteins in mammalian cells. The gene promotes homologous
recombination repair, but it is also involved in non-homologous end joining.

We proved that the FISH mapping with BAC probes is an essential tool in cancer

research and identification of altered genes, however there are some limitations to this
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approach, including the large inserts and requiring a large amount of material.
Therefore, the use of microarrays for unbalanced changes is recommended (Bystricka
et al. 2010, De Braekeleer et al. 2011). Also we confirmed the suggestion by
identification of new cryptic deletions in our cohort of AML patients.

From the clinical point of view, we showed that the chromosome 11 changes is an
important prognostic marker. The patients with chromosome 11 abnormalities can be
stratified into two relatively homogenous groups: patients with MLL rearrangements
and patients with other chromosome 11 changes. We confirmed that patients with
MLL gene rearrangement are usually young people (<50 years) diagnosed as AML
M5, M1 or M4 and characterized by balanced aberrations. Because of ordinary
indication of these patients for allogeneic bone marrow transplantation, the average
survival was approximately 15 months. On the other hand, patients with other
chromosome 11 changes regardless of breakpoint localization were mostly older (>60
years) with complex karyotype, unbalanced aberrations (deletions of 11p and gain of
11q) and very poor clinical outcome (average survival only 4 months). The most
observed FAB subtype of AML patients with other chromosome 11 abnormality were
M2 and M4, generally the most frequent FAB subtypes in AML.

In childhood cohort of AML patients, we proved higher frequency (36 %) of
chromosome 11 abnormalities than in adults. In all cases, the MLL gene was affected
by balanced aberration. Children were usually 1 year olds and always diagnosed with
AML M5. Because of the short observation time (<1 year in four of them), we are not
able to define the true prognostic impact.

Due to the cryptic character of many genetic abnormalities, we also suggest the
probe panel for the most frequent chromosome aberrations (including del(5q),
del(7q)/-7, MLL gene rearrangements and +8) under the FISH screening applied in
AML patients at the time of diagnosis. We proved the significant importance of the
FISH screening, especially, for the MLL gene aberrations which are often cryptic and
under the resolution of conventional cytogenetics. FISH screening was also very

beneficial in cases with conventional examination failure.
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6. Conclusion

Nowadays, conventional cytogenetics is important diagnostic and prognostic tool
in patients with leukemia. Therefore, it belongs to the standard investigation methods
in these patients. However, there are some limits such as cells proliferation,
chromosomal morphology, extent of pathological clone with chromosomal aberration
and resolution. In these cases, FISH analysis is a suitable informative supplement as
same as in patients where are not present any mitoses for karyotyping. Conventional
and molecular cytogenetic analyses are also essential for identification of affected
chromosome regions and genes in leukemia and for clarification of malignant
transformation processes.

In this study, we identified and defined the chromosome 11 breakpoints and
common deleted and amplified areas in the bone marrow or peripheral blood cells of
newly diagnosed patients with AML by molecular cytogenetic methods. Between
years 2006 to 2012, we examined 300 adult and 14 childhood AML patients in the
Cytogenetic department of IHBT and CNC VFN. The chromosome 11 change was
proved in bone marrow/peripheral blood cells of 18% of adult patients and of 36% of
childhood patients with AML. The results are summarized below.

. Chromosome 11 abnormalities were proved as a frequent chromosomal
change found in adult newly diagnosed AML patients. The instability of chromosome
11 in AML was confirmed by the presence of more than two chromosome 11

breakpoints and by breakpoints affecting both chromosome 11 homologues.

. Many recurrent and random chromosome 11 breakpoints were identified
(recurrent in the NUP98 gene (11p15.4) and MLL (11g23.3), and three possibly
nonrandom in chromosomal bands 11p13, 11p12 and 11q13.2). New candidate genes

that are possibly significant in the origin and/or progress of AML were notified.

. The most common deleted, duplicated/amplified regions and candidate
tumor suppressor genes and oncogenes were determined. The potential involvement
and contribution of affected areas of chromosome 11 to the malignant transformation

process was discussed.
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. The chromosome 11 changes were assessed as an important prognostic
marker. From the clinical point of view, the chromosome 11 abnormalities can be
stratified into two relatively homogenous groups:

a) patients with MLL rearrangements

b)  patients with other chromosome 11 changes.

. The MLL gene rearrangements were mostly detected in young people (<50
years) diagnosed as AML M5, M1 or M4 and with balanced aberrations. The average

survival was approximately 15 months.

. Patients with other chromosome 11 changes regardless of breakpoint
localization were mostly older (>60 years) with complex karyotype, unbalanced
aberrations (deletions of 11p and gain of 11q) and very poor clinical outcome (average
survival only 4 months). No significant relationship between chromosome 11

breakpoints and types of AML were observed.

. Higher frequency of chromosome 11 abnormalities in children than in
adults with AML was proved. In all cases, MLL gene was affected by balanced
aberration. Children were younger (about 1 year) and always diagnosed with FAB
subtype M5.

. FISH screening as a rapid detection of pathological clones with
unfavourable prognosis was proved very helpful in case of dividing cells lack and

cryptic MLL gene rearrangement.

In conclusion, molecular analyses of chromosomal breakpoints and amplified or
deleted areas are very important for the identification of genes involved in tumour
pathogenesis and progression. Further investigation of the affected genes and their
protein products will improve our understanding of malignant transformation, basic
mechanisms of chromosomal and molecular rearrangements and their role in
oncogenesis. In addition, obtained knowledge could be clinically applied during
diagnosis, allowing patient stratification into prognostic subgroups, facilitating
residual disease monitoring and could be also used for the designation of more
effective therapeutic approach.
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