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Abstract

Chronic lymphocytic leukemia (CLL) is characterized by recurrent chromosomal abnormalities and
variable degrees of genomic instability. Telomere dysfunction contributes to this process, and the
three-dimensional (3D) nuclear organization of telomeres reflects structural alterations associated
with chromosomal aberrations. The objective of this study was biological characterization rather than
prognostication. We investigated how 3D telomere architecture varies across cytogenetic subgroups
of CLL, without correlating telomere parameters with clinical outcomes. TeloView® technology was
applied to peripheral blood samples from 48 CLL patients to quantify 3D telomere parameters,
including telomere number, length (signal intensity), aggregate formation, nuclear volume, and a/c
ratio. Cytogenetic abnormalities—del(13q14), trisomy 12, del(11q22), and del(17p13)—were
identified using conventional karyotyping following DSP30/IL-2 stimulation and interphase
fluorescence in situ hybridization. Telomere parameters were compared across cytogenetic
subgroups to assess their association with genomic instability. Distinct differences in 3D telomere
architecture were observed among cytogenetic categories. High-risk abnormalities, including
del(17p13) and del(11q22), were associated with increased telomere aggregates, higher signal
intensity clusters, and larger nuclear volumes, whereas cases with isolated del(13q14) displayed more
preserved telomere profiles. Trisomy 12 exhibited an intermediate telomeric pattern. In conclusion,
3D telomere organization parallels the biological gradient of cytogenetic complexity in CLL,
supporting a mechanistic association between telomere structural disruption and genomic instability.

Keywords: CLL; telomere; chromosomal abnormalities; genomic instability

1. Introduction

Chronic lymphocytic leukemia (CLL) is the most common leukemia in adults in Western
countries and is characterized by the clonal expansion and accumulation of mature-appearing but
functionally incompetent B lymphocytes in the peripheral blood, bone marrow, and lymphoid tissues
[1,2]. The clinical course of CLL is highly heterogeneous, ranging from indolent disease with
prolonged survival to aggressive forms requiring early therapeutic intervention [1,2]. This variability
reflects underlying genetic and molecular alterations that influence disease biology and clonal
evolution [3].

Cytogenetically, CLL is characterized by recurrent chromosomal abnormalities that contribute
to biological heterogeneity and guide clinical management. The most frequent alterations include
deletion of 13ql4, trisomy 12, deletion of 11q22-23, and deletion of 17p13, typically detected by
fluorescence in situ hybridization (FISH) and complementary cytogenetic approaches [4]. Among
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these, isolated del(13ql14) is generally associated with a more indolent disease course, whereas
del(17p13), involving TP53, is linked to genomic instability, treatment resistance, and adverse
outcomes [5,6].

Genomic instability is a fundamental hallmark of cancer and plays a central role in tumor
initiation, progression, and therapeutic resistance [7,8]. It is characterized by an increased frequency
of genetic alterations, including chromosomal rearrangements, copy number changes, and
aneuploidy, which promote clonal diversity and evolution [9]. In CLL, genomic instability
contributes to disease progression and therapeutic failure and is closely linked to cytogenetic
complexity [10]. Telomeres, which protect chromosome ends from degradation and end-to-end
fusion, are essential for maintaining genomic stability [11].

Beyond telomere length, the three-dimensional (3D) nuclear organization of telomeres has
emerged as an important structural indicator of genomic integrity [12,13]. Telomeres are non-
randomly distributed within the nuclear space and participate in a dynamic 3D network that reflects
higher-order genome organization [14]. Disruption of telomere spatial organization, frequently
observed in malignant cells, is associated with increased genomic instability, telomere aggregation,
and altered gene regulation [12-16].

Advances in imaging technologies, including 3D fluorescence in situ hybridization (3D-FISH),
have enabled the quantitative assessment of telomere architecture at the single-cell level. TeloView®
software allows systematic measurement of multiple 3D telomere parameters, providing biologically
relevant readouts of nuclear organization and genomic instability [17,18]. In the present study, we
applied TeloView® analysis to CLL samples to examine how 3D telomere architecture varies across
defined cytogenetic subgroups.

Importantly, the aim of this study was biological characterization rather than prognostication.
The analysis was designed to investigate whether telomere structure and aggregation parallel the
degree of cytogenetic complexity in CLL, without incorporating clinical outcomes or established
prognostic variables such as IGHV mutation status, recurrent gene mutations, disease stage, or
survival. Accordingly, the findings are intended to provide mechanistic insight into telomere
organization and genomic instability in CLL and should be interpreted within this biological
framework.

2. Material and Methods

2.1. Patients

A total of 48 peripheral blood samples from CLL patients with either normal or abnormal
karyotypes were included in this study (32 male and 16 female; median age: 58.5 years; age range:
48-74 years). The diagnosis of chronic lymphocytic leukemia (CLL) was made according to the
International Workshop on CLL (iwCLL) criteria [19], based on peripheral blood lymphocytosis
(25x10°/L), characteristic lymphocyte morphology, and immunophenotyping confirming B-cell
clonality with expression of CD5, CD19, CD20, and CD23. None of the patients had a prior diagnosis
of other hematological disorders. Written informed consent was obtained from all participants in
accordance with the Declaration of Helsinki. The study was approved by the Research Ethics Board
for human studies (protocol no. 1243/2017).

2.2. Metaphase Induction (G-Banding Analysis)

Metaphase induction was performed using 10° peripheral blood mononuclear cells. The cells
were cultured in RPMI 1640 medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 10% fetal calf serum, along with the immunostimulatory CpG-oligonucleotide DSP30 (TIB
MolBiol, Berlin, Germany) and interleukin-2 (IL-2) (Peprotech, Colonia Narvarte, Mexico). After 72
hours of incubation, colcemid (Sigma, Munich, Germany) was added to arrest cells in metaphase
prior to chromosome preparation. Chromosomes were prepared following standard cytogenetic
procedures, and the analysis and interpretation were conducted according to International System
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for Human Cytogenomic Nomenclature guidelines (ISCN 2020) [20]. Image analysis was carried out
using an Axiolmager M1 microscope (Carl Zeiss, Jena, Germany) equipped with appropriate filters
and image capture software. Chromosome identification was based on an average resolution of 450
bands per haploid set. A minimum of 20 metaphases were analyzed per sample.

2.3. Interphase Fluorescence In Situ Hybridization (iFISH)

Interphase fluorescence in situ hybridization (iFISH) was performed on peripheral blood
samples to detect recurrent chromosomal abnormalities associated with CLL. The analysis was
conducted on unstimulated cells, in accordance with standard cytogenetic practices for CLL
diagnostics. The CLL FISH panel included probes specific for the following regions: 13q14 (D135319),
trisomy 12 (centromere 12, D1271), 11q22 (ATM), and 17p13 (TP53). Interphase nuclei were prepared
from fresh, unstimulated peripheral blood collected in heparinized tubes. Following hypotonic
treatment with 0.075 M KCl, cells were fixed in methanol:acetic acid (3:1) and dropped onto clean
glass slides. FISH was performed using commercially available, locus-specific probes provided by
Kreatech Diagnostics (now part of Leica Biosystems). Hybridization and post-hybridization procedures
were carried out according to the manufacturer’s protocol. Hybridization was performed overnight
at 37 °C in a humidified chamber. Slides were washed under stringent conditions to ensure specificity,
and nuclei were counterstained with DAPI (4',6-diamidino-2-phenylindole). Signal evaluation was
conducted using a Axiolmager M1 microscope (Carl Zeiss, Jena, Germany) fluorescence microscope
equipped with appropriate filter sets. For each probe, at least 100 interphase nuclei were analyzed
per sample. FISH results were interpreted following the ISCN 2020 [20]. Abnormalities were recorded
as present when the number of nuclei with an abnormal signal pattern exceeded established
laboratory cut-off values, validated through internal controls and existing literature.

2.4. Quantitative Fluorescent In Situ Hybridization (Q-FISH)

For Q-FISH analysis, slides containing fixed stimulated cells were incubated in 3.7%
formaldehyde/1xPBS solution for 10 minutes, and after the slides were soaked in 20% glycerol/1xPBS
solution for 45min. The cells were treated by four repeated cycles of freeze-thaw in glycerol. After,
the slides were incubated in 0.1 HCL solution and fixation in 70% formamide/2xSCC for 1 hour. For
hybridization, slides were covered with 8uL of PNA telomeric probe (Agilent Dako, Santa Clara,
California, USA), sealed with coverslip and rubber cement. For denaturation, the slides were placed
on a hot plate, protected from direct light, for 3 minutes, at 82 °C. The hybridization was carried out
for 2 hours, at 30 °C. The slides were then washed three times in 70% formamide/10mM Tris (pH 7.4)
solution, for 15 minutes followed by washing in 1xPBS at room temperature for 2 minutes, while
shaking and in 0.1xSSC at 55 °C for 5 minutes while shaking. Finally, the slides were washed in
2x5SC/ 0.05% Tween 20 solution for three times, for 5 minutes, at room temperature while shaking.
After the final, all cycles of washing, the nuclei were counter-stained with 4’,6-diamino-2-
phenylindole (DAPI) (0.1ug/mL) and antifade reagent (Thermo Fisher Scientificc Waltham -
Massachusetts, EUA), and covered with coverslips for image acquisition.

2.5. 3D Image Acquisition and Analysis Using TeloView® System

Thirty interphase nuclei were analyzed, for each sample, by using an Axiolmager M1
microscope (Carl Zeiss, Jena, Germany), coupled to an AxioCam HRm charge-coupled device (Carl
Zeiss, Jena, Germany) and a 63-x oil objective lens (Carl Zeiss, Jena, Germany). The acquisition time
was 500 milliseconds (ms) for Cy3 (telomeres) and 5 ms for DAPI (nuclei). Sixty z-stacks were
acquired at a sampling distance of x,y: 102 nm and z: 200 nm for each slice of the stack. AxioVision
4.8 software (Carl Zeiss, Jena, Germany) was used for 3D image acquisition. Deconvolved images
were converted into TIFF files and exported for 3D-analysis using the TeloView® software (Telo
Genomics Corp., Toronto, ON, Canada) [17,18].
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2.6. Data Image Analysis — 3D Telomere Architecture

The evaluation of the telomeric architecture of CLL cells was performed by TeloView® software
[17,18], proprietary to Telo Genomics, Toronto, Canada. It measures six distinct parameters for each
sample: (1) telomere length based on signal intensity, (2) the number of telomere signals per nucleus,
(3) the number of telomeric aggregates (clusters of telomeres that cannot be resolved further at an
optical resolution limit of 200 nm), (4) nuclear volume, (5) a/c ratio (a spatial feature assessing cell
cycle progression and proliferation), and (6) the spatial distribution of telomeres within the nuclear
space, which reflects gene expression. For the distinct subgroups of CLL cells, based on cytogenetic
profile, a graphical representation was obtained showing the distribution of the intensity of the
acquired telomere fluorescent signals, the distribution of the frequency of telomere aggregates per
cell and the acquired signals per cell.

2.7. Statistical Analysis for Telomere Architecture

Based on cytogenetic analysis of CLL cells, four distinct subgroups were defined. The telomeric
parameters (number, length, telomere aggregates, nuclear volumes, and a/c ratio) were compared
between these subgroups using analysis of variance (ANOVA). All telomere parameters in CLL
subgroups were compared using chi-square analysis. Additionally, cell parameter averages were
analyzed using nested factorial analysis of variance. All statistical analyses were performed using
GraphPad Prism version 8.0 (GraphPad Software, San Diego, CA, USA) [21]. The significance level
was set at 0.05.

3. Results

Among the 48 CLL cases analyzed, age distribution showed that 12 patients were under 50 years
old, 16 patients were between 50 and 60 years, and 20 patients were older than 60 years, reflecting
the typical predominance of CLL in older adults. The cohort included 32 males (66.7%) and 16 females
(33.3%), demonstrating the expected male predominance in CLL. Cytogenetic findings revealed
substantial heterogeneity (Table 1). A total of 12 patients (25%) exhibited a normal karyotype with no
chromosomal abnormalities detected by iFISH, a profile often associated with favorable clinical
outcomes, though complementary molecular analyses would be necessary to refine prognostic
interpretation.

Table 1. Integrative Karyotype—FISH analysis and Dohner risk stratification in chronic lymphocytic leukemia.

Patient Age Sex G-Banding FISH Dohner Risk
CLL0O01 49 F 46,XX [20] ish normal signal pattern Favorable
CLL002 50 F 46,XX [20] ish normal signal pattern Favorable
CLLO03 51 M 46,XY [20] ish normal signal pattern Favorable
ish
X 1(13)(q14. 1
CLL004 55 M 46,XY,del(13)(q14.3)[20] del(13q14)(D135319x1)[55/100] Favorable
ish
LL 71 F 46,XX,del(13)(q14.2)[2 F 1
CLLOOS 6 XX del(3)(ql4DI201 4 113q14)(D135319x1)[64/100] T 2VOTPIE
46,XY,del(13)(q14.3)[14]/46,XY[ ish
CLLOOG 74 M 6] del(13q14)(D138319<1)[61/100] | 2vOrable
ish
CLL007 55 M  46,XY,del(13)(q14.1q14.3)[20] del(13q14)(D135319x1)[58/100] Favorable
CLLO08 49 M 46,XY[20] ish normal signal pattern Favorable
CLLO09 57 F 46,XX[20] ish normal signal pattern Favorable
46,XX,del(13)(q14.2)[12]/46,XX][ ish
CLLOIO 55 F 8] del(13q14)(D138319<1)[67/100] | 2vOrable
CLLO11 67 M 47,XY,+12[20] ish +12(D12Z1x3)[32/100] Intermediate
CLLO12 68 M 47,XY,+12[20] ish +12(D1221x3)[41/100] Intermediate
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CLLO13 71 F 47,XX,+12[20] ish +12(D12Z1x3)[36/100]  Intermediate
47,XY,+12,del(13)(q14.2q14.3)[2 ish +12(D12Z1x3)[42/100]; ish _
LLO14 7 I
CLLold 70 M 0] del(13q14)(D138319x1)[32/100] ntermediate
CLLO15 47 M 46,XY[20] ish normal signal pattern Favorable
CLLO16 48 F 47,XX,+12[20] ish +12(D12Z1x3)[29/100]  Intermediate
46,XY,del(17)(p11.1),del(6)(q21
CLLoly a9 M 26XYdell )(EO] ) AelONQ2L) 5, de1(17p13)(TP53x1)([54/100]  High Risk
CLLOI8 55 M 46’XY'del(”)g})’[lzlo‘]z)’add(l)(p‘% ish del(17p13)(TP53x1)[36/100] ~ High Risk
CLLO19 52 M  46XY,del(17)(p13.1)[20]  ish del(17p13)(TP53x1)[41/100] ~High Risk
46,XX,del(17)(p11.1)[12]/46,XX
CLLo20 58 | ro7Xdell )(1;] J2VA6XXL 1) Gel(17p13)(TP53+1)[48/100]  High Risk
CLLO21 62 M  47,XY,+12,del17)(p11.2)[20]  ish+12(D12Z1x3)[41/100]  Intermediate
ish
LL022 46,XY,del(13)(q14.2q21.1)[2 F 1
CLLOZ2 68 M 46XY,del(13)(ql42q2L-D120] 41314y D138319x1)[66/100] | 2vOrable
CLL023 67 M 46XY,del(11)(q22.3)[20]  ish del(11q22)(ATMx1)[26/100] ~ High Risk
CLLO24 66 M 46’XY’del(17)(p61]1‘2)[14]/46'XY[ ish del(17p13)(TP53x1)[38/100] ~ High Risk
ish del(11q22)(ATMx1)[24/100]; ... . .
CLLO25 62 M  47,XY,del(11)(q23.1),+12[20] 1DI2Z1-3)[39/100) High Risk
CLL026 58 M 46XY,del(11)(q22.3)[20] ish del(11q22)(ATMx1)[31/100] ~ High Risk
46,XY,del(11)(q23.1),del(17)(p11 ish del(11q22)(ATMx1)[28/100]; .. . .
CLLo27 52 2)[20] del(17p13)(TP53x1)43/100] 180 Risk
46,XY,del(13)(q14.2)[10]/46,XY[ ish
LL028 51 F 1
CLLO28 51 M 10] del(13q14)(D138319x1)[57/100]  2voraple
ish
CLL029 63 F 46XXAlN@AD0] 4114 Drasatoezion VORI
CLLO30 59 M 47,XY,+12[20] ish +12(D12Z1x3)[37/100]  Intermediate
CLL031 72 F 46,XX[20] normal signal pattern Favorable
CLLO32 56 M 46XY,del(11)(q22.3)[20] ish del(11q22)(ATMx1)[29/100] ~ High Risk
CLL033 69 M  46XY,del(17)(p11.2)[20] ish del(17p13)(TP53x1)[47/100] ~ High Risk
CLL034 48 F 47,XX,+12[20] ish +12(D12Z1x3)[34/100]  Intermediate
ish
XY, del(13)(q14. 1
CLL035 66 M 46,XY,del(13)(q14.3)[20] del(13q14)(D1353191)[59/100] Favorable
CLL036 52 F 46,XX,del(11)(q23.1)[20]  ish del(11q22)(ATMx1)[22/100] ~ High Risk
ish +12(D12Z1x3)[40/100]; .
CLL037 58 M  47,XY,+12,del(13)(q14.3)[20] del(13q14)(D135319x1)[35/100] Intermediate
CLL038 73 M 46,XY[20] normal signal pattern Favorable
CLL039 54 F 46,XX,del(17)(p11.1)[20] ish del(17p13)(TP53x1)[45/100] ~ High Risk
CLL040 61 M 46,XY[20] normal signal pattern Unclassified
46,XY,del(13)(q14.2)[12]/46,XY[ ish
LLO41 57 M F 1
CLLO4L 5 8] del(13q14)(D13S319x1)[63/100] 1 2voraple
46,XX,del(11)(q22.3),del(17)(p11 ish del(11q22)(ATMx1)[27/100]; .. . .
CLLO42 49 F 2)[20] del(17p13)(TP53x1)[39/100] 180 Risk
CLLO43 64 M 47,XY,+12[20] ish +12(D12Z1x3)[33/100]  Intermediate
CLL044 53 F 46,XX[20] normal signal pattern Favorable
ish
CLLOSS 67 M 46XY,del(13)@l41q143020] ) 100 Diacstonyenon; Fvorable
ish +12(D12Z1x3)[43/100]; 5
CLLOS6 70 F  47)XX#12del(DEUA0] oo Gpes g ongey  Unclassified
cLLoa7 60 M AOXYAD@ZIMAAOXYT S0 4111900y ATMH1)[30/100]  High Risk

6]
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ish
CLL048 51 F 46,XX,del(13)(q14.2)[20] del(13q14)(D135319x1)[56/100] Favorable

Deletion of 13q14, either isolated or in mosaic form, was identified in 16 patients (33.3%), making
it the most frequent abnormality in the cohort. Consistent with its recognized association with
favorable prognosis, isolated del(13q) typically indicates indolent disease; however, its prognostic
behavior may vary depending on whether the deletion is monoallelic versus biallelic and the size of
the affected clone. Larger deletions or higher percentages of nuclei harboring del(13q) correlate with
shorter time to first treatment. This deleted region often encompasses DLEU2 and miR-15a/16-1, key
regulators of apoptosis and cell cycle control whose loss contributes to leukemogenesis [22,23].

Trisomy 12 was observed in 12 patients (25%), appearing either as an isolated abnormality or in
combination with del(13q) or TP53 loss. This abnormality aligns with the intermediate-risk category
in the DShner classification and is often associated with atypical morphology and more aggressive
disease features (Figure 1). In contrast, deletion of 17p13, involving TP53, was present in 10 patients
(20.8%), consistent with a high-risk cytogenetic profile and poor response to conventional
chemoimmunotherapy. Additionally, deletion of 11q22 (ATM) was identified in 9 patients (18.7%), a
finding typically associated with bulky lymphadenopathy and reduced treatment-free survival.
Overall, these results emphasize the prognostic value of comprehensive cytogenetic evaluation and
support the integration of Dohner risk stratification to guide individualized management in CLL.
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Figure 1. Chronic lymphocytic leukemia karyotype immuno-stimulated by the combination of DSP30 and IL-2.
The red arrows show the co-existence of trisomy 12 and del(17p11.2), 47,XY,+12,del(17)(p11.2)[20].

For the 3D telomere investigation, we assessed the overall signal intensity of telomeres, which
indicates their length, and found notable variations over specific chromosomal abnormalities in CLL
patients. 3D telomere architecture, by TeloView® analysis (Telo Genomics Corp.) [17,18] showed that
telomeres became shorter as the correlation between chromosomal changes and prognosis for CLL
take place (Figure 2). This shortening was reflected in a greater proportion of telomeres with low
signal intensities. In Figure 2, telomere length (depicted by signal intensity on the x-axis) was plotted
against the number of telomeres (y-axis) for each analyzed cell across all time points. Signals were
categorized by intensity levels, highlighting telomere distribution within each sample or time point.
Cancer cells often exhibit altered telomere counts per cell and shorter telomere lengths compared to
normal cells [13].
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Figure 2. Graph distribution of number of telomeres according to their intensity (length of telomeres) for Chronic
Lymphocytic Leukemia patients [del(13q14), Trisomy 12, del(17p13) and del(11q22)]. The image represents the

3D telomere distribution of the 3D telomeric profile.

In this study, we observed variations in the total detectable telomere signals across CLL samples
with different cytogenetic alterations (Table 2). TeloView® analysis (Telo Genomics Corp.) [17,18] of
a cohort of 28 CLL patients revealed that samples with del(17p13) and del(11q22) —markers of
aggressive disease—exhibited the highest numbers of telomeric signals, aggregates, and signal
intensities. This increase is likely attributed to telomere clustering, where closely spaced or fused
telomeres are detected as brighter and sometimes more numerous signals. This pattern was
consistently observed in all patients with del(17p13) and del(11q22) (Figure 3). In contrast, patients
with del(13q14) displayed fewer aggregates and more spatially separated telomeres in interphase
nuclei, indicative of more stable nuclear architecture. The TeloView® analysis software distinguishes
between single telomeres and aggregates based on size and intensity. While aggregates may appear
as fewer discrete telomeres under higher resolution, they often contribute to increased total signal
counts and intensities due to overlapping fluorescence. Therefore, rather than decreasing signal
detection, aggregate formation can lead to an apparent increase in these metrics.

Figure 3. 3D telomere architecture in CLL cells. (A) Representative 3D nuclear telomere distribution (red) within
the counterstained nucleus (blue) in a CLL sample harboring del(13q14). (B) 3D Telomere distribution in CLL
sample with karyotype: 47,XY,+12,del(17)(p11.2)[20]. The orange arrows indicate the presence of telomere
aggregates.
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Table 2. Statistical analysis of telomere parameters for CLL samples based on interphase nuclei information.

Total number Total number of inf:::;t inté:;:a%; all a/c Ratio Nuclear
CLL patients of signals aggregates (Mean (Mean 3_’ sienals (i/[ean ., (Meanz Volume
(Mean * SD) +SD) = 58 = SD)  (MeanzSD)

SD) SD)

Normal karyotype® 29,56732 + 2,87 1,77 +0,89 387342,566 12023,897 +432 6,65 +2,21 334543 + 14324
del(13q14)® 33,67832 £ 2,43 3,66 +1,12 403234,763 13287,432 +443 5,44 +1,12 389652 + 15432
Trisomy 12¢) 37,88341 £ 2,89 4,89 +1,15 603562,762 14432,432 +467 5,34 +1,54 443245 + 16983
del(17p13)@ 43,67343 +2,77 6,77 £0,94 656231,887 15893,341 +433 4,12 +0,99 489432 + 18932
del(11g22)® 41,78322 +3,12 543+1,21 778327,982 15584,453 + 476 3,55 +1,66 456654 + 13243

p value

(a) vs (b (‘z‘o)l)‘;s @@ <0,0001 p<0,0001 p<0,0001 p<0,0001 p<0,0001  p<0,0001
VS

(@) vs (¢)

Comparison of telomere intensities and distributions across different CLL cytogenetic profiles
revealed significant differences, as indicated by the p-values shown in Figure 2. The 3D telomere
architecture varied notably with cytogenetic status, showing increased nuclear volume and altered
a/c ratios. A higher a/c ratio, which reflects a more disk-like nuclear shape, is typically associated
with later stages of the cell cycle and increased proliferative activity. Telomere shortening may
promote the formation of aggregates, linking these structural changes to genomic instability and the
development of chromosomal abnormalities in CLL.

4. Discussion

In this study, we used TeloView® technology [17,18] to analyze the 3D telomere architecture in
CLL patients, revealing patterns associated with specific chromosomal abnormalities. These findings
build on and extend previous research linking 3D telomere dynamics with cytogenetic alterations
and tumor evolution. Importantly, however, the aim of the present work was biological
characterization rather than prognostication. The purpose of applying TeloView® to this CLL cohort
was to investigate how 3D telomere organization reflects underlying genomic instability across
cytogenetic subgroups, rather than to develop, validate, or compare prognostic scoring systems.

The consistent presence of 3D telomere aggregates in cases harboring del(17p13) and del(11q22)
aligns with the established relationship between aggressive cytogenetic abnormalities and telomere
dysfunction [12-16]. Prior studies, including Jebaraj et al. (2021) [11] and Lin et al. (2014) [24], reported
that telomere attrition and architectural disruption correlate with genomic complexity and adverse
disease. Our results corroborate these observations and strengthen the biological understanding that
genome-unstable CLL subgroups exhibit more extensive telomere clustering, elevated aggregate
frequency, and shorter telomeres. While such findings have prognostic implications, the goal of the
present study was to characterize the mechanistic associations between telomere structure and
cytogenetic complexity, not to use telomere metrics as outcome predictors.

Patients with isolated del(13q14) demonstrated longer telomeres, fewer aggregates, and a more
preserved 3D nuclear architecture, consistent with a biologically more stable genome. Similarly,
intermediate-risk cases with trisomy 12 showed moderate telomere disorganization, further
supporting the concept that 3D telomere architecture mirrors the biological gradient of genomic
instability. These findings reinforce the role of telomere biology as a structural hallmark associated
with chromosomal alterations but should not be interpreted as an attempt to redefine clinical risk
groups.

The 3D telomere dynamics observed across cytogenetic subgroups in this cohort align with
findings from myelodysplastic syndromes, acute myeloid leukemia, multiple myeloma, and Hodgkin
lymphoma [12-15]. Prior investigations have employed 3D telomere profiling to stratify malignancies
by biological behavior. In contrast, our study focuses specifically on the mechanistic relationship
between telomere structural variation and CLL cytogenetic categories, without drawing conclusions
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regarding treatment response or survival. Although increased aggregate formation in high-risk
subgroups may suggest potential links to therapeutic resistance, our analysis does not evaluate
treatment outcomes or clinical endpoints.

Additionally, the altered a/c ratios identified —reflecting nuclear shape and proliferation
status—are consistent with models of genomic instability described by Li et al. (2021) [7]. Together,
these findings support the concept that telomere biology, nuclear architecture, and genomic
instability are interlinked processes contributing to the evolution of chromosomal abnormalities in
CLL.

Our cytogenetic findings in 48 CLL cases, including del(13q14), trisomy 12, del(11q22), and
del(17p13), are consistent with ERIC recommendations and the classical Déhner hierarchy [2]. While
these categories carry known prognostic significance, here they are used strictly as biological anchors
to contextualize telomere structural variation. Likewise, our use of DSP30/IL-2 stimulation improved
detection of chromosomal abnormalities, consistent with previous reports [28], but the purpose of
including stimulated and unstimulated analyses was methodological clarification—not risk
assessment.

Collectively, our results highlight telomere aggregation as a potential biological mechanism
promoting genomic instability through increased proximity of chromosomal ends, a phenomenon
originally demonstrated by Vermolen et al. (2005) [17]. The increased aggregates observed in
cytogenetically complex CLL reinforce the concept that telomere architecture contributes to clonal
evolution. Nevertheless, our conclusions remain firmly within the realm of mechanistic biology.

It is crucial to reiterate that this study was not designed to correlate telomere parameters with
clinical prognostic markers or outcomes. Key prognostic variables —such as IGHV mutation status,
NOTCHI1 and TP53 gene mutations, CLL staging, treatment history, and survival data—were not
required for the central scientific question addressed here: whether telomere structure and
aggregation parallel cytogenetic complexity. Thus, the findings reported should be interpreted as
biological insights into telomere organization, not as predictors of clinical behavior.

Despite the relevance of these observations, several limitations must be acknowledged. First, the
relatively small sample size may restrict generalizability. Second, the absence of clinical outcome
variables limits the ability to integrate telomere biology with clinical endpoints—but, as noted, this
was not the aim of the study. Third, future investigations incorporating IGHV status, gene mutation
profiles, and longitudinal follow-up could further expand the biological framework established here.

In summary, this study provides mechanistic evidence that 3D telomere architecture reflects
genomic instability across cytogenetic subgroups in CLL. The findings contribute to the biological
understanding of how telomere structure relates to chromosomal abnormalities and clonal
complexity, reinforcing the role of telomere dynamics as a meaningful biomarker of genomic
instability —within a biological, not prognostic, context.
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