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Aim: Although acute myelogenous leukemia (AML) arising after radiation exposure is considered to be secondary,
little is known about the molecular mechanisms by which the radiation induces the leukemogenic phenotype. The aim
of the study was to analyze whether the MLL translocations are as frequent in radiation-associated AML as in
spontaneous AML cases. Methods: Sixty one AML samples obtained at diagnosis were analyzed for the presence of
MLL abnormalities using fluorescent in situ hybridization and/or reverse transcription polymerase chain reaction. Of
these patients, 27 had experienced radiation exposure due to the Chernobyl accident, 32 were non-irradiated (spon-
taneous AML), and 2 developed therapy-related AML after chemotherapy with topoisomerase II inhibitors. Results:
MLL gene translocations were detected in both groups of spontaneous and therapy-related AML (1/32 and 1/2 cases
respectively). The sole MLL rearrangement found in the group of radiation-associated AML patients was a duplica-
tion of the gene. Conclusion: Our data preclude the involvement of MLL gene translocations in radiation-induced
leukemogenesis, but support the assumption that loss and gain of chromosomal material could be crucial in the
leukemogenesis of AML patients with the history of radiation exposure due to the Chernobyl accident.
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The MLL gene, also called HRX or ALL-1, was orig-
inally identified by its involvement in recurrent chromo-
somal translocations in acute lymphocytic leukemia
(ALL) and acute myelogenous leukemia (AML) in 1991.
It represents the human homolog of the Drosophila
trithorax gene whose function is required for proper
homeotic gene expression and regulation of chromatin
structure. MLL acts as a transcription factor and can
regulate target genes that are involved in cell growth
and proliferation. The MLL gene, located at cytogenet-
ic band 11923, has been reported to fuse with more
than 50 different translocation partner genes, many of
which have been cloned [1]. In all cases studied thus
far, the chromosome 11 breakpoints have been clus-
tered within a 9-kb region spanning exons 5—11 of MLL.
The translocations result in an in-frame 5'MLL/3' part-
ner-gene transcript resulting from the joining of the
amino-terminal part of MLL to the carboxyl end of the
partner product, creating fusion proteins that are criti-
cal for leukemogenesis [2, 3]. A high partner diversity
favors the hypothesis that the MLL disturbance by it-
self is sufficient for disruption of normal hematopoietic
differentiation. AML with 11923/MLL rearrangement
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involving different partner genes seems to comprise a
biologically and clinically homogeneous entity despite
the large variety of different fusion partner genes. Over-
all survival is short and is comparable to AML with an
unfavorable karyotype [4].

The detection and characterization of chromosom-
al rearrangements in AML has provided the means to
identify distinct biologic and prognostic subgroups and
to establish a WHO pathogenesis-oriented classifica-
tion of the disease [5]. MLL abnormalities are being
observed both in de novo and secondary AML cases.
AML patients with MLL abnormalities but without a doc-
umented exposure to therapeutic, occupational or en-
vironmental genotoxins prior to the onset of the dis-
ease are considered as de novo or spontaneous cas-
es, although these terms are not completely appropriate.
The other category of AML patients with MLL abnor-
malities represents secondary cases related to thera-
py with agents that bind to and inhibit DNA-topo-
isomerase Il. Secondary AML after treatment with to-
poisomerase |l inhibitors are well characterized and
usually present with overt leukemia without a myelo-
dysplastic phase, have a short latency period (6—
36 months), and a relatively favorable response to che-
motherapy [6—14].

Although AML developing after radiation exposure
are also considered to be secondary, little is known
about the molecular mechanisms by which the radia-
tion induces the acute leukemogenic phenotype. There
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is no convincing evidence for the involvement of any
distinct chromosomal aberrations in the process of ra-
diation leukemogenesis. The fact, however, that sec-
ondary AML share some clinical features irrespective
of the causative agent makes it likely that leukemias
developing after exogenous genotoxic agents have
some common molecular alterations. Therefore, in our
search for specific molecular genetic alterations in ra-
diation-associated disease, we have examined sam-
ples of radiation-associated AML for the presence of
MLL gene alterations. Two different methods, fluores-
cence in situ hybridization (FISH) and reverse transcrip-
tion polymerase chain reaction (RT-PCR) were applied.
The cohort of patients was recruited at the Research
Centre for Radiation Medicine from former clean-up
workers at the Chernobyl NPP and from the exposed
population from the surrounding settlements. All pa-
tients were exposed to various degrees of external ra-
diation during or after the 1986 accident at the Cherno-
byl power plant. As a control cohort, tumor samples
from AML patients without any history of preceding ra-
diation exposure were analyzed. The main aim of the
study was to analyze whether the MLL translocations
are as frequent in radiation-associated AML as in spon-
taneous AML cases.

MATERIALS AND METHODS

Patients. Bone marrow or peripheral blood sam-
ples were preserved from 61 unselected adult AML
patients, initially diagnosed between 1997 and 2004.
Of these patients, 27 had experienced radiation expo-
sure due to the Chernobyl accident, 32 developed spon-
taneous AML and served as the main controls, and 2
developed secondary (therapy-related) AML after treat-
ment with topoisomerase Il inhibitors for Hodgkin’s lym-
phoma. In the group of patients with radiation-associ-
ated AML there were 13 clean-up workers and 14 pa-
tients either evacuated from the Chernobyl exclusion
zone or domicited in Ukrainian territories with high con-
tamination from radionuclide fallout. Individual dosim-
etry was not available for the patients, except of one
clean-up worker who survived 2™ degree acute radia-
tion syndrome (dose 2.5 Sv). For this reason an ap-
proximate dose range estimation could be assumed
according to the published data for the respective co-
horts [15-18]. These data served as a framework to
classify a tumor in those cases as radiation-associat-
ed. Details of patients’ age, sex, French-American-Brit-
ish (FAB) type are given in Table.

FISH. Mononuclear cells were isolated by Ficoll-
Hypaque density gradient centrifugation and shock-fro-
zen at—70 °C or immediately fixed on slides and stored
at —20 °C. Interphase FISH was performed using the
two-color MLL “break-apart” and the centromere spe-
cific CEP 11 SpectrumGreen probes (Vysis, Downers
Grove, USA) according to the manufacturer’s instruc-
tions. Archival specimens were thawed and resuspend-
ed in physiological saline solution. After hypotonic treat-
ment in 0.07 M KCl, cells were fixed in methanol/acetic
acid (3 : 1), dropped on slides, air dried, and held at

Table. Clinical and molecular genetic data from AML patients

Pts Sex/age*  Group FAB MLL translocation detection
No.  (yr) type FISH RT-PCR results
results  MLL/AF9  MLL/AF4
1 M/60 CwW MO - ND ND
2 M/59 Cw M1 - - -
3 M54 CwW M1 - ND ND
4 M/76 cwW M2 - ND ND
5 M/73 cw M2 ND - -
6  M/55 cw M2 - ND ND
7 M/66 cw M2 - ND -
8 M/59 cw M4 - ND ND
9 M/29 CwW M4 - ND ND
10 M/62 cw Mba - - ND
1 M/35 CwW Mba - ND ND
12 M/43 CwW Mba - ND ND
13 M/42 cw M6 ND ND -
14 M/71 Victim MO - ND ND
15 M/49 Victim M1 - ND ND
16 F/26 Victim M1 - ND ND
17 F/69 Victim M2 - ND ND
18 M/74 Victim M2 ND - -
19  M/50 Victim M3 - ND ND
20 M/31 Victim M4 - ND ND
21 /45 Victim M4 - ND -
22 F/67 Victim M4 ND ND -
23 F/68 Victim M4 - ND ND
24 F/50 Victim M4eo - ND ND
25  F/35 Victim M5a -t ND ND
26 M/57 Victim M5a - ND ND
27 M/42 Victim M5b - ND ND
Total in group of radiation-associated AML 0/27
28  M/60 Control MO - - ND
29  M/24 Control M1 ND - -
30 F27 Control M1 ND - ND
31 F/87 Control M2 ND ND -
32 M/25 Control M2 - ND ND
33  F/36 Control M2 - ND -
34 M/27 Control M2 - ND -
35 MA9 Control M2 ND - -
36 M/20 Control M2 ND - -
37 M/49 Control M2 - ND ND
38  F/59 Control M4 - ND ND
39  FR20 Control M4 ND - -
40  F/61 Gontrol M4 - ND -
41 M/66 Control M4 - ND ND
42 M/66 Control M4 - ND ND
43 M/48 Control M4 - ND ND
44 M/32 Control M4 ND - -
45  M/36 Control M4 ND - -
46 F/44 Control M4eo - ND ND
47 M/26 Control M4eo - ND ND
48  M/39 Control M4eo ND ND -
49 F/64 Control M4eo - ND ND
50 M/47 Control M4eo - ND -
51 F/20 Control M4eo ND - -
52  M/25 Control M4eo ND - ND
53  M/55 Control M5a - ND -
54 M/48 Control Mba ND - -
55  F/30 Control M5a - ND ND
56 F/25 Control Mb5a + - -
57  M/M19 Control Mba ND - -
58 M/21 Control M5b ND - -
59  M/46 Control M6 - ND ND
Total in control group 1/32
60 F/62 Secondary M2 ND - -
61 M/24  Secondary Mba ND + -
Total in group of secondary (therapy-related) AML 1/2
Total 2/61 (3,3%)

M — male; F — female; CW — clean-up worker of the Chernobyl accident;
Victim — patient evacuated from the Chernobyl exclusion zone or lived in
territories with a high contamination of radionuclide fallout; secondary —
patient with secondary (therapy-related) AML after treatment with
topoisomerase Il inhibitors; (-) — negative case, (+) — positive case; ND —
not determined due to lack of suitable material for the analysis.

*At diagnosis. T Case showed three MLL signals.

37 °C. Slides were treated with 0.1 mg/ml pepsin in
0.01 M HCI for 2—-3 min at 37 °C, then washed in PBS
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and 0.05 M MgCl,/PBS at room temperature (RT), post-
fixed in 1% paraformaldehyde/PBS, and dehydrated
through an ethanol series. After denaturation for 4 min
at 73 °C in 70% formamide/2x SSC, slides were dehy-
drated in ethanol series. The probe mixture was dena-
tured at 73 °C for 5 min, added to denatured cells at
45-50 °C and covered. After overnight hybridization in
a humidified chamber at 37 °C, slides were washed in
50% formamide/2x SSC, 2 x SSC, 0.2 x SSC at 42 °C,
and 100 mM sodium phosphate pH 8.0/0.1% NP 40 at
RT. Cells were counterstained with 4/, 6’-diamidino-
2-phenylindole solution (150 ng/mlin 2 x SSC) and exa-
mined using a Zeiss Axioplan 2 fluorescence micro-
scope (Zeiss, Jena, Germany) with image processing
software ISIS3/V.3.04 (Metasystems, Altlussheim, Ger-
many). At least 100 nuclei were analyzed for each case.
A cut-off value of positive case was set at 10% of nu-
clei showing abnormality.

RT-PCR. Total RNA was isolated immediately after
collection of bone marrow or peripheral blood by the
guanidinium thiocyanate phenol-chloroform extraction
method [19]. Complementary DNA (cDNA) was syn-
thesized from 1 pg of total RNA, using random hexam-
er primers and with Moloney murine leukemia virus re-
verse transcriptase (Fermentas, Vilnius, Lithuania) and
following the protocol supplied by the manufacturer.

Nested RT-PCR amplifications were performed for
fusion transcripts of MLL/AF4 and MLL/AF9 using the
following primers:

5'-CCGCCTCAGCCACCTAC-3' (MLL outer primer),

5-AGGACCGCCAAGAAAAGA-3' (MLL inner primer),

5'- TGTCACTGAGCTGAAGGTCG-3' (AF4 outer
primer),

5'-CGTTCCTTGCTGAGAATTTG-3' (AF4 inner
primer),

5'-CAACGTTACCGCCATTTGAT-3' (AF9 outer
primer),

5'-TCGTGATGTAGGGGTGAAGAAGCAG-3' (AF9
inner primer).

Briefly, in a volume of 25 pl, 3 pl of the first-strand
cDNA mixture was added to a mixture containing
1 x PCR buffer, 2.5 mM MgCl,, 0.2 mM each dNTP,
75 nM concentration outer primers, and 1.5 U Taq poly-
merase (Fermentas, Vilnius, Lithuania). PCR cycling
consisted of 30 cycles at 94 °C for 40 s, 63 °C for 40 s,
and 72 °C for 90 s. The second round of nested PCR
was carried out under the same conditions using 3 pl
of the first-round PCR product as the template, and
75 nM concentration inner primers. As a control for the
integrity of the RNA, PCR reactions were also performed
using primers for the actin gene.

Statistical analysis. Differences in the prevalence
of MLL translocations were analyzed by 2-sided Fish-
er's exact test for 2 x 2 tables using STATISTICA 4.5
(StatSoft, Tulsa, OK, USA).

RESULTS AND DISCUSSION

The presence of MLL gene abnormalities was ex-
amined by FISH in 41 AML patients. Of these, there
were 23 radiation-associated, and 18 spontaneous cas-
es (see Table). An abnormal pattern of hybridization

was found in two cases. In case #25 three orange and
green fused signals were detected in the majority of
the leukemia cells indicative of the additional copy of
the MLL gene. In case #56 the FISH revealed a pattern
characteristic of the concomitant MLL translocation and
deletion, i.e., one orange/green fusion and one isolat-
ed green signal. The remaining 39 cases showed a
normal pattern of hybridization with two pairs of adja-
cent orange/green signals. The origin of the additional
MLL gene copy in case #25 could be either polysomy
of chromosome 11 or duplication of the MLL gene. To
exclude trisomy 11 we performed a FISH study with
the chromosome 11 centromeric probe, which revealed
two signals in all scored cells, excluding trisomy and
confirming duplication of the MLL gene in this case.

Thirty one case (8 with radiation-associated, 21 with
spontaneous, and 2 with therapy-related AML after
treatment with topoisomerase Il inhibitors) was screened
for MLL/AF4 and/or MLL/AF9 fusion products using
RT-PCR. In 11 out of 61 samples FISH and RT-PCR
was performed in parallel. There was no discrepancy
between the results of these two assays. Translocation
of the MLL gene by RT-PCR was found in only 1 AML
patient. The MLL/AF9 fusion product was detected in
an AML secondary to the treatment with topoisomerase
Il inhibitors in case #61 (Figure).

NC 1 2 3 4 5 6 7 PC

QMQ p

|

Figure. Representative example of an RT-PCR ampilification of
MLL/AF9 fusion transcript from seven patients. M — molecular
weight 100 bp ladder (Sigma, Saint Louis, USA); NC — negative
control, where reagents without template were used; lines 1-7,
set of samples analyzed for MLL/AF9 translocation; line 4 — DNA
from case #61; PC — patient with MLL/AF9 translocation used
as positive control

Thus, the overall frequency of MLL translocations
in all patients was 3.3% (2/61 cases). We did not find
any MLL gene translocation in the group of radiation-
associated AML, but detected one in the control group
with spontaneous AML (0/25 and 1/28 cases respec-
tively). It is difficult to compare frequency of MLL trans-
location in these groups with the group of patient with
therapy-related AML (1/2 cases) because of its small
number, but the difference for radiation-associated AML
cases was on the borderline of statistical significance
(P =0.07).

It seems that recurrent chromosomal translocations
of the MLL gene, characteristic for the disease de novo
and therapy-related AML after treatment with topoiso-
merase Il inhibitors [20], are not common among the
AML patients exposed to ionizing radiation due to the
Chernobyl accident. This is in accordance with the prev-
alence of MLL translocations in unselected AML cases
of 2.8% [4]. MLL gene translocations do not appear to
play an important role in radiation-induced leukemo-
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genesis. Moreover, radiation-induced leukemia is cyto-
genetically different from those that occur after thera-
peutic application of topoisomerase Il inhibitors, where
non-random rearrangements involving the MLL locus
on chromosome 11 were observed. Nevertheless, our
data support the hypothesis of Smith et al. [21], postu-
lated that radiation may act as many other DNA-dama-
ging agents and similar to alkylating agents, in contrib-
uting to therapy-related bone marrow dysfunction. In-
deed, the only MLL gene rearrangement found in
radiation-associated AML cases in our study was a
gene duplication in a patient evacuated from the Cher-
nobyl exclusion zone.

The genomic amplification of oncogene is a frequent
event in solid tumors, but is rarely observed in hematog-
ical malignancies [22]. The estimated incidence of cy-
togenetically detectable gene amplification in AML is
approximately 1%. A rough estimate of the incidence
of 11923 segmental amplifications in all myeloid disor-
ders, including not only AML and MDS but also chronic
myeloproliferative disorders was given by Reddy et al.
[23] as 4/690 (0.57%). This is dramatically different to
leukemia cases diagnosed after mutagene exposure.
Here duplication or amplification of chromosome band
11923 with 3-7 copies of the MLL gene was detected
by FISH in 12 out of 70 unselected patients (17%) who
developed MDS or AML following a preceding chemo-
therapy with alkylating agents [24, 25].

Our findings exclude MLL gene translocations as an
important factor in the etiology of radiation-induced leu-
kemogenesis, but support the assumption that loss and
gain of chromosomal material could be of importance in
the leukemogenesis of AML patients with the history of
radiation exposure due to the Chernobyl accident. Fur-
ther study of the consistent cytogenetic changes induced
by ionizing radiation will lead to the ascertainment of
important genes and gene products that are involved in
radiation-induced leukemogenesis.
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NEPECTPOWKWU NEHA MLL NMPWU PAOWALMOHHO-
ACCOUMNPOBAHHBIX OCTPbIX MUEJIONAHDbIX JIEMKO3AX

Ilenv: HecMOTPS Ha TO, UTO OCTPble MHUeaoU/HbIe Jeiiko3bl (OMJI), Bo3HMKalOmue Mocie BO3AeHCTBUS NOHU3UPYIO-
mieil paJualyy, pacCMaTPUBAIOT KaK BTOPHYHBIE, IIOUYTH HUYETO HEU3BECTHO O MOJIEKYJISIPHBIX MEXaHU3MaX pajualiy-
OHHOTO JeiikeMoreHe3a. Ilespb nccieroBaHust — aHaJINM3 YAaCTOTHI TPaHCIOKanuii reHa MLL npu paauanyioHHO-aCcCOIM-
upoBanubix OMJI no cpaBrennio co cnontandbiva OMJL. Memooot: GbLIM POaHAIU3UPOBaHbI 00Pasipbl cydcTpaT-
HBIX KJIETOK, MOJyYeHHble npu nepBuyHoil nuarHoctnke OMJI y 61 mammenra, ansi BbigBieHus nepecrpoek MLL
¢ HcnoJb3oBanneM ¢yopecienTnoi in situ ruopuansanuu u/wm OT-IIIIP. 27 nmanueHTOB MOABEPIIUCH BO3IEH-
CTBHIO HOHU3UPYIOMEro 00Iy4yeHus BexeacTeie YepHoObLIbCKoil KaTacTpodsbl, 32 — co cnontanabiv OMJI He GbLIH
00yueHbl ¥ 'y 2 GbLIO AMArHOCTHPOBAHO 3a00JIeBaHNe, PA3BUBLICECS B CBSA3M C NPEAIECTBYIONUM JeYeHHEM HHIUOH-
topamu Tomouzomepassi I1. Pesyavmamor: Tpanciaokanuu reHa MLL o0Hapy:keHbI B rpynnax OOJbHBIX CO CHOHTaH-
HbIM 1 BbI3BaHHBIM Tepanmeit OMJI (1/32 u 1/2 cayyaeB coorBercTBenHO). EnuncrBennoii anomammeii MLL B rpymme
pauanuonHo-acconuupoBanubix OMJI Gbuta Qymwmkanusi reHa. Boigodvr: mosyyeHHble HAMH JJaHHBIE UCKIIOYAIOT
BOBJIeYeHHe TpaHcJaoKanuii reHa MLL B paauanyioHHO-HHIYIPOBAHHBII JefikeMoreHe3, HO NO//IeP:KUBAIOT THIIOTE3Y
0 3HAYMMOCTH NOTEPh U MPHPOCTa XPOMOCOMHOTO MaTepuaia B pa3sutun OMJI y manyeHnToB, NoJBeprumxcs Bo3zaei-
CTBHIO MOHH3UPYIONIEro o0y4yeHus: BeaenacrBue UepHoObUIbCKON KaTtacTpodbl.

Kntouesvie cnosa: octpblii MUETOHHBI Jeiiko3, HOHU3UpYIOmas paxuanusi, YepHoObLIbCKasi Katactpoda,
TPAHCIOKAIMS, TyTUIMKAIMS.

MLL,
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