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Abstract

Chronic lymphocytic leukemia (CLL) is one of the most frequent lymphoproliferative diseases. CLL is characterized by
unusual heterogeneity, which probably reflects its biological and genetic lack of homogeneity. Clonal chromosome aberra-
tions belong to the most important prognostic and predictive factors in CLL. This research was aimed at observing clonal
evolution in CLL at the chromosomal level, and assessing its clinical significance in relation to selected prognostic factors.
The study involved 72 untreated patients with CLL. The preliminary investigations using cytogenetic banding analysis (CBA)
and FISH were performed at the time of diagnosis, and again after about 24 months to observe clonal changes (clonal evolu-
tion). In addition, other parameters were evaluated, i.e., the expression of ZAP-70 kinase, CD38 antigen, and the mutation
statuses of IGVH and NOTCH 1 genes. Classic prognostic factors, i.e., categorized ZAP70 and CD38 expressions as well as
mutations in /IGVH and NOTCH1 genes did not influence the course of clonal evolution in the examined group of patients.
Clonal evolution was detected in 45.8% of patients by means of CBA, and in 19.4% patients with FISH. Analysis of chro-
mosomal aberrations in the examined group of patients showed that the incidence of 17p deletions and translocations in
karyotypes has a negative impact on overall survival. CE was found to be a risk factor for the occurrence of disease progres-
sion (OR =2.22). Our observations indicate that combined CBA and FISH are the most optimal techniques for monitoring
clonal evolution in the course of CLL.
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Introduction show differentiated expressions of CD38, CD25, and CD79b
antigens on the surface and ZAP-70 kinase in the cytoplasm

Chronic lymphocytic leukemia (CLL) is one of the most ~ [1-4].

common lymphoproliferative diseases that occur in elderly
people in Europe and North America. It is a monoclonal
disease, characterized by accumulation of small, mor-
phologically mature, resting lymphocytes B in peripheral
blood, bone marrow, lymph nodes, and spleen. Leukemic
lymphocytes are characterized by a unique immunopheno-
type, which involves coexpressions of the surface antigens:
CD19+, CD20+, CD5+1, and CD23+; and poor expres-
sions of the IgM and IgD immunoglobulins. CLL cells may
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CLL belongs to the class of heterogenous diseases. There
is a group of patients with benign, slow course of disease,
which does not require treatment, and another comprising
patients with rapid progression despite the use of aggressive
therapy. There is also a group of patients with a moderate
prognosis. Patients from these prognostic groups differ as
to the mutation status of /IGVH gene, the expression pro-
file of the genes that encode the proteins ZAP70, LPL, and
ADAM?29, and expression of the CD38 antigen. In addition,
mutations in the NOTCHI gene were observed in patients
with CLL. Mutations in the PEST domain of this gene are
an unfavorable prognostic factor. There is also a high risk
of CLL transformation in the Richter syndrome in patients
with such a mutation [5].

Genetic alterations which include clonal chromosome
aberrations also play an important role.

Commonly used methods for detecting chromosome
aberrations accompanying the expansion of a cell clone
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Table 1 Clinical and laboratory

- . Parameter Whole tested group (N="72) Women (N=34) Men (N=38)

characteristics of CLL patients median (range)
Age 64.00 (36.00-86.0) 63.00 (36.00-78.00) 64.50 (38.00-86.00)
HGB (g/dL) 13.10 (5.90-18.10) 13.20 (5.90-16.60) 12.85 (8.00-18.10)
WBC (G/L) 57.75 (6.90-628.00) 53.20 (6.90-149.00) 58.25 (9.70-628.00)
LIMF (G/L) 51.55 (5.70-540.00) 43.15 (5.70-131.80) 52.65 (6.01-540.00)
PLT (G/L) 173.00 (47.00-341.00) 202.50 (84.00-341.00) 155.50 (47.00-325.00)
B2 M (mg/L) 3.31 (0.80-4434.50) 3.19 (1.86-4421.90) 3.56 (0.80-4434.50)
LDH (U/L) 351.00 (108.00-1732.00) 356.00 (108.00-997.00) 327.50 (151.00-1732.00)
CD38 (%) 13.37 (0.15-82.36) 20.13 (0.15-54.00) 25.51 (0.54-82.36)
ZAP70 (%) 18.45 (1.51-69.74) 21.74 (1.51-68.58) 23.77 (2.17-69.14)
TT™ 10.40 (2.40-25.20) 8.60 (2.40-12.40) 11.35 (2.80-25.20)

TTM Score total tumor mass score

are the cytogenetic analysis of metaphase cells by banding
(CBA) or the molecular techniques such as FISH used to
metaphase chromosomes or interphase nuclei.

The studies using methods of classical cytogenetics
have allowed karyotype lesions of a clonal character to be
observed in 16-43% of patients with CLL [4, 6]. Unfor-
tunately, in the study of clonal character, the use of meth-
ods of classical cytogenetics is associated with multiple
restrictions, which are mainly due to the low mitotic index
of leukemic cells in cultures in vitro. Thanks to the use of
new mitogens in in vitro cultures, the efficiencies of the
methods of classical cytogenetics and the assessments of
karyotype in CLL patients have been increased.

At present, the reference method for detecting chromo-
somal changes is FISH. This technique enables an effec-
tive assessment of anomalies in more than 83% of CLL
patients [7-9].

Detected genome alterations, including clonal chro-
mosomal aberrations, are independent prognostic factors
that enable identification of patients with CLL of various
clinical course, time to first-line treatment, and overall
survival.

The most frequently detected chromosomal aberrations
in CLL by means of these research methods include dele-
tions or translocations of chromosomes 13, 11, 14, 17,
and 6 in regions 13q, 11q, 14q, 17p, and 6q, respectively,
and trisomy of chromosome 12 [10].

The phenomenon of clonal evolution (acquisition of
chromosomal abnormalities during the course of the dis-
ease) that affects the clinical course of CLL is a subject of
increasing attention. Our research focused on the observa-
tion of clonal evolution and its clinical significance in the
course of CLL in relation to selected prognostic factors.
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Methods

The material for the research were peripheral blood lym-
phocytes from 72 individual subjects with chronic lympho-
cytic leukemia hospitalized over the years 2005-2015 at the
Department and Clinic of Hematooncology and Bone Mar-
row Transplantation, Medical University, Lublin, Poland.

Informed consent of patients for blood collection and
positive opinion of the Bioethics Committee at the Medical
University in Lublin (no. KE-0254/153/2010) were obtained.

Patients with CLL were diagnosed according to standard
morphological and immunophenotypic criteria [11]. The test
group comprised 34 women and 38 men aged 36 to 86 years
(on average 63.22 +10.42). The patients were at different
stages of disease according to the classification by Rai et al.
20 patients (28%) was at Rai stage 0, the group of 13 patients
(18%) at stage I, 29 patients (40.2%) at stage II, 7 patients
(9.7%) at stage I1I while 3 people (4.1%) at the fourth stage
of disease progression.

The clinical and laboratory characteristics of the CLL
patients are shown in Table 1.

Cytogenetic analyses (classical cytogenetic tests and
FISH) were performed in all patients twice (baseline and
follow-up) at the time of diagnosis and prior to possible start
of treatment, and repeated after approx. 24 months.

For all the subjects, immunophenotyping was performed
according to standard procedures using the FACSCali-
bur II flow cytometer from Becton—Dickinson, USA. The
analysis of the results was obtained by the CellQuest Pro
program (Becton—Dickinson); 10,000 cells for each sam-
ple were assessed after incubation with monoclonal mouse
anti-human CDS5-PE, CD19-PE-Cy5, CD23-FITC, CD38-
FITC, and ZAP70 antibodies along with appropriate iso-
type controls (all from BD Bioscience). Antibodies were
applied at 1 ug/100 uL of cell suspension (1 x 10° cells in
1% BSA/PBS), and samples were processed according to
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the manufacturer’s instructions. The expression of the CD38
surface antigen and ZAP-70 has been categorised according
to existing standards, i.e., high expression for CD38 (>30%)
and high expression for ZAP-70 (>20%) [11].

Genomic DNA was extracted from 200 pL peripheral
blood samples collected in EDTA with GeneMATRIX Quick
Blood DNA Purification Kit (EURx, Poland), according to
the manufacturer’s manual. DNA quality and quantity were
assessed by means of NanoDrop 200 spectrophotometer
(ThermoScientific) and by agarose gel electrophoresis. For
further investigation, samples containing nondegraded,
high molecular weight DNA at the concentration of at least
100 ng/uL, with A260/A280 ratio between 1.8 and 2.0, were
used.

The most common NOTCH 1 mutations located in frag-
ment of exon 34 were analyzed by direct sequencing. DNA
was amplified with high fidelity Advantage HD polymer-
ase (Clontech). The assessment of mutation state of the
NOTCH] gene was performed using the sequencing tech-
nique using an ABI Prism 3130 Genetic Analyzer (Applied
Biosystems) [12]. All primers and conditions were designed
at the Department of Cancer Genetics with the Cytogenetic
Laboratory, Medical University of Lublin (sequences and
detailed conditions are available on request).

Testing of rearrangement and somatic hypermutation
of the VDJ genes of the immunoglobulin heavy chain was
performed based on the sequencing technique. The results
of IGVH genes sequencing were compared with the germ
line sequences, available in the Immunogenetics (IMGT)
database, using the IMGT/V-QUEST software. The analy-
sis identified the VDJ genes occurring in the rearrangement
examined, the number and type of mutations present therein,
and determined whether the rearrangement is of a functional
nature. Sequences having identity of >98% with the germ
sequence have been considered to be unmutated and those
having <98% have been deemed mutated.

Cytogenetic analyses

The cultures were run in a standard manner in sterile Falcon
(Sarstedt) vessels on the RPMI 1640 medium with L-glu-
tamine with 15% inactivated fetal calf serum (FCS) vol/vol
(Biomed), 100 U/mL penicillin G sodium salt, 100 pg/mL
of streptomycin sulfate, and 0.25 pg/mL of amphotericin B
(Gibco, Invitrogen). The starting culture concentration was
2% 10° cells/mL of the medium. The cultures were run at
37 °C in the atmosphere of 5% CO,.

To obtain a large mitotic index, two versions of the
culture were assumed. To both a suitable mix of stimula-
tion factors has been added: in version A-PWM-2,5 ug/
mL (Pokeweed Mitogen, SIGMA Aldrich), TPA-10 ng/mL
(12-O-tetradecanoylphorbol 13-acetate; Sigma Aldrich),
calcium ionophore-7.5x 10~7 mol/mL (4-bromo-calcium

ionophore; Sigma Aldrich), oligoCpG DSP30-2 umol/l
(TibMolBiol), in version B-PWM-2.5 ug/mL, TPA-10 ng/
mL, calcium ionophore 7.5 1077 mol/mL, oligoCpG
DSP30-2 umol/, LPS-50 pg/mL (Escherichia coli lipopoly-
saccharide; Sigma Aldrich).

The mixtures of stimuli used have been adequately tested
and selected for the type of the cell culture concerned [13].

The cultures were run for 3 to 5 days and then terminated
in a standard manner. The differential staining of metaphases
was conducted in the cytogenetic preparations (G and R
bands) and analyzed in a Nikon Upright Microscope eclipse
Ni-U microscope with the magnification x1000 under the
immersion, lens 100x 1.45 Plan ApoA Oil. The chromosome
analysis was carried out using the CytoVision computer sys-
tem from Applied Imaging and Applied Spectral Imaging
Case Data Manager Capture and Analysis V7.1. Cytogenetic
changes were described according to ISCN 2016 [14].

FISH

Selected chromosomal aberrations in interphase nuclei and
metaphase chromosomes were assessed using the FISH
method with the use of a fluorochrome-marked probe panel.
The set of probes used for the study contained the follow-
ing single probes: LSID13S319 (13q14) labeled with Spec-
trumOrange, LSI 13 (RBI) labeled with SpectrumOrange,
LSIATM (11g22.3) labeled with SpectrumOrange, LSI p53
(17p13) SpectrumOrange, SPP 12 labeled with Spectrum-
Green or SpectrumOrange, LSI MYB (6q23) labeled with
SpectruAqua and the multi-coloured probes: LSI D13S319/
LSI 13q34/CEP12 marked with appropriate SpectrumOr-
ange/SpectrumAqua/SpectrumGreen fluorochromes, LSI
pS3/LSI ATM probe marked with SpectrumOrange/Spec-
trumGreen, LSI IGH/CCND 1dual color, dual fusion translo-
cation probe, LSI break apart /GH translocation probe firmy
VYSIS- Abbott Molecular. We also used Kreatech 6q21/SE6
probes labeled with SpectrumOrange/SpectrumGreen, MYB
deletion from Cytocell. For each of the probes, the cut-off
point value was determined based on the tests carried out on
the control group (average +3SD). It was respectively: for
the probe for chromosome centromere 12-5%, for the RB1
gene probe-10%, for probes for del(13)(q14.3)(D13S319),
del(13)(q34)(LAMP1), del(11)(q22.3)(ATM), del(17)(p13.1)
(TP53) it was 8%, and for probes for del(6)(q21-q23) it was
3%.

Statistical analyses

The distribution of the features analyzed was assessed using
the Shapiro—Wilk test. The following tests were used: #-Stu-
dent, U Mann-Whitney, x? (x? Pearson, x* Fisher).
According to the adopted model of research, the odds
ratio (OR) and the 95% confidence interval (95% CI) were
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calculated to estimate the association of important features
for the clinical course of leukemia with clonal evolution.
Survival was calculated using the Kaplan—Meier estimator.
The effect of selected features on survival was assessed by
the log-rank test and the F Cox test. The logistic regres-
sion model (GLZ Multiple Regression, Probit Model, Best
subsets) was used to assess the links between the features
under analysis and clonal evolution in the CLL process. The
calculations were performed using the Statistica 12 software
(StatSoft, Inc.).

Results

Tests with the use of classical cytogenetics and FISH were
performed in all the patients at the time of diagnosis and
prior to treatment in patients requiring chemotherapy. In
order to observe clonal changes (clonal evolution), the
tests were repeated. The second test was assumed to be
carried out after about 24 months. The time counted in the
months between the tests was: median 25.00 (range from
11 to 35 months, average 23.52 +15.00). The shorter time
between the tests in some patients was associated with the
occurrence of progression. Overall survival (OS) was meas-
ured from the diagnosis of CLL and from baseline analysis
to the date of the last follow-up visit or death.

Clonal changes detected using classical
cytogenetics technique

In the first test using classical cytogenetics in 33 patients
(45.83%), normal karyotypes were observed. In the remain-
ing patients, detected clonal chromosome aberrations con-
cerned the number and structure of chromosomes; Table 2.

The most commonly appearing chromosome aberration
was deletion of the long arm of chromosome 13. It occurred
in 14 patients (19.44%), being the only observed chromo-
some aberration in 12 of those people (16.67%). The dele-
tion of chromosome 13 concerned a long-arm fragment
with the breakpoints: del(13)(q14) or del(13)(ql14q21).
Moreover, chromosome 13 was, in two cases, involved in
translocations.

Other aberrations that occurred at high incidence included
deletion of the long arm of chromosome 11 and trisomy of
chromosome 12.

The deletion of the long arm of chromosome 11 was
related to the regions of del(11)(q14) or del(11)(q22q23)
and occurred in 5 patients (6.94%). The loss of the entire
chromosome 11 was observed in one case, and chromosome
translocations were also observed in three patients, in which
chromosome 11 was involved.

Trisomy of chromosome 12 occurred in 5 patients
(6.94%).

@ Springer

Changes in chromosome 17 included the loss of the
whole chromosome in two cases (2.78%).

There were also changes in chromosome 6 in 4 patients
(5.55%). A deletion of a fragment of the long arm of chro-
mosome 6 del(6)(q21) was detected in one patient, and the
loss of the whole chromosome 6 was observed in the sec-
ond patient. In addition, in two cases chromosome 6 was
involved in the translocation.

Other interesting changes detected in the karyotype of the
subjects were changes related to chromosome 14.

A complex karyotype was found in the test group in 9
patients (12.5%) (occurrence of three or more chromosome
aberrations).

The second cytogenetic test to analyse karyotypes of the
subjects was performed to detect new clonal changes. The
emergence of new chromosome aberrations in karyotypes
indicates an occurrence of clonal evolution.

During the second test, normal karyotype was observed
in 17 patients (23.61%). Clonal changes appeared in 19
(26.38%) of the patients who had a normal karyotype in the
previous test. However, in 15 people (20.83%), the second
test demonstrated the emergence of new clonal chromosome
changes.

A complex karyotype was observed in 15 patients
(20.80%).

Chromosomal aberrations were related to both the num-
ber and structure. The most common was the loss of chro-
mosomes: 13, 14, 16, 17, but there was also trisomy of
chromosomes 12, 18 and 21. The structural changes include
additions, deletions, and translocations.

An analysis of the chromosome changes found during the
first and second cytogenetic test has revealed the existence
of clonal evolution in 33 patients (45.8%). Clonal changes
concern both the number and structure of chromosomes. A
comparison of the share of individual chromosome aberra-
tions in clonal evolution in CLL patients detected during the
two tests is shown in Fig. 1.

Clonal changes detected using the FISH technique

Owing to the use of a panel of probes to select chromo-
some areas and centromeric sequences for specific chromo-
somes, a broad spectrum of chromosome changes have been
detected in the genome in the subjects; Table 2.

In the first test, the most frequently observed change was
deletion of the long arm of chromosome 13.

In the group tested, in 50 subjects (69.44%) a deletion was
detected in the region 13q14.3 in the locus D13S319. The
deletion occurred as a single change in 25 subjects (34.72%).
In the case of 9 people (12.50%), the deletion D13S319 was
accompanied by a deletion in the RBI gene (13q14.2), while
13 patients (18%) had a deletion in D13S319.
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Table 2 Chromosomal aberrations detected in CLL patients using classical cytogenetics and FISH methods

Item Karyotype during diagnosis (baseline)

FISH during FISH, 2nd testing (follow-up) Karyotype, 2nd testing (follow-up)
diagnosis (base-

line)

1 46XY[21] 13g- 13q-,6q- 46,XY,del(13)(q14q2 1)[61/46,51,del(6)(q24)
[3]1/ 46,XY[14]

2 47.XY, +12[111/46,XY[16] 12 +12 47,XY, +12 [14]/46,XY[8]

3 46,XX[20] 13g- 13g-,17p- 46,XX.del(13)(q14q21)[81/46,XX[12]

4 46,XY.H9;14)(p12:q32)(81/46,XY[12] 13q- 13g-,17p- 45,XY,1(9;14)(p12:q32),-13,-16,
+mar[6]/46,XY[15]

5 46,XY, del(13)(q14)[4]/46,XY[24] 13g-,17p- 13g-,17p- 45,XY,del(13)(q14),-20[81/46,XY[12]

6 46,XX[30] 13g- 13g-,17p- 46,XX[20]

7 46,XX[26] 13q biallel 13q biallel 46,XX,del(13)(q14)[11]/46,XX[9]

8 46,XY[19] 13g- 13q- 46,XY[24]

9 46,XY,del(13)(q14q21)[6]1/46,XY[12] 13g-,17p- 13g-,17p- 46,XY,del(13)(q14q21)[3]/46,XY,del(13)
(q14q21), del(17)(p12)[41/46,XY[16]

10 46,XY[22] 13g-,11¢- 13g-,11¢- 46,XY.del(13)(q14)[71/46,s1.del(11)
(q22q23)[4]/ 46,XY[8]

11 46,XX[27] N N 46,XX][23]

12 46,XX][23] 13g-,11g- 13g-,11g- 46,XX,del(13)(q12q14)[5]/46,XX[26]

13 46,XX[24] 13g-,11g- 13g-,11g- 46,XX,del(13)(q12q22)[6]/46,XX[11]

14 46,XX[21] 13g-, +12 13qg-, +12 47,XX, +12[4]/46,XX[16]

15 46,XY[28] 13g-,11q- 13g-,17p- 46,XY[24]

16  46,XY[27] 11g- 11g- 46,XY[24]

17 46,XX,del(13)(q12)[3]/46,XX[20] 13¢g- 13g- 46,XX,del (13)(q12)[6],46,XX[12]

18 46,XY[21] 13qg- 13g- 46,XY[20]

19 46,XY[26] 17p- 6q-,17p- 46,XY[24]

20  46,XY[19] 13g- 13g- 46,XY,del(13)(q14)[6]/46,XY[14]

21 46,XX.del(13)(q14)[71/46,XX[13] 13g- 13g-,17p- 46,XX,del(13)(q14)[81/46,51,del(17)(p12)
[51/46,XX [9]

22 46,XY[22] 13g- 13g- 46,XY[27]

23 46,XX,del(13)(q14)[4]/46,XX[15] 13g- 13q- 46,XX,del(13)(q14)[10]/46,XX[13]

24 46,XX,del(13)(q12q34)[3]/46,XX[15] 13q-,11g- 13g- 45,X,-X,del(13)(q12q34)[5]/46,XX[16]

25 46,XY,del(13)(q14)[8]/46,XY[12] 13g- 13g- 46,XY,t(6;13)(q15;q14)[2]/46,XY,del(13)
(ql4)[4)/ 46,XY[12]

26 47,XY, +12[31/46,XY[19] 12 +12 47.XY, +12[41/46,XY[16]

27 46,XX,del(13)(q14q21)[5]/46,XX[14] 13qg-, +12 13g-, +12 47,XX, +12,del(13)(q14q21)
[cp6]/46,XX[13]

28  46,XY[25] 13g-,17p- 13g-,17p- 46,XY[24]

29 46,XX[21] 13g- 13g- 46,XX[23]

30 46,XY[27] 13g- 13q biallelic 46,XY[25]

31 46,XX[22] 13g- 13q- 46,XX[20]

32 46,XX,del(13)(q14)[8]/46,XX[24] 13g- 13q- 46,XX,del(13)(q14)[4]/46,XX[18]

33 46,XX,del(13)(q14)[4]/46,XX[16] 13g- 13q- 47,XX,del(13)(q14), +mar[6]/46,XX[14]

34 46,XY[20] N N 46,XY[26]

35 46,XY[24] 11g- 11q- 47~48,XY, +1~2mar[16]

36 44~46,XX,-6,-17, +1~2mar[cp16] 6q- 6q-,17p- 44 ~46,XX,del(6)(q15),-17, +1~3mar[cp14]

37 46,XX[25] 13g- 13q biallelic 46,XX[26]

38 46,XY.del(14)(q12)[31/46,XY[22] 13q-,17p- 13q-,17p- 46,XY,del(14)(q12).der(17)del(17)(p13)
del(17)(q2D)[5)/ 46,XY[14]

39 43,XY,-13,der(15;15)(q10;q10),- 13g-,17p- 13g-,17p- 43,XY,-13,der(15;15)(q10;q10),-

17[51/46,XY[10] 17[6]/46,XY[14]
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Table 2 (continued)

Item Karyotype during diagnosis (baseline)

FISH during
diagnosis (base-
line)

FISH, 2nd testing (follow-up) Karyotype, 2nd testing (follow-up)

40  45~46,XY,del(6)(q21),de(113)(q14),-
18[cp91/46,XY[7]

41 45,XX,1(6;11)(p25;q23),-12[4]/46,XX[15]

42 46,XX,add(13)(q34)[3]/46,XX[20]

43 47,XX, +21[4]/46,XX[27]

44 46,XY[30]

45  46,XY[20]

46  46,XY[12]

47  46~48,XX,t(1;12)(q31;q24),t(6511)
(p25;923), +12, +18[cp8]

48  46,XX[17]

49  45,XX,del(2)(q32q36),-10,-22,
+mar[cpl2]

50  46,XY,t(6;13)(q25;q14)[31/46,XY[14]

51 46,XY,t(2;4)(q21;p14)[3]/46,XY[16]

52 46,XY,del(11)(q14)[5]/46,XY[12]

53 46,XX,del(13)(q12q22)[6]/46,XX[12]

54 46,XY,1(7;13)(q36;q13),del(11)(q14)
[41/46,XY,del(11)(q14)[2]/46,XY[8]

55  45~46,X,-X,del(8)(q22),-13,
+mar[cp6]/46,XX[23]

56 44~45,XY,del(8)(p23.3p22),-11,del(13)
(q14),-15[cp111/46,XY[5]

57  46,XY.del(13)(q14)[3]/46,XY[23]

58  46,XY[24]

59  44.XX.del(1)(q41).del(8)(q24.1), del(9)
(q22), der(10)t(10;11) (p15;q14),del(11)
(q14), add(14)(g23), der(15;15)
(q10;q10), -21[cp6])/ 46,XX[7]

60  46,XY,del(11)(q22q23)[7]/46,s1,t(11;14)
(q21;q23)[4]/46,XY[9]

61  47.XY, +12[7]/46,XY[12]

62  46,XX[23]

63  46,XY[19]

64  46,XY.t(3;9)(q13;q34)[71/45,XY, t(3;9)
(q13;q34),21[3)/46,XY[12]

65 46, XX[21]

66  46,XX[19]

67  46,XX,1(1;2)(q23;q36)[5]/46,XX[14]

68  46,XY,t(2;22)(p21;p11)[5]/45,XY,der(10)

t(10;19)(p14:q13),del(11)(p14).-
21[41/46,XYI8]

13¢-,6q-

6q-
N
N

N
13g-

13g-
+12

11q
6q-

13g-

13g-

11g-,13g-

13¢g-

11g-,13g-
13qg-,17p-
13g-,17p-, +12
13g-,11q-,17p-

13g-
13g-,17p-

13g-,11g-

+12
+12
17p-
13g-, +12

13g-, 11q-
11g-
13q-, 11g-

+12

13g-,69-

+12

11g-,17p-
6q-

13g-
13g-

11g-,13g-
13q biallelic
11g-,13g-

13q-,17p-
13q biallelic,17p, +12
13g- biallelic,11q-,17p-

13g-
13g-,17p-

13g-,11g-

+12
+12
17p-
13g-, +12

13g-,11q-
11g-
13g-,11q-

+12

45~47,XY,del(6)(q21),del(13)(q14),-18,
+mar [cpS]/
46,XY[16]

46,XX,t(6;11)(p25;923)[31/46,XX[16]
46,XX,add(13)(q34)[91/46,XX[12]

47, XX, +21[51/46,XX.der(3)t(3;13)
(p21:q14)[5)/ 46,XX[17]

46,XY,t(18;22)(q21:q1 [6]/46,XY[24]

46,XY,der(13)del(13)(q14)t(10;13)
(p14;q2D[5V 46,XY[25]

46,XY,del(13)(q14),add(12)(p13)
[41/46,XY[12]

46,XX,t(1;12)(q31;q24),
+12[6]/46,s1,add(3)(q24)[3]

49,XX, +8,del(11)(q22), +19, +21[cp12]

46,XX,del(6)(q21)[3]/46,XX,del(2)
(932g36),-10, +mar[8]

46,XY,t(6;13)(q25;q14)[61/46,sl,del(11)
(q13), -16, +mar[9]

46,XY,t(2;4)(q21;p14)[4]/46,sl,del (13)
(q14922)[3]/ 46,XY[10]

46,XY,del(11)(q14)[71/46,XY[13]
46,XX,del(13)(q12q22)[7]1/46,XX[14]

46,XY,(7:13)(q36:q13).del(11)(q14)
[61/45,XY, del(11)(q14),-14[3]/46,XY[9]

44~45.X,-X,del(8)(q22),-13
[cp71/46,XX[18]

44 ~46,XY,del(8)(p23.3p22),-11,del(13)
(q14), del(14)(q24), -15,-17,
+mar[cp8]/46,XY[11]

46,XY.del(13)(q14)[71/46,XY[19]
46,XY[23]

46,XX,del(8)(q24.1)[9]/45,XX,del(1)
(g41), del(8)(q24.1),del(9)(q22),der(10)
1(10;11) (p15;q14).del(11)(q14),add(14)
(q23),der(15;15)(q10;q10),-17,-21,
+2mar[cp9l/46,XX[5]

46,XY,del(11)(q22q23).t(11;14)(q21:q23)
[6]/46,XY[12]

47,XY, + 12[5]/46,XY[14]

46,XX[26]

46,XY,del(17)(p12)[4]/46,XY[16]

44~45 XY,1(3;9)(q13:q34).-13,-
21[cp81/46,XY[16]

46,XX[25]

44 ~46,XX,-8,-22, +mar[cp4]/46,XX[12]

46,XX.t(1;2)(q23;q36)[31/46,XX.del(5)
(q13q31)[2)/ 46,XX[12]

46,XY,1(2;22)(p21:p1 1)[31/47,XY,
+12[41/46,XY[9]
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Table 2 (continued)

Item Karyotype during diagnosis (baseline) FISH during FISH, 2nd testing (follow-up) Karyotype, 2nd testing (follow-up)
diagnosis (base-
line)

69  46,XY,1(9;10)(q12;925),- 13q-, 11g- 13q-, 11g- 46,XY,t(9;10)(q12;q25)[71/46,XY,del(12)
13[41/46,XY.del(12)(q23)[3]1/46,XY[23] (q23)[51/46,XY,t(2;3)(p25;p14)

[31/45,XY,-13[3]/46,XY[14]

70 45,XX.del(2)(q22),-14[6]/ 46,XX.del(9)  +12 +12 45,XX,del(2)(q22),-14[3]/46,XX[22]
(q21)[3]/46,XX[20]

71 46,XX,t(11;12)(q14;p13) +12 +12 46,XX,t(11;12)(q14;p13),
[51/46,XX,t(1;16)(p33;p13)[4]/49,XX, +18[5]/48,XX,t(9;16) (p10:q10), +12,
+12, +18, 21[31/46,XX[15] +18[41/46,XX[20]

72 46,XX[22] 13g-, 11g- 13g-, 11g- 46,XX,t(4;13)(q28,q34)[51/46,XX[23]

50,00% -
45,00%
40,00% -
M Normal
35,00% -
= mdel 6
30,00% 1~ mdel 11
7 — +12
25,00% A
W del 13
20,00% Wdel 17
| M Translocations
15,00% -
1 Other
— aberrations
10,00%
5,00% l
0,00% _- —
2 g g iR g W om & w A g E g EF
§ ¢ &§ 8 8 g & g8 & g & g © g & g3

Fig. 1 Comparison of the shares of selected chromosomal aberrations in CLL patients, detected during the first and second tests of karyotype

(Color figure online)

The second most frequently observed aberration was a
deletion of the long arm of chromosome 11. A deletion of
the long arm of chromosome 11 containing ATM (11q22.3)
was observed in 17 patients (23.61%).

Another change that was detected with high frequency
was the trisomy of chromosome 12. The presence of an addi-
tional copy of chromosome 12 was observed in 12 patients
(16.67%). In 8 patients (11.11%), it was the only chromo-
somal aberration detected.

In the first test, a deletion in the short arm of chromo-
some 17 was detected in 11 patients (15.27%). The most
frequently occurring aberration accompanying a deletion of

17p was a deletion of 13q, and these changes were detected
in 7 patients (9.72%).

Another aberration was a deletion of the long arm of chro-
mosome 6. Del(6)(q21) was observed in 4 patients (5.56%).
In the case of five patients (6.94%) no genomic changes were
observed at the level of resolution of the method.

In the second test (during follow-up observation), no
chromosomal changes were observed in four patients
(5.55%), and a deletion of a fragment 13q was detected
in 50 patients (69.44%). In 22 patients (30.55%), a dell13q
occurred as a single chromosomal aberration. In the whole
group, in seven patients (9.72%) the occurrence of mono-
and bi-allelic deletions were observed at the locus D13S319.
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70,00% -
60,00% -
/ M Normal
50,00% - w6
mil
40,00% 12
P m13-RB
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10,00% -
0,00%
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FISH I -
FISH I -
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FISH Il
FISH Il
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FISH Il
FISH I
FISH Il
FISH I
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Fig.2 Comparison of chromosomal changes detected with the FISH technique during the 1st and 2nd tests in CLL patients (Color figure online)

The second most common aberration detected during the
second test was a deletion of 17p13 which was found in 17
patients (23.61%) and a deletion of 11q was observed in 15
patients (20.83%). A deletion of 11q as a single aberration
was observed in 3 patients.

In the next test, the trisomy of chromosome 12 as the only
observed aberration was detected in 12 patients (16.67%).

The loss of a fragment of the long arm of chromosome 6
was found in 6 patients (8.33%).

Owing to the use of the FISH technique, clonal evolution
was detected in 14 patients (19.44%). Clonal changes were
associated with the emergence of a deletion of chromosome
17p in 6 patients, deletion of chromosome 6q in two patients,
and changes in within chromosome 13: deletion of the RB/
gene in two patients and a bi-allelic deletion of the region
13q14.2 (D13S319) in 7 patients.

In addition, 6 patients with clonal evolution (deletion
of TP53) were in a high-risk group according to the FISH
hierarchical risk category according to the Dohner’s clas-
sification [10]. The comparison of chromosomal changes
detected with the FISH technique during the 1st and 2nd
tests is presented in Fig. 2.

Clonal evolution (CE) was detected in 33 (45.8%) of
patients after the application of classic cytogenetics tech-
niques, and in 14 patients (19.4%) after application of the
FISH technique.

A comparison of the number (changes) of particular
chromosome aberrations detected by both techniques is
shown in Table 3.

@ Springer

Table 3 Cytogenetic abnormalities detected by CBA and FISH

Genetic markers CBAT(N) CBAII(N) FISHI(N) FISH II (N)

del 17p and del 2 9 11 17
TP53 mono-
somy 17
del 11q 5 8 17 15
Trisomy 12 5 8 12 12
del 13q 14 29 50 50
del 6q 2 4 4 6
Complex karyo- 9 15 - -
type

N number of cases

Clonal evolution and mutation status of the genes
IGVH and NOTCH1

The tests of mutation status of the /IGVH genes performed
using the sequencing method allowed us to detect changes in
the sequence of examined genes in 12 patients (16.7%), and
in 60 (83.3%) patients, no mutations were detected.

The performed cytogenetic tests allowed for the iden-
tification of occurrence of chromosomal aberrations in 11
patients with the mutation of /GVH. Only in the case of
one patient with a mutation, no changes were detected after
applying both research techniques. Analysis of the results
obtained clearly indicates an increase in the number of chro-
mosomal aberrations in patients without mutations in the
IGVH genes.
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Studies on the mutational status of /IGVH genes did not
show a statistically significant correlation between the pres-
ence of mutations and Rai stage of the disease, age, and sex
of patients and the analyzed clinical parameters.

Sequencing of a fragment of the NOTCH1 gene, allowed
us to detect changes in the sequence of a fragment of exon
34 in 8 patients. All the subjects in whom the mutation was
detected had the same change, i.e., a deletion of two nucleo-
tides: cytosine and thymine at position 7544_7545 (7544-
7545delCT, P2515fs).

Mutation in the NOTCH1I gene was statistically more fre-
quent in men (p <0.05), but was not statistically significantly
related to the age of patients with CLL. Having performed
cytogenetic tests, it was found that the trisomy of chromo-
some 12 occurred statistically significantly more often in
patients with a mutation in NOTCHI (OR=7.00; p <0.05).
Moreover, it was observed that a deletion of a fragment
of the long arm of chromosome 13 del(13q) is more com-
mon in patients with no mutations in the NOTCHI gene
(OR=2.56).

The mutation of NOTCH was not related in a statistically
significant way to clonal evolution evaluated in particular
techniques.

Correlations between clonal evolution
and cytogenetics and clinical parameters

The expression of the CD38 surface antigen in the group
of subjects with CLL was categorized in accordance with
the applicable clinical standard, which allowed dividing
the subjects into two groups, i.e., those with low expres-
sion (<30%) and high expression (>30%). In the test group,
patients with high CD38 expression constituted 36.11%
while patients with no CD38 expression-63.89%. The tests
using cytogenetic techniques confirmed statistically sig-
nificantly more frequent occurrence of a deletion of 13q14
(D13S319) in patients with low expression of the CD38 anti-
gen (p <0.001). It was also found that high expression of
CD38 is a risk factor for the occurrence of chromosome 12
trisomy (OR =3.02). The other clonal changes assessed by
these methods were not statistically significantly related to
CD38 expression. The categorized values of CD38 expres-
sion were not statistically significantly related to clonal evo-
lution evaluated by specific techniques.

In the test group, ZAP-70 positive patients constituted
47.22% while patients with no ZAP-70 expression-52.78%.

FISH tests have shown that the deletion of chromosome
11 del(11 q) is statistically more frequent in patients with
high-expression of ZAP-70 (p <0.05). It was also found that
high ZAP-70 values are a risk factor for the occurrence of
a deletion of 622 (OR =2.40). The categorized values of
ZAP-70 expression were not statistically significantly related
to clonal evolution evaluated by specific techniques.

Within the group, 57 patients (79.2%) were provided
treatment due to the progressive nature of the disease. This
group comprised 25 women and 32 men and the average age
was 63.60 years.

The time to treatment was 12.54 months on average
(0.00- 110 months).

Further observation allowed for the conclusion in 15
patients (26.32%) complete remission, and 32 patients
(56.14%) had partial remission. Progression occurred in 10
patients (17.54%).

Testing of clonal changes with cytogenetic methods
allowed us to observe statistically significantly more fre-
quent occurrence of a deletion of 13q (» <0.01) in patients
with complete remission. The other clones assessed using
this technique were not significantly linked to the total
remission in the subjects.

Having conducted statistical analyses, it was found
that the complete remission was not related statistically
with clonal evolution in the group of subjects covered by
treatment.

There was no significant link between progression and
subjects’ sex, but progression occurred more statistically
significantly in older patients (p <0.01). The analysis of
clonal changes in the group of CLL patients treated with
cytostatics has demonstrated statistically significantly more
frequent occurrence of progression, in the case of the emer-
gence of clones with a deletion of 17p (deletion of TP53)
(» <0.05). The results obtained with the FISH technique
have unambiguously indicated the deletion of 17p as a pro-
gression risk factor (OR =4.17). The other clones assessed
by all the techniques were not significantly linked to the
progression of the disease. The measured OR values for the
deletion of 11q (OR=4.92) and 17p (OR=4.00) in classical
cytogenetic tests indicate that these aberrations constitute a
progression risk factor.

The statistical analyses carried out point to clonal evo-
lution as a risk factor for the occurrence of progression
(OR=2.22).

The average overall survival of the patients covered by
the observation was 67.40 months (median 55.50 months,
[11-240 months]). A total of 34 patients died during the
observation. Statistically significant effects of age, sex and
stage of disease according to the classification by Rai et al.
have been demonstrated.

Comparing the relationships between individual chro-
mosomal aberrations detected using methods of classical
cytogenetics and FISH, and the overall survival, a statisti-
cally significant relationship was found at the occurrence of
17p (del TP53) (p <0.0018) (Fig. 3), chromosomal translo-
cations and the appearance of complex karyotypes during
observation of clonal evolution (p < 0.0423).
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Fig.3 Overall survival in
patients with and without 17p13
deletion
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Clonal evolution assessed by methods of classical cytoge-
netics and the FISH method did not significantly affect the
survival of patients with CLL.

Discussion

Genomic research on cancer cells that have been conducted
in recent years have allowed noticing high heterogeneity and
the presence of clonal populations [15, 16]. It was consid-
ered that probably clonal evolution in tumors takes place as
a result of competition and interaction between genetically
diversified cell clones [17]. The incidence, diversity, and
evolutionary dynamics of clonal changes in CLL may con-
tribute to the rate of progression of the disease and response
to treatment [18]. In the observation of the process of clonal
evolution in CLL essential is the slow growth of leukemia
cells compared to other malignant tumors because it may
take many months or years before a new cell clone fully
replaces the previous clones [18, 19].

The acquisition of chromosome anomalies during the
course of the disease (clonal evolution - CE) was a rare phe-
nomenon in CLL when using classical cytogenetic meth-
ods [20]. The detection of these changes has increased dra-
matically in recent years by the introduction of stimulating
agents, such as DSP30/IL2, in cell cultures. [21]. The phe-
nomenon of clonal evolution was more frequently observed
with the use of a more sensitive method, namely the FISH
technique [20, 22, 23].
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There are few reports in the literature on the subject,
describing first attempts to compare these two methods in
assessing clonal evolution [12, 24]. In our own studies, CE
was more often detected by classical cytogenetics methods
than by FISH (45.8% vs. 19.4%). The results obtained do
not differ from the results obtained by other authors. Fegan
et al. [25] observed CE with classical cytogenetics methods
in 43% of patients with CLL [24]. Haferlach et al. observed
clonal evolution detected with classical cytogenetic tech-
niques in 30% of patients, and with the FISH technique in
11.16% [26]. On the other hand, Wawrzyniak et al. detected
CE in 39.5% of patients with classical techniques and in
26.3% of patients with the FISH technique [24].

Our research has shown that the majority of chromo-
some disorders acquired during CE, detected by classical
cytogenetic tests, are structural aberrations including the
following deletions: 13q, 17p, 11q, 6q, and translocations
involving the chromosomes: 2, 3,4, 6, 8, 9, 10, 11, 13, 14,
and 22. Additional copies of chromosomes 12, 18, and
19 and marker chromosomes were also observed. On the
other hand, the most frequently observed CE-related clonal
changes detected using FISH are mono- and bi-allelic
deletion of 13q14, deletion of 17p13, and deletion of 6q.

In our research, a comparison of both methods in the
detection of so-called high-risk aberrations, i.e., dele-
tions of TP53 or ATM detected with FISH and deletions
of 11922 or abnormalities of 17p detected using methods
of classical cytogenetics have shown that FISH is more
accurate and reliable in detecting high-risk changes.
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This aspect of testing is clinically significant due to the
time and type of treatment being introduced.

The recent literature on the subject point to the value of
classical cytogenetic studies in accurate determining the
prognosis for CLL patients [27-30].

Rigolin et al. have demonstrated that classical cytoge-
netic tests are more effective than FISH in detecting com-
plex karyotypes. The presence of complex karyotypes is of
a prognostic nature and affects TFT, which was confirmed
in clinical observations [28].

Our tests showed in 7 patients (9.7%) the incidence of a
complex karyotype during clonal evolution. The group of
these patients was characterized by the early administra-
tion of treatment (shorter TFT), which is consistent with
the observations of Rigolin et al. [28].

It should be noted that in the course of the observation
in the group of CLL patients there was no evidence of the
acquisition of trisomy of chromosome 12, which correlates
with reports in the literature [29, 30].

In our research no relationship was found between
clonal evolution and the mutation status in the IGVH
genes.

Clonal evolution was observed in 8§ patients with muta-
tions in the IGVH genes.

Multicenter research on clonal evolution and its relation-
ship with the mutation status in the /IGVH genes provide
interesting results [26, 31]. The studies by Parikh et al. and
their extensive literature review evaluating the prognostic
relevance of mutation status of the /IGVH genes and the
studies using FISH to perform stratification of patients with
newly diagnosed and/or previously untreated CLL indicate
their reliable and coherent prognostic values [32]. Delgado
et al. developed a prognostic system that depended on bio-
markers for CLL patients based on the two most important
prognostic parameters for this leukemia, i.e., the mutation
status of IGVH genes and chromosomal aberration tests
using the FISH technique. The researchers distinguished
three clinical risk groups. The model developed by them can
be extremely useful in clinical practice and used to stratify
patients in clinical tests [33].

A correlation between the occurrence of mutations in the
NOTCH]1 gene and the presence of trisomy of chromosome
12 (p < 0.05) was observed in the studies.

Many research teams dealing with similar topics found
the occurrence of mutations in the NOTCHI gene in a small
percentage of patients with CLL and these values ranged
between 4.6 and 12% [34-36]. Balatti et al. [37] observed an
increase in the percentage of patients with a mutation in the
NOTCHI1 gene up to 42% in cases where the mutation was
accompanied by trisomy of chromosome 12. There was also
a high frequency of this mutation in patients where trisomy
of chromosome 12 was accompanied by high expression of

ZAP-70 and there was no mutation in the IGVH genes [5,
38].

The occurrence of NOTCH 1 mutations in CLL patients is
considered an unfavourable prognostic factor. The mutation
of NOTCHI1 is very often accompanied by high expression
of the CD38 antigen and the ZAP-70 kinase. It was also
observed that in most patients with mutations in NOTCH1
there were no somatic mutations in /GVH, which was asso-
ciated with adverse prognosis. In addition, attention was
drawn to the lack of coexistence of mutations in NOTCH1
in patients’ cells and the loss of the TP53 gene or changes
in its sequence, the presence of which are an indicator of
poor prognosis and shortened survival time [34, 39]. Our
own studies did not show statistically significant correlations
between clinical/laboratory parameters and the NOTCHI
mutation status in the group of CLL patients. Our studies did
not show the presence of somatic mutations in genes for the
immunoglobulin heavy chain variable region in patients with
a mutation of NOTCHI. Multicentre observations point to
significant correlations between the occurrence of mutations
in the NOTCH1 gene and cytogenetic aberrations occurring
in the course of CLL, especially trisomy of chromosome
12. Co-occurrence of this mutation and trisomy 12 in CLL
leukemic cells is associated with an unfavorable prognosis
and shortening of overall survival [35—41].

The existence of correlation between the incidence of
mutations in the NOTCH1 gene and the presence of trisomy
of chromosome 12 was confirmed. This correlation has
been confirmed in both research techniques. No relation-
ship between mutations in the NOTCHI gene and clonal
evolution has been found in our research.

Particular attention should be paid to the results of sta-
tistical analyses that indicated clonal evolution as a risk
factor for the progression in CLL patients. The literature
confirm the increased risk of progression in patients with
clonal evolution [5, 42]. In our study, the analysis of clonal
changes in the group of patients covered by treatment has
demonstrated statistically significantly the incidence of
progression, when the appearance of clones with a dele-
tion of 17p was observed (deletion of TP53) (p <0.05).
The emergence of deletions of 11q and 17p during clonal
evolution was indicated as risk factors for progression.
Further analyses indicated the phenomenon of clonal evo-
lution as a risk factor for progression.

In our study, clonal evolution has not significantly
affected the survival of the CLL patients during the peri-
ods under analysis.

The statistically significant lower OS rates were found
in patients with a deletion of 17p (p <0.0018) and chro-
mosomal translocations (p <0.0423) occurring alone or in
complex karyotypes. Similar observations have been pub-
lished by Wawrzyniak et al. who have not found significant
differences in the length of OS in patients with or without
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clonal evolution [24]. Also Haferlach et al. made simi-
lar observations [26]. Lopez et al. in their study observed
shorter TFS in patients who had acquired new chromo-
some abnormalities, but clonal evolution did not have a
significant impact on their overall survival time [43].

However, studies conducted by Janssens et al. and
Shanafelt et al. showed a relationship between clonal evo-
lution and shortened survival time [29, 44].

Failure to note the effect of clonal evolution detected
with tests of classical cytogenetics and FISH on the sur-
vival of CLL patients may result from the presence of
other newly acquired aberrations (gene mutations) impos-
sible to detect with these techniques. It is possible that
these are mutations of such genes as TP53, ATM, BIRC3,
SFBI, MYDS8S8, POTI, CHD2, XPOI, FBXW7, DDX3X,
EGR2, NFKBIE, or SETD?2 [45].

The results obtained showed that conventional karyo-
typing should be included in the observation of clonal evo-
lution in addition to the FISH technique. These observa-
tions confirm the suggestions of many researchers that the
assessment of risk of the clinical course of the disease and
monitoring the treatment of patients with CLL indicate the
need to include conventional karyotyping for screening
these patients, similarly to those routinely performed in
other hematological disorders [21, 28].
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