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Abstract

Acute myeloid leukemia (AML) can develop as a secondary malignancy following radiotherapy,
but also following low-dose environmental or occupational radiation exposure. Therapy-related
AML frequently carries deletions of chromosome 5q and/or 7, but for low-dose exposure
associated AML this has not been described. For the present study we performed genome-wide
screens for loss-of-heterozygosity (LOH) in a set of 19 AML cases that developed after radiation-
exposure following the Chernobyl accident. Using Affymetrix SNP arrays we found large regions
of LOH in 16 of the cases. Eight cases (42%) demonstrated LOH at 5q and/or 7, which is a known
marker of complex karyotypic changes and poor prognosis. In accordance with literature data, the
overall survival for these patients was significantly shorter as compared to patients without this
alteration (~=0,014). We could show here for the first time that exposure to low-dose ionizing
radiation induces AML with molecular alterations similar to those seen in therapy-related cases.
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1. Introduction

lonizing radiation is established as a cause of leukemia in humans. Epidemiological life-
span studies on the Japanese A-bomb survivors revealed that leukemia, primarily acute
myeloid leukemia (AML), exhibits the highest excess relative risk of all neoplasms [1].
Epidemiological studies also identified a significantly increased leukemia incidence in
clean-up workers at the Chernobyl Nuclear Power Plant [2, 3]. The AML cases among
Chernoby! clean-up workers and inhabitants of Ukrainian territories with high
contamination from radioactive fallout were characterized by an unfavourable clinical
course with resistance to conventional therapy. These patients had significantly shorter
overall survival (OS), and lower complete remission rate as compared to sporadic cases [4].
The clinical observations suggest that the biology of the radiation-associated AML
following the Chernoby! accident might be different from that of the spontaneous forms of
AML. Cases of radio- and/or chemotherapy-related secondary AML are frequently found to
carry chromosomal deletions at 5q and 7p/7q [5]. These recurrent alterations are related to
complex karyotypic changes and bad prognosis. To understand the mechanisms of radiation
leukemogenesis it would be important to determine if these 5q and 7p/7q deletions are only
prevalent after high-dose radiotherapy, or if they also occur in AML associated with a
preceding low-dose accidental or environmental radiation exposure.

The identification of molecular tumour markers that are associated with exposure to ionizing
radiation could provide new insight into the pathogenesis of mutagen-induced AML. In a
previous study we found that AML patients with a history of radiation exposure due to the
Chernoby! accident exhibited AML-specific translocations affecting the AMLIand MLL
loci less frequently as compared to spontaneous or topoisomerase Il inhibitor-related AML
cases [6,7]. We have now expanded our investigations to include the analysis of the gains
and losses of chromosomal material and the analysis of allelic changes or loss-of-
heterozygosity (LOH), both to identify potential fingerprints of the radiation-etiology of this
malignancy. We applied a SNP array based LOH screen that was recently shown to be a
useful method to detect genomic alterations in AML [8].

2. Results and Discussion

Of the 19 radiation-associated AML cases analyzed in this study, 16 had at least one large
region exhibiting allelic homozygosity ranging from 4.7 Mb up to 156.6 Mb somewhere in
their genome. These regions were classified as areas of LOH (likelihood score ranged from
5 to 70) and are not known to be present in normal control genomes. Of these 16 LOH
positive cases, 10 exhibited LOH in multiple regions of the genome (Table 1).

The overall distribution of positioning of the LOH in the genome (Figure 1) clearly exhibits
a non-random distribution, with chromosome 5q and chromosome 7 contributing most
frequently to the overall LOH frequency. Abnormalities at 5q, 7p or 7q were found in 8
patients (42%), which is significantly more frequent than in AML cases without a preceding
radio- or radio-chemotherapy analyzed with an identical method [8].

In 4 of the 8 cases with losses affecting chromosome 5q or 7, the LOH was found
concordantly at both chromosomes. Of all these 12 individual chromosomes with 5q and/or
7p/7q LOH, 10 were associated with reductions in DNA copy numbers. This suggests that
SNP LOH is a useful surrogate for the 5q and 7p/7q losses originally found by comparative
genomic hybridization (CGH).

Additional recurrent LOH loci were found on 4q and 11p (2 cases each with copy-neutral
changes), 13q (1 case with copy-number loss, 2 cases with gains of DNA), 16q and 3p (1
case each with copy-neutral change, 1 case each with copy-number loss) (Table 1).
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The frequent, but not uniform occurrence of 5q and 7p/7q LOH allows some comparison
with clinical outcome of the patients. Since this LOH analysis was done retrospectively, no
attempts were made to adjust therapy to an unfavourable prognosis. Under comparable
treatment, however, the patients exhibiting 5g and/or 7 allelic losses fall in the group with
short survival times. Figure 2 shows a statistical significant reduction (P=0,014) of OS in
those cases as compared to patients without LOH at chromosome 5q and/or 7. AML in
patients with LOH at chromosome 5q and/or 7 was more often preceded by MDS than in
cases without any of such abnormalities (r;= 0,57, p=0.011). There were no correlations
between the presence of LOH at chromosome 5q and/or 7 and age of patient, age above 60,
higher white blood cells count, white blood cells above 30x10%/1 at presentation, or FL 73
gene mutation status. Interestingly, patients with LOH at either of the chromosome 5q or 7
had higher white blood cells count (r;= 0,87, p=0.005) as compared to patients with
combined LOH at chromosome 5¢ and 7.

The functional relevance of LOH in the pathogenesis of acute leukemia remains a
controversial issue. Whereas genome-wide analysis on childhood AML reported LOH
somewhere in the genome in 32% of cases [9], a much higher rate was found in adult
leukemia [10]. In the present study of adults we found clear indications for recurrent LOH at
5q, and 7 in radiation-associated AML. In most cases the detection of LOH at these loci was
associated with loss of genomic material, implying that the former resulted from interstitial
deletions or losses of entire chromosome arms. Copy-neutral allelic losses could be due to
somatic uniparental disomia as reported in AML [11].

A concordant loss at 5¢q and 7 was recently reported to characterize AML with complex
karyotypic alterations and unfavourable prognosis [12, 13]. A similar bad prognosis has
been found for cases with deletions of the long arm or the entire chromosome 7 only [14]. It
should be noted that, based on studies on AML without a preceding radiation or other
mutagen exposure [13, 15], we would expect only about 3 cases with losses and deletions at
chromosomes 5q and/or 7. Therefore, the frequency of 8 AML patients in our study group
carry this alteration is significantly higher than expected (p = 0.003, assuming a binomial
distribution), but would be in agreement with the above estimation that only one third of our
cases are really caused by the radiation exposure. The observation that the relative excess of
cases showing 5q and/or 7 aberrations is much higher than the relative excess of all AML
cases due to radiation exposure suggests, that ionizing radiation not simply causes an
increase in AML by number, but that it also changes the spectrum of AML types towards
those with a less favorable prognosis.

We reason that the unusual high prevalence of 5q and 7 alterations in our patient cohort has
to be attributed to their unique etiology, with external total-body irradiation resulting from
the Chernobyl accident. The average external dose to the entire patient cohort multiplied by
the excess relative AML risk per unit dose as derived from epidemiological studies [1-3]
would suggest that roughly one third of our cases have a radiation etiology, whereas the rest
developed spontaneously. It is also worth noting that in contrast to data from spontaneous
AML cases, we observed 5q and/or 7 allelic losses equally frequent in younger and in older
patients (Table 1). This would suggest that the genotoxic effects of ionizing radiation
accelerate the pathogenic process of AML such that complex karyotypic alterations, usually
arising only later in life contribute to the leukaemogenesis in younger patients as well.

The patients in our study, that have been accidentally exposed to rather low doses of
ionizing radiation, exhibit a similar pattern of LOH/losses at chromosomes 5 and/or 7 as
compared to persons developed AML following chemotherapy with alkylating agents alone
or in combination with high-dose radiotherapy, where losses of chromosomal material at
chromosomes 5 and/or 7 are of major importance [16]. The patients included in our study
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did not experience chemo/radiotherapy or any other known mutagenic exposure except low-
dose ionizing radiation due to the Chernobyl accident. This suggests that high and low doses
of ionizing radiation induce AML with the same pattern of genetic alterations. Because of its
clinical relevance, this finding might create the necessary prerequisites to give a more
precise definition to mutagen-induced cases of AML in classification of neoplasms.

The poor clinical outcome of AML patients with abnormalities on chromosomes 5 and 7 is
well documented [13, 17]. Correlation with clinical parameters highlights the prognostic
significance of such genetic events in radiation-associated AML in our study as well.
Patients with LOH at chromosome 5 and/or 7 had shorter OS and more often represented
cases with AML preceded by MDS.

In summary, the use of a high-resolution SNP mapping technique revealed a high frequency
of LOH at 5q and 7 in patients with radiation-associated AML following the Chernobyl
accident. LOH at 5g and/or 7 was present in 42% of all radiation-associated AML cases and
was associated with poor prognosis. The lack of matched normal DNA samples most likely
hindered the possibility to identify small regions of LOH. Therefore, the real prevalence of
these abnormalities in Chernobyl AML patients might be even higher than that detected in
the present study.

3. Experimental Section

3.1. Clinical samples

The study group consists of 19 adult AML patients, initially diagnosed between 1995 and
2004 and treated with standard chemotherapy according to European Society of Medical
Oncology Minimum Clinical Recommendations effective at the time of diagnosis. They
were recruited for the study in accordance with the principles of the Helsinki Declaration
after the approval of the study by the local Ethics Committee (Research Centre for Radiation
Medicine, Kyiv, Ukraine). Details of patients’ age, sex, FAB type, preceding MDS, and
percent of blast cells in each bone marrow sample are given in Table 1. The sole criterion
for inclusion of the patients into this study was the suitability of biological material for the
chosen assay. Thirteen of the patients were involved in clean-up operations at the Chernobyl
Nuclear Power Plant in 1986-1987, one patient was evacuated from the Chernobyl
exclusion zone and 5 were resident in Ukrainian territories with high levels of contamination
from radionuclide fallout. The average effective dose from external irradiation was
estimated to be 130 mSv for clean-up workers [18] and 15 - 17mSv for cases from
contaminated areas [19, 20].

3.2. SNP Chip Assay

Genomic DNA was extracted using the QlAamp Mini DNA extraction kit (Qiagen, Hilden,
Germany) from bone marrow samples obtained at diagnosis and preserved frozen at —=70°C.

DNA samples were processed according to the GeneChip Mapping 10K (V2.0) Xba Assay
protocol (Affymetrix Inc., Santa Clara, CA). Briefly, 250 ng of DNA was digested with
Xbal and ligated to the Xbal adaptor prior to PCR amplification using AmpliTag Gold
(Applied Biosystems, Foster City, CA) and primers that recognize the adapter sequence. The
amplified DNA was fragmented, end-labelled with a fluorescent tag and hybridized to the
array. Hybridized arrays were processed with an Affymetrix Fluidics Station 450 and
fluorescence signals were detected using the Affymetrix GeneChip Scanner 3000. On
average, 96,7% (range 92,6% to 98,2%) of all SNPs could reliably be genotyped, resulting
in more than 10 000 informative SNPs per case with an estimated mean distance between
consecutive markers of about 279 kbp.
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3.3. Data analysis

The primary hybridization data were processed using Affymetrix GTYPE software, yielding
the genotype and hybridization intensity for each individual SNP marker. In a second step
Affymetrix® GeneChip® Chromosome Copy Number Analysis Tool (CNAT) was applied to
detect genomic regions with unusual long stretches of contiguous homozygote SNPs. Such
uninterrupted areas of homozygosity are assigned a likelihood score that marks them as
potential a somatic LOH [21]. To distinguish tumour-specific somatic LOH from potential
germline homozygosity, a cut-off LOH score of 5 was used. This was equivalent to a
contiguous homozygout interval of at least 4.7 Mbp in length. Since a homozygous interval
of this length was not observed in the genome of more than 100 healthy donors [reference
data provided by Affymetrix], we could assume that it truly represented a tumour-specific
somatic LOH.

For graphical presentation of copy number alterations and LOH the data were finally
imported into ArrayCGHbase software tool [22].

3.4. Statistical analysis

Analysis of OS times was performed using the Kaplan-Meier method and the differences
were evaluated using the Cox’s F-test. OS was defined as the times from diagnosis to death
of any cause, with observations censored for time when patients were last reported to be
alive. Correlation analysis was performed using Spearman’s rank order correlation
coefficient (r,). Differences were considered significant at p < 0.05. All statistical analyses
were done with STATISTICA 4.5 (StatSoft, Tulsa, OK).

4. Conclusions

External exposure to low doses of ionizing radiation induces AML with a similar pattern of
chromosome 5q and 7p/7q alterations as in high-dose therapy-related AML.

We hypothesize that LOH at chromosome 5q and/or 7 as consequences of copyneutral
aberrations or due to allelic imbalances constitutes an important genetic mechanism
involved in tumorigenesis following accidental radiation exposure at low doses. The relative
excess AML cases with 5q and/or 7 alterations in patients with a preceding radiation-
exposure suggests that exposure to ionizing radiation not only increases the incidence of
leukaemia, but that it changes the spectrum of AML towards types with less favourable
prognosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
This study was supported by EU contract FI6R-012964, the German Federal Ministry of Education and Research
grant UKR 07/011, the Ukrainian Ministry of Education and Science grant M/365-2008.

References and Notes

1. Preston DL, Kusumi S, Tomonaga M, Izumi S, Ron E, Kuramoto A, Kamada N, Dohy H, Matsuo T,
Nonaka H, Thompson DE, Soda M, Mabuchi K. Cancer incidence in atomic bomb survivors. Part
I11. Leukemia, lymphoma and multiple myeloma, 1950-1987. Radiat. Res. 1994; 137(2Suppl):68—
97.

Genes (Basel). Author manuscript; available in PMC 2012 August 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Klymenko et al.

10

11.

12.

13.

14.

15.

16.

Page 6

. Ivanov VK, Tsyb AF, Gorsky Al, Maksyutov MA, Rastopchin EM, Konogorov AP, Korelo AM,

Biryukov AP, Matyash VA. Leukaemia and thyroid cancer in emergency workers of the Chernobyl
accident: estimation of radiation risks (1986-1995). Radiat. Environ. Biophys. 1997; 36:9-16.
[PubMed: 9128893]

. Romanenko AY, Finch SC, Hatch M, Lubin JH, Bebeshko VG, Bazyka DA, Gudzenko N, Dyagil

IS, Reiss RF, Bouville A, Chumak VV, Trotsiuk NK, Babkina NG, Belyayev Y, Masnyk I, Ron E,
Howe GR, Zablotska LB. The Ukrainian-American study of leukemia and related disorders among
Chornoby! cleanup workers from Ukraine: I11. Radiation risks. Radiat. Res. 2008; 170:711-720.
[PubMed: 19138038]

. Bebeshko V, Klymenko SV. Treatment results of acute myeloid leukemia developed in patients

exposed to ionizing radiation due to the Chernobyl accident. Ukrainian Journal of Haematology and
Transfusiology. 2004; 14:13-18. (in Russian).

. Mauritzson N, Albin M, Rylander L, Billstrom R, Ahlgren T, Mikoczy Z, Bjérk J, Strémberg U,

Nilsson PG, Mitelman F, Hagmar L, Johansson B. Pooled analysis of clinical and cytogenetic
features in treatment-related and de novo adult acute myeloid leukemia and myelodysplastic
syndromes based on a consecutive series of 761 patients analyzed 1976-1993 and on 5098
unselected cases reported in the literature 1974-2001. Leukemia. 2002; 16:2366—2378. [PubMed:
12454741]

. Klymenko S, Trott K, Atkinson M, Bink K, Bebeshko V, Bazyka D, Dmytrenko I, Abramenko I,

Bilous N, Misurin A, Zitzelsberger H, Rosemann M. AML1 gene rearrangements and mutations in
radiation-associated acute myeloid leukemia and myelodysplastic syndromes. J. Radiat. Res. 2005;
46:249-255. [PubMed: 15988144]

. Klymenko SV, Bink K, Trott KR, Bebeshko VG, Bazyka DA, Dmytrenko IV, Abramenko 1V,

Bilous NI, Zitzelsberger H, Misurin AV, Atkinson MJ, Rosemann M. MLL gene alterations in
radiation-associated acute myeloid leukemia. Exp. Oncol. 2005; 27:71-75. [PubMed: 15812362]

. Tyybékinoja A, Elonen E, Vauhkonen H, Saarela J, Knuutila S. Single nucleotide polymorphism

microarray analysis of karyotypically normal acute myeloid leukemia reveals frequent copy number
neutral loss of heterozygosity. Haematologica. 2008; 93:631-632. [PubMed: 18379011]

. Sweetser DA, Chen CS, Blomberg AA, Flowers DA, Galipeau PC, Barrett MT, Heerema NA,

Buckley J, Woods WG, Bernstein ID, Reid BJ. Loss of heterozygosity in childhood de novo acute
myelogenous leukemia. Blood. 2001; 98:1188-1194. [PubMed: 11493469]

. Basirico R, Pirrotta R, Fabbiano F, Mirto S, Cascio L, Pagano M, Cammarata G, Magrin S,
Santoro A. Submicroscopic deletions at 7q region are associated with recurrent chromosome
abnormalities in acute leukemia. Haematologica. 2003; 88:429-437. [PubMed: 12681970]
Raghavan M, Lillington DM, Skoulakis S, Debernardi S, Chaplin T, Foot NJ, Lister TA, Young
BD. Genome-wide single nucleotide polymorphism analysis reveals frequent partial uniparental
disomy due to somatic recombination in acute myeloid leukemias. Cancer Res. 2005; 65:375-378.
[PubMed: 15695375]

Haferlach T, Kern W, Schoch C, Schnittger S, Sauerland MC, Heinecke A, Biichner T, Hiddemann
W. A new prognostic score for patients with acute myeloid leukemia based on cytogenetics and
early blast clearance in trials of the German AML Cooperative Group. Haematologica. 2004;
89:408-418. [PubMed: 15075074]

Schoch C, Kern W, Kohlmann A, Hiddemann W, Schnittger S, Haferlach T. Acute myeloid
leukemia with a complex aberrant karyotype is a distinct biological entity characterized by
genomic imbalances and a specific gene expression profile. Genes Chromosomes Cancer. 2005;
43:227-238. [PubMed: 15846790]

Pedersen-Bjergaard J, Andersen MK, Christiansen DH, Nerlov C. Genetic pathways in therapy-
related myelodysplasia and acute myeloid leukemia. Blood. 2002; 99:1909-1912. [PubMed:
11877259]

Preiss BS, Kerndrup GB, Schmidt KG, Sgrensen AG, Clausen NA, Gadeberg OV, Mourits-
Andersen T, Pedersen NT. Cytogenetic findings in adult de novo acute myeloid leukaemia. A
population-based study of 303/337 patients. Br. J. Haematol. 2003; 123:219-234. [PubMed:
14531903]

Vardiman JW, Harris NL, Brunning RD. The World Health Organization (WHO) classification of
the myeloid neoplasms. Blood. 2002; 100:2292-2302. [PubMed: 12239137]

Genes (Basel). Author manuscript; available in PMC 2012 August 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Klymenko et al.

17.

18.

19.

20.

21.

22.

Page 7

Parkin B, Erba H, Ouillette P, Roulston D, Purkayastha A, Karp J, Talpaz M, Kujawsk L, Shakhan
S, Li C, Shedden K, Malek SN. Acquired genomic copy number aberrations and survival in adult
acute myelogenous leukemia. Blood. 2010; 116:4958-4967. [PubMed: 20729466]

Likhtarev, 1A.; Kovgan, LM.; Berkovskyi, VB.; Bojko, ZN.; Vavilov, SE.; lvanova, OM.; Los',
IP.; Panchuk, OV.; Peliukh, AG.; Perevoznikov, OM.; Pozchivilova, SB.; Tabachnyi, LY.
Retrospective predicted irradiation doses of population and general dosimetric 1997 certification
of Ukrainian localities with high contamination from radionuclide fallout after the Chernobyl
accident. Publication 7. Kyiv, Ukraine: RCRM and RPI; 1998.

Likhtarev 1A, Chumack VV, Repin VS. Retrospective reconstruction of individual and collective
external gamma doses of population evacuated after the Chernobyl accident. Health Phys. 1994;
66:643-652. [PubMed: 8181939]

Bouville A, Chumak V, Inskip P, Kryuchkov V, Luckyanov N. Chornobyl accident: estimation of
radiation doses received by the cleanup workers. Radiat. Res. 2006; 166:158-167. [PubMed:
16808604]

Huang J, Wei W, Zhang J, Liu G, Bignell GR, Stratton MR, Futreal PA, Wooster R, Jones KW,
Shapero MH. Whole genome DNA copy number changes identified by high density
oligonucleotide arrays. Hum. Genomics. 2004; 1:287-299. [PubMed: 15588488]

Menten B, Pattyn F, De Preter K, Robbrecht P, Michels E, Buysse K, Mortier G, De Paepe A, van
Vooren S, Vermeesch J, Moreau Y, De Moor B, Vermeulen S, Speleman F, Vandesompele J.
ArrayCGHbase: an analysis platform for comparative genomic hybridization microarrays. BMC
Bioinformatics. 2005; 6:124. [PubMed: 15910681]

Genes (Basel). Author manuscript; available in PMC 2012 August 22.



<
T
O
>
>
=
=
>
o
=
<
Q
>
=
(7]
o
§.

1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Klymenko et al.

Chromosome

22
21
20
19
18
17
16
15
14
13
12
11
10

©

N Wksoo N

|

I

|
I I
|
|i

a‘

_ |
|

| I HIT

Page 8

84-10
72-84
6-72

48-6
36-48
24-36

0-1.2
The scale

of LOH
likelihood

111

Figure 1.
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