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Abstract: Chronic lymphocytic leukemia (CLL) is a lymphoproliferative disorder characterized by a
specific expansion of mature B-cell clones. We hypothesized that the disease has a heterogeneous
clinical outcome that depends on the genes and signaling pathways active in the malignant clone
of the individual patient. It was found that several signaling pathways are active in CLL, namely,
NOTCH1, the Ikaros family genes, BCL2, and NF-κB, all of which contribute to cell survival and
the proliferation of the leukemic clone. Therefore, we analyzed primary CLL cells for the gene and
protein expression of NOTCH1, DELTEX1, HES1, and AIOLOS in both peripheral blood lymphocytes
(PBLs) and the bone marrow (BM) of patients, as well as the expression of BCL2 and miRNAs to
see if they correlate with any of these genes. BCL2 and AIOLOS were highly expressed in all CLL
samples as previously described, but we show here for the first time that AIOLOS expression was
higher in the PBLs than in the BM. On the other hand, NOTCH1 activation was higher in the BM. In
addition, miR-15a, miR-181, and miR-146 were decreased and miR-155 had increased expression in
most samples. The activation of the NOTCH pathway in vitro increases the susceptibility of primary
CLL cells to apoptosis despite high BCL2 expression.

Keywords: AIOLOS; NOTCH; BCL-2; CLL; leukemia; survival

1. Introduction

B-cell chronic lymphocytic leukemia (CLL) is the most common chronic blood cancer
in adults in Europe. This disease is characterized by an increasing growth of a mono-
clonal population of cells that are comparable to mature B lymphocytes but functionally
incompetent. Similar to the compartment of B-1-like cells, the CLL cells express the CD5
antigen together with CD19, CD20, and CD23 (for a review see [1]). The expression of
CD5 on B lymphocytes facilitates the diagnosis of the disease and the characterization of
the malignant clone within the samples [2,3]. The origins of the disease are still not clear,
but some research suggests that the potential to generate clonal B cells may be acquired
in the hematopoietic stem cell stage [4]. CLL can be subdivided into groups depending
on whether the cells carry mutations in the variable regions of the immunoglobulin heavy
chain genes (IGHV). Patients with unmutated IGHV have been found to present more
aggressive disease [5,6]. The two CLL groups can be further subdivided based on the
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expression of the proteins ZAP70 and CD38, the mutation status of TP53, SF3B1, ATM,
and NOTCH1, additional mutations, chromosomal aberrations (deletions of chromosomes
13q, 17p, and 11q as well as trisomy 12), and various important signaling pathways (for a
review see [1]). Accordingly, CLL is far from uniform in its clinical presentation as well as
the response to therapy, and the aim of our study is to find potential correlations between
known pathway markers to improve the prediction of disease progression.

The Ikaros and Notch families have been identified as key regulators of lymphocyte
development. Notch signaling is an evolutionarily conserved pathway involved in the
differentiation of numerous cell types. The signaling pathway is activated by the binding
of a ligand to the Notch receptor, expressed on the plasma membrane of the neighboring
cells. This leads to a cascade of proteolytic activity and the final cleavage of the cytoplasmic
portion of Notch, (Notch intracellular domain, NICD), which serves as a transcription
factor. In hematopoietic cells, some of the NOTCH downstream targets are HES1 and
DELTEX1. The expression of ligands and receptors involved in signaling, as well as the
signaling strength and outcome, depend on the cells and tissues involved [7,8]. A sequence
recognized by the NICD transcriptional cofactor CSL (CBF1, Suppressor of Hairless, Lag-1)
could also bind members of the Ikaros family of transcription factors. These proteins are
involved in the differentiation of B and T cells. Besides Ikaros, Aiolos is the most prominent
member of the family that is expressed in B cells [9,10]. Notch has been connected to
T-cell acute lymphoblastic leukemia, where initially found, but its role has also been
demonstrated in CLL [11,12]. NOTCH1 was found to be mutated in 6 to 12% of cases at
initial diagnosis, while the overall mutation status of patients is more difficult to determine
and depends on the time since diagnosis and the stage of disease analyzed [13]. NOTCH1
mutations have been associated with a poor prognosis of CLL and a more difficult to treat
form of the disease [14]. Regardless of Notch mutation status, CLL cells constitutively
express NOTCH1 and 2, and the active signaling pathway has been found to be involved
in apoptosis resistance [12].

Another group of signaling pathways that are deregulated in CLL are those involved
in apoptosis. BCL-2 is frequently overexpressed in a number of B-cell malignancies, in-
cluding CLL, due to the increased transcription or loss of miRNAs that act as its negative
regulators [15,16]. CLL cells are generally characterized by in vivo resistance to apoptosis,
which remains a major clinical challenge for the successful treatment of the disease [12]. De-
spite this feature, CLL cells die rapidly when cultured in vitro alone without stromal cells.
Co-cultures of leukemic cells with supporting stroma in vitro emphasize the importance of
cellular interactions and microenvironmental signals for the proliferation and resistance of
neoplastic cells to cell death [17,18].

A number of miRNAs are involved in B cell development and sequentially regulate
key genes. They have also been shown to be dysregulated in CLL. The most common are
deletions of miR-15A and miR-16-1, which regulate the expression of proteins involved
in apoptosis [19]. Deletions of 13q14, the locus on which they are located, are the most
common genetic lesion in CLL and occur in up to 60% of patients [20]

The above proteins and microRNAs have their own specific roles in the development,
maintenance, and survival of CLL, but none of them is an actor alone; they influence and
modify each other. For this reason, we sought to find a link between these prognostic
elements and their effects on the survival of malignant clones in a group of CLL patients.
The aim of this study was to correlate two or more known factors in an effort to link
the existing diagnostic elements and eventually establish their association to cell survival
individually. The molecular characteristics of the patients’ cell samples confirmed previous
work, but we also found some interesting correlations in the observed factors as well as
differences in cell signaling depending on the microenvironment of the cells.
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2. Materials and Methods
2.1. Donor Cells

The reporting of this study conforms to the STROBE guidelines [21]. The study in-
cluded bone marrow and peripheral blood samples from 20 untreated, newly diagnosed
CLL patients and peripheral blood from 3 healthy volunteers. Patients had given written
informed consent in accordance with the Helsinki Declaration of 1975 as revised in 2008.
The patient samples were anonymized at the hospital and their identity is known only
to their physicians. The ethics committees of both the Rudjer Boskovic Institute and the
Merkur University Hospital approved this research (approval No. 031-1159314). The
average age of the patients was 64 years, and 57% were males. Table 1 shows the clinical
characteristics of the patients. They were diagnosed as CLL according to the WHO classi-
fication [22]. Clinical stages were assessed according to the Binet and Rai classifications
and by means of the quantitative estimation of the size of the tumor mass in 3 main cell
compartments (total tumor mass, TTM score) [23], specifically, the number of lymphocytes
in the peripheral blood (up to 9 = low risk), the diameter of the largest palpable nodule
(9–15 cm = intermediate risk), and the palpable spleen (>15 cm = high risk) (Table 1 and
Supplementary Table S1). The lymphocytes were separated from whole blood or bone mar-
row by means of centrifugation on the Lymphoprep™ density gradient medium (Stemcell
Technologies, Vancouver, BC, Canada). Due to the amount of material available, the same
patient’s sample was analyzed by flow cytometry, protein, and RNA expression.

Table 1. Clinical and laboratory data of CLL patients diagnosed according to the WHO classifica-
tion, including Binet, Rai, and TTM staging. Mean and range of values (in parenthesis) are given
throughout. TTM, total tumor mass.

CLL
Classification Stage No. of

Patients Age, Years Leukocytes
(×109/L)

Lymphocytes
(×109/L)

Neutrophils
(×109/L)

Thrombocytes
(×109/L)

Hemoglobin
(g/L)

Binet
A 8 64 (37–77) 55 (11–107) 47 (5–99) 4.6 (2–7) 203 (111–304) 139 (127–160)
B 6 61 (45–70) 68 (19–250) 62 (12–262) 3.2 (2–5) 214 (128–491) 120 (106–140)
C 6 66 (54–75) 189 (23–645) 175 (20–612) 7.0 (1–13) 125 (43–262) 88 (73–117)

Rai

0 2 69 (63–74) 41 (11–70) 30 (5–54) 5.0 (5–5) 251 (198–304) 130 (127–133)
I 5 57 (37–75) 45 (15–107) 40 (11–99) 4.0 (2–5) 204 (183–228) 142 (130–160)
II 5 69 (65–77) 48 (15–85) 42 (12–78) 4.0 (2–7) 147 (119–166) 129 (112–146)
III 4 64 (45–75) 157 (46–250) 149 (42–242) 5.3 (2–8) 269 (152–491) 91 (67–111)
IV 4 63 (54–69) 200 (23–645) 184 (20–612) 6.8 (1–13) 80 (43–98) 95 (73–117)

TTM
0–9 8 61 (37–75) 41 (11–107) 35 (5–99) 3.9 (1–5) 203 (98–304) 133 (92–160)

10–15 7 69 (63–77) 64 (15–92) 55 (12–83) 5.3 (2–8) 145 (85–262) 118 (81–146)
>15 5 60 (54–70) 240 (20–645) 227 (13–612) 6.0 (2–13) 203 (43–491) 94 (67–112)

2.2. Quantitative RT-PCR

RNA was extracted with TRIzol™ (Invitrogen, Carlsbad, CA, USA), purity was mea-
sured with the BioSPEC-nano Micro-volume UV-Vis spectrophotometer (Shimadzu, Kyoto,
Japan), quantified with the Quant-IT RNA Assay Kit (Invitrogen, Carlsbad, CA, USA),
and checked by gel electrophoresis. Patient samples with less than 95% CD5+CD19+ cells
and control samples were sorted using the Sony SH800 cell sorter prior to RNA isolation
in order to obtain a pure population (Sony Biotechnology, San Jose, CA, USA). Patient
samples were sorted by selecting the malignant clone expressing both CD5 and CD19,
while control samples were sorted based on CD19 expression, as this is the marker for B
cells. RNA was transcribed to cDNA using random hexamers (Roche, Basel, Switzerland)
and amplified using SYBR® Select chemistry (Applied Biosystems, Foster City, CA, USA)
in an ABI7300 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The
gene-specific primers were designed manually (Primer-BLAST) [24] and the primers were
cited in refs. [25,26]. Ct values were normalized to the housekeeping gene GUSB and this
number was used as a negative exponent to base 2 to calculate relative expression. Blood
from healthy donors was sorted based on CD19 expression and CD19+ cells were analyzed
in the same way as the malignant CLL cells.
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For miRNA detection, TaqMan Advanced miRNA Assays A25576 and TaqMan Mi-
croRNA Assays PN4427975 (Applied Biosystems, Foster City, CA, USA) with predesigned
primers and probes were used. The miRNA expression was normalized to the expression of
ribosomal RNA, RNU48, or constitutively expressed miR-432-5p, and presented as relative
change compared to a healthy donor.

2.3. Flow Cytometry

Multiparameter flow cytometry analysis was performed on patient and control blood
samples. Cells were washed in PBS (supplemented with 2% FCS), labeled with primary
antibodies for 20 min, washed, and, when appropriate, labeled with a secondary anti-mouse
IgG2b Alexa Fluor647 antibody (Invitrogen, Carlsbad, CA, USA) for 20 min. Antibodies
to CD5 (TONBO), CD19 (TONBO and eBioscience), BCL-2 (BD), HES1 (Abnova), and
NOTCH1 (LSBio) were used [27,28]. Each experiment also included isotype controls.
For the detection of intracellular antigens, the cells were first permeabilized with BD
Cytofix/Cytoperm™ (BD Biosciences, San Jose, CA, USA) prior to antibody labeling
according to the manufacturer’s instructions. Cell viability was determined by propidium
iodide (PI) or, when permeabilized, with the LIVE/DEAD® Fixable Red Cell Stain Kit
(Molecular Probes, Eugene, OR, USA). PI was added directly to the cell suspension in PBS
(supplemented with 2% FCS) immediately before analysis, while the LIVE/DEAD® Fixable
Red Dead Cell Stain Kit was used according to the manufacturer’s instructions. Dead cells
and debris were excluded from the analysis, and at least 100,000 live cells were processed
for each sample. Samples were analyzed on the FACSCalibur (BD Biosciences, San Jose,
CA, USA) with 488 and 635 nm lasers. Mean fluorescence intensities (MFI) were calculated
with FCS express 3 (De novo Software, Pasadena, CA, USA). The MFI of a corresponding
control was subtracted from the sample values to obtain the values shown.

2.4. Western Blot Analysis

The lymphocytes of patients with a population of ≥95% CD5+CD19+ cells, and re-
flecting the composition of the study population by sex and Binet and Rai classification,
were selected and processed as previously described [9,28]. Briefly, 5 µg of proteins from
each sample were separated using SDS-PAGE on a 10% gel, transferred to a nitrocellulose
membrane, blocked in Blotto buffer for one hour, and incubated overnight with primary
antibodies: Rabbit anti-human AIOLOS, Rabbit anti-human cleaved NOTCH1, Rabbit anti-
human NOTCH1, and Rabbit anti-human β-ACTIN (all from Cell Signaling Technology,
Inc., Beverly, MA, USA) [27,28]. After washing, the horseradish peroxidase (HRP)-linked
anti-rabbit antibody was applied for one hour and the signal was detected by chemilumi-
nescence using Supersignal West Pico plus (Thermo Fisher Scientific, Waltham, MA, USA)
on a UVITEC Imaging System (Cleaver Scientific, Rugby, UK).

2.5. Cell Lines and Co-Culture Experiments

OP9-GFP cells or OP9-DL1 cells were a kind gift from Professor J.C. Zuniga-Pflücker
(Department of Immunology, University of Toronto) [29]. The cell lines were cultured
in α-MEM medium (Thermo Fisher Scientific, MA, USA) supplemented with 20% FCS
and L-glutamine [29]. CLL cells (2 × 105) from four different patients (No. 2, 3, 10, and
13) were cultured on non-confluent OP9-DL1 or on control OP9-GFP cells, and incubated
for 2, 5, and 7 days. In parallel, CLL cells were cultured in medium alone. Cells were
harvested and incubated with CD45 APC (Tonbo Biosciences, San Diego, CA, USA) to
determine the lymphocyte population, and with Annexin-V-FLUOS (Roche, Basel, Switzer-
land) and propidium iodide for apoptosis analysis by flow cytometry (FACSCalibur™ Flow
Cytometer, Beckton Dickinson, Franklin Lakes, NJ, USA, and Sony Biotechnology SH800,
San Jose, CA, USA).
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2.6. Statistics

Statistical analyses were performed using GraphPad Prism version 7.05 for Windows
(GraphPad Software, La Jolla, CA, USA). Mean values between two groups were compared
using a two-tailed, unpaired Student’s t-test or Mann–Whitney U-test, as appropriate. The
relationship between parameters was evaluated by the Pearson correlation coefficient. The
results are presented as individual values and/or group means with standard deviation
(SD) or standard error of the mean (SEM) as indicators of variability. Differences were
considered statistically significant if p < 0.05.

3. Results

We performed a comprehensive multiparameter analysis of 20 newly diagnosed CLL
patients at the gene and protein expression level. Pathways that are frequently deregulated
in CLL, such as Notch and molecules that interfere with it, as well as the anti-apoptotic
Bcl-2 were analyzed. In addition, we also analyzed the expression of several important
miRNAs for leukemia development.

3.1. NOTCH1 Activation and AIOLOS Expression in CLL Patients

As the Notch signaling pathway is dysregulated in a certain number of CLL patients,
we analyzed the activity of this pathway in the peripheral blood lymphocytes (PBL) of
18 CLL patients. Flow cytometry was used to analyze the expression of three proteins:
cleaved NOTCH1 produced by pathway activation; HES1, a downstream target of the
Notch signaling; and AIOLOS, a member of the Ikaros family known to interfere with the
Notch pathway and found to be deregulated in B-CLL. Cleaved Notch was detected in 67%
(12/18) of samples, HES1 was elevated in 39% (7/18), and AIOLOS was elevated in 33%
(6/18) of samples compared to CD19+ normal B lymphocytes levels (Figure 1).

We also analyzed the gene expression profile of the CLL samples using qPCR (Figure 2).
The expression of NOTCH1, its downstream targets DELTEX1 and HES1, and the expression
of AIOLOS in CLL blood samples were compared with the expression of CD19+ normal B
lymphocytes from peripheral blood. NOTCH1 expression was elevated in 38% of samples,
DELTEX1 in 33%, and HES1 in 19%. AIOLOS was increased in 71% of the samples.

We correlated the expression of genes and proteins in the individual patients. The
information used were the 2−∆CT values (Figure 2) for the gene expression correlation
and the median fluorescence intensity obtained in flow cytometric analyses (Figure 1) for
protein expression correlation. The Western blot analysis is in Supplementary Figure S1.
Samples from four patients (No. 3, 5, 15, and 18) who were characterized by lymphocytosis,
enlarged lymph nodes, spleen, or liver, and low erythrocyte and platelet counts, and
belonged to the high-risk group (stage C or IV) according to both the Binet and Rai staging
systems were excluded from the analysis. Two of these high-risk samples (5 and 15) when
included significantly affected the correlation statistics. The analysis of the correlations
between NOTCH1 and DELTEX1 and NOTCH1 and HES1 revealed correlation coefficients
of r = 0.678 and r = 0.709, respectively. The increase in the relative gene expression of
NOTCH1 was accompanied by an increased expression of DELTEX1 or HES1 in CLL
patients, confirming the activity of the pathway. On the other hand, the relative gene
expression of NOTCH1 correlated only moderately with AIOLOS expression (r = 0.557),
but this correlation was also confirmed at the protein level (p < 0.0001) (Figure 3).
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Figure 1. Multiparameter flow cytometry analysis of AIOLOS, HES1, and cleaved NOCTH1 in the
malignant CLL clone and in the CD19+ peripheral blood lymphocytes. Dead cells were excluded
from the analysis. A total of 18 CLL samples and control cells were incubated with the corresponding
antibodies and analyzed using multiparametric flow cytometry. Light lines: control samples; dark
lines: CLL clones.



Biomedicines 2024, 12, 524 7 of 15Biomedicines 2024, 12, x FOR PEER REVIEW 7 of 16 
 

 

Figure 2. qPCR analysis of  CLL samples for the mRNA expression of NOTCH1, DELTEX1, HES1, 

and AIOLOS. cDNA was prepared from RNA isolated from blood samples of CLL patients and 

compared with normal CD19+ peripheral B cells. Relative expression levels were normalized with 

GUS gene expression. Data are expressed as 2−ΔCT. Mean values and SEM of replicates are shown. 

The values of the control samples are shown as a solid line. 

 

Figure 3. Correlation plot of data from gene expression (top) and protein analysis (bottom) of CLL 
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3.2. BCL2 Expression in CLL Patients 
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Figure 2. qPCR analysis of CLL samples for the mRNA expression of NOTCH1, DELTEX1, HES1, and
AIOLOS. cDNA was prepared from RNA isolated from blood samples of CLL patients and compared
with normal CD19+ peripheral B cells. Relative expression levels were normalized with GUS gene
expression. Data are expressed as 2−∆CT. Mean values and SEM of replicates are shown. The values
of the control samples are shown as a solid line.
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Figure 3. Correlation plot of data from gene expression (top) and protein analysis (bottom) of
CLL samples for NOTCH1, HES1, DELTEX, and AIOLOS. Correlation coefficients and p-values
are indicated.

3.2. BCL2 Expression in CLL Patients

To better examine the resistance of CLL to apoptosis, we analyzed the expression
of the anti-apoptotic protein BCL-2 in 10 CLL samples using flow cytometry. BCL-2
expression levels were increased in all 10 malignant CLL clones (CD5+CD19+) compared
to other lymphocyte populations (CD5+ or CD19 single-positive single cells) of the CLL
samples. We also compared the expression level of BCL-2 in CLL patients with the level
of lymphocyte populations in the peripheral blood cells of a healthy individual. In the
blood samples of CLL patients, we detected increased BCL2 levels in both CD5+CD19+

cells, typical for CLL, and in the CD19+ positive single cells (Figure 4).
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Figure 4. (A) Analysis of BCL2 expression in a representative CLL blood sample (top) and in a
peripheral blood sample from healthy control (bottom) using flow cytometry. The cell subpopula-
tions according to the expression of CD5 and CD19 were analyzed for BCL2 expression. (B) Mean
fluorescence intensity for each population calculated by normalizing the MFI of a gene with a corre-
sponding isotype control. The bars represent the mean and SEM of 10 patients’ samples. The p-value
is indicated in the figure. BCL2 expression (black line) and the according isotype control (gray line).

3.3. Oncogenic and Tumor Suppressor miRs Are Deregulated in CLL

Since miRNA expression is frequently deregulated in B-CLL cells, seven CLL and
one healthy donor sample were analyzed for the relative expression of miR-7, miR-34a,
miR-15a, miR-155, miR-181, miR-29a, and miR-146. The expression of miRs was correlated
with the expression of ribosomal RNA or constitutively expressed miR-432-5p (for miR-181,
miR-155, miR-15a, miR-34a, and miR-7), and the relative values of miR expression are
shown in Figure 5. In the majority of CLL samples, we detected a loss of miR-15a and
low expression of miR-181 and miR-146. Similarly, miR-155, the CLL progression marker,
was upregulated in six out of seven CLL samples. The tumor suppressor miR-29a was
downregulated in aggressive CLL in contrast to indolent CLL. The expression of miR-7 was
not significantly altered in the majority of samples. Finally, miR-34a, a tumor suppressor
that acts downstream of activated p53 and downregulates ZAP70, was significantly upreg-
ulated in four of the CLL samples (nos. 1, 5, 10, and 13), which belong to the intermediate
risk group according to TTM scoring [30].
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Figure 5. miRNA expression detected with TaqMan Advanced miRNA Assays. Relative gene ex-
pression for miR-7, miR-34a, miR-15, miR-155, miR-181, miR29a, and miR-146 for seven independent
B-CLL samples (patients no 1, 3, 4, 5, 10, 13, and 16) is shown as individual values with mean ± SD
indicated. The values of the control samples are shown as a solid line at value 1.
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3.4. Notch Pathway Activity in Bone Marrow and Peripheral Blood Samples

To investigate the influence of the cell microenvironment on Notch signaling, ten B-
CLL samples were analyzed using qRT-PCR for the expression of the NOTCH1, DELTEX1,
HES1, and AIOLOS genes in both peripheral blood and bone marrow. AIOLOS expression
was significantly higher in peripheral blood, while NOTCH1 expression was similarly high
in both compartments. Although DELTEX1 and HES1 were more highly expressed in the
bone marrow, their expression was very low in both groups. In addition, the expression
levels of Hes1, cleaved Notch, and Aiolos, obtained using flow cytometry, were compared.
At the protein level, the expression of Aiolos was similar in peripheral blood and bone
marrow, while the expression of cleaved Notch was significantly higher in the bone marrow.
Although Hes1 also appeared to be more highly expressed in bone marrow, the data did
not differ significantly due to the high inherent variability of the samples (Figure 6).
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Figure 6. Gene and protein expression profile of primary leukemia samples in peripheral blood and
bone marrow. (A) Ten B-CLL cells, collected from peripheral blood (PBL) and bone marrow (BM),
were analyzed for NOTCH1, DELTEX1, HES1, and AIOLOS gene expression using qRT-PCR. Ct
values were normalized to the expression of the GUSB housekeeping gene, and expressed as relative
gene expression. (B) The protein expression of NOTCH1, HES1, and AIOLOS was analyzed using
flow cytometry after the labelling of cells with the corresponding antibodies.

3.5. In Vitro CLL Cell Survival

Considering that CLL rapidly undergoes apoptosis in liquid culture, we decided to
use the OP9 cell line transfected with the NOTCH ligand DLL-1. The OP9 cells were
used to test whether the activation of the Notch signaling pathway would rescue the cells
from apoptosis. We seeded primary CLL lymphocytes originating from CLL patients
on OP9 cells expressing the ligand DLL1 (OP9-DL1) or on control OP9 cells expressing
GFP (OP9-GFP). As a second negative control, we cultured the CLL cells in the medium
alone. The co-cultures were maintained for 2, 5, and 7 days (Figure 7). To exclude the
detached OP9 cells from the analysis, the samples were gated for CD45-positive cells. The
representative dot plots showing the apoptosis rate in CD45+ cells are shown in Figure 7A,B.
When cultured with either OP9-DL1 or OP9-GFP cells, the overall survival rate of CLL cells
was significantly increased compared to cultures in medium alone where on day 7 most
cells were dead (Figure 7C). The comparison of CLL cultures grown on OP9-GFP and
OP9-DL1 cells showed a similar percentage of apoptotic cells (Figure 7D). However, the
comparison of the absolute number of cells showed that more cells survived on OP9-GFP
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than on OP9-DL1 cells (Figure 7E), indicating that the Notch signaling pathway negatively
affects cell survival despite the high BCL-2 expression in CLL cells.
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Figure 7. (A–C) Representative results of the flow cytometric analysis of cell death of a CLL sample
cultured on an OP9-DL cell layer (A), an OP9-GFP cell layer (B), or in medium alone (C). To exclude the
detached OP9 cells from the analysis, the samples were gated for CD45-positive cells. (D) Comparison
of the percentage of dead (apoptotic and necrotic) cells recovered from the cultures described in A
and B. The bars represent the mean ± SEM of four experiments. (E) Comparison of the absolute
number of cells recovered from cultures described in (A,B). The bars represent the mean ± SEM of
four experiments.

4. Discussion

The process of differentiation is seen as a coordinated cascade of changes in the cell
signaling network. This process is particularly complex in hematopoietic cells, and the de-
velopment of leukemia is thought to be due to defects in the regulation of the differentiation
signaling process. The signaling pathways involved in the regulation of proliferation during
this process cooperate with the signaling pathways involved in apoptosis, differentiation,
and other processes via numerous feedback loops. In leukemia cells, multiple processes
are likely to be impaired in parallel, as the cell attempts to maintain normal function and
compensate for the signaling failures at the onset of the initial changes through various
mechanisms. Although all signaling pathways in the cell are somehow interconnected, CLL
cells from each patient exhibit a different combination of dysregulated pathways [1,30]. To
determine whether there are parallels between the overactivated signaling pathways in CLL
samples, we analyzed and correlated several commonly activated signaling circuits. We
analyzed the expression of the transcription factor AIOLOS, which is frequently elevated
in CLL, the activity of the Notch pathway, which is involved in cell proliferation, and a
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pathway involved in resistance to apoptosis and chemotherapy, namely, the expression of
BCL-2. In addition, we analyzed the expression of several miRNAs, which also modulate
important signaling pathways and may act as tumor suppressors or oncogenes in CLL.

In our previous work on CLL, we focused our attention on modulators of lymphocyte
differentiation such as members of the Ikaros family of zinc finger proteins [18]. These
transcription factors modify the expression of genes by binding and remodeling chromatin,
thereby regulating nuclear activity and controlling the lineage specification of B cells [31].
AIOLOS, a member of the Ikaros family, is essential for the normal development of B
cells. AIOLOS has been found to be highly expressed in CLL cells, possibly due to NF-
κB signaling activity, which causes a change in the epigenetic regulation of the AIOLOS
promoter. On the other hand, it was found that Aiolos mutations led to CLL-like disease
in mice and transcriptionally activate genes involved in BCR-NF-κB signaling. Thus, it
can lead to an increase in BCR signaling, which is considered to be the main pathway
deregulated in CLL. The overexpression of AIOLOS has been associated with the expres-
sion of anti-apoptotic members of the Bcl-2 family, particularly BCL-2, and leukemic cell
survival [9,10,32]. On the other hand, this increased expression does not correlate with
IgVH status, ZAP-70 expression, or CD38 expression, and AIOLOS isoforms are normally
distributed between the nucleus and cytoplasm of CLL cells [33]. In this study, the CLL
samples showed increased AIOLOS mRNA levels. Furthermore, we found a discrepancy
between the mRNA and protein levels of AIOLOS, which could indicate the activity of
upstream signaling pathways that drive AIOLOS expression, but also post-transcriptional
control mechanisms that prevent its translation. AIOLOS expression correlated with Notch
pathway activity, and both AIOLOS protein expression and NOTCH1 activation were
higher in BM than in PBL. The Ikaros family and Notch signaling pathways converge
at the level of transcriptional regulation and have been shown to work together under
certain conditions [33]. We can speculate that the bone marrow microenvironment controls
the leukemic clone via the NOTCH1 loop, but when AIOLOS levels and thus NOTCH1
decrease, the cells leave the bone marrow and migrate to the peripheral blood where they
become an indolent, long-lived malignant clone. The increased survival of CLL cells in
the bone marrow microenvironment has also been confirmed by the co-culture of CLL
cells on stromal cells [34,35]. Experiments also showed that blocking individual Notch
receptors and ligands in culture experiments leads to a reduction in CLL cell survival in
all cases except for DLL-1 and NOTCH3, where no statistically significant difference was
found [36,37]. Previous work by other authors has shown that active Notch signaling
improves cell survival in vitro [11]. However, the co-culture experiment described here
shows that cell survival was worse when the malignant CD5+CD19+ clone was re-cultured
with the cell line expressing the NOTCH ligand DLL1 and mimicking the in vivo bone
marrow environment (compared to co-culture with the control OP-9 cells). These data
suggest that the activity of the Notch signaling pathway may negatively impact CLL cell
survival in the bone marrow. This suggests that the malignant clone cannot be rescued
by induced Notch signaling alone and cannot be restored to the bone marrow state. On
the other hand, recent experiments have shown that the survival of CLL cells increases in
co-culture with macrophages as nurse cells, and it appears that the microenvironment in
the bone marrow, as well as in the blood, produces various growth factors that enable cell
survival [34].

Furthermore, the confirmed high BCL2 expression level had no effect on the onset
of apoptosis in vitro. Interestingly, when we examined BCL2 expression in the malignant
clone, we found that the residual normal B cells from CLL patients also expressed higher
levels of BCL2. Since CD19 is expressed on all cells of the B lineage and B lymphocytes
express different levels of BCL2 during their development [38], we could not pinpoint
whether this increase was due to a specific subpopulation overexpressing BCL2 or a general
phenomenon, but it is certainly an interesting topic for further investigation.

To better characterize individual patients, we examined a number of microRNAs,
some of which were already known to be prognostic markers for CLL. We also wanted to
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compare the expression of these microRNAs with that of our analyzed genes and proteins,
but found no specific correlation between them. The miR-15a/16b cluster was found to be
frequently deleted or downregulated in CLL [39]. Its key function is to downregulate anti-
apoptotic Bcl2 and Mcl1 and inhibit proliferation [40]. miR-15a was downregulated in our
cohort, which may be due to the small number of patients studied. miR-155 is considered
an oncomir and marker of CLL progression, with increasing expression paralleling the
progression from normal B cells to monoclonal B lymphocytosis and chronic lymphocytic
leukemia [41]. miR-155 was upregulated in CLL, which is interesting, as studies show
that NOTCH expression negatively regulates miR-155, while miR-155 increases NF-κB
activation by targeting its inhibitor [42,43]. Our results confirm Ferrajoli’s findings, as
all CLL samples examined showed increased levels of miR-155. miR-29a and miR-181
negatively regulate the expression of TCL1, an oncogene whose high expression is found
in aggressive forms of CLL [44], and also downregulated BCL-2 [45,46]. Although they
have a similar mechanism of action, they behaved differently in our patient group. miR-181
was downregulated, while the expression of miR-29a depended on whether the patient in
question had aggressive or indolent CLL. This finding is consistent with sparse previous
results showing that miR-29a is expressed in indolent CLL [44,47]. Since miR-146 is an
important immune regulator, especially in the myeloid lineage, we wanted to find out
whether it is dysregulated in CLL. miR-146 was downregulated in all our samples. In an
analysis of a larger number of CLL samples, no significant difference between the expression
of miR-146 in CLL and normal B-cell subpopulations was previously observed. Interestingly,
however, expression in CLL was dependent on IGHV mutation status [48]. miR-7 and
miR-34a are both considered tumor suppressors and are induced by p53 following DNA
damage. Among other pathways, both are thought to positively influence apoptosis by
targeting BCL-2 [49]. miR-34a has previously been found to be downregulated in CLL
patients with a 17p (TP53) mutation and can be induced by irradiation [50], but here we
found a striking upregulation in the majority of our untreated patients (4/7). In contrast,
miR-7 is only slightly upregulated in a minority of patients and cannot be correlated with
miR-34a expression. BCL2 expression in the malignant clone remained fairly constant
regardless of miR-7 or miR-34a expression, while AIOLOS and NOTCH1 expression did
not follow any particular pattern.

As Croatia is a small country with a typical annual CLL incidence for Europe [51], the
collection and analysis of a large cohort is, unfortunately, beyond the scope of this paper.
The number of patients examined in this study limits the ability to draw firm conclusions
about the interplay of the different proteins and miRNAs described here. Nevertheless,
our work provides useful insights and could be a valuable reference for groups that have
access to a larger number of patients [52,53]. The discoveries of the correlation of AIOLOS
and NOTCH on the protein level, as well as the differing levels of these two proteins in the
bone marrow and peripheral blood, are particularly interesting and should be explored
in a larger cohort in order to determine their biological significance. Considering the
importance of both factors in B-cell differentiation and CLL development, continuing this
line of research should provide important insights into the dynamics of the progression
of this malignancy. Specifically, the co-cultures we established with OP9-DL1 provide an
in vitro functional tool to test the CLL microenvironment interaction and possible inhibitors’
treatment strategies.

5. Conclusions

In summary, we found that the expression of AIOLOS and NOTCH1 in the cells
of the malignant clone may vary depending on their location in the body and that their
expression may be inversely correlated. We confirm, as previously shown, that CLL cells
exhibit an increased expression of the anti-apoptotic BCL2 as well as a dysregulation of
miRNAs involved in the development or maintenance of CLL. However, we show here
that despite the increased BCL2 expression in CLL cells, Notch activation induced by
the microenvironment in vitro causes them to undergo apoptosis. The aim of our work
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was to establish the cell co-cultures for Notch activation to test the susceptibility of cells
to apoptosis in individual patients, and to target the CLL microenvironment interaction
which could be a valuable tool for further investigation and consequently for diagnostic or
treatment indications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines12030524/s1, Table S1. Clinical stage, age, sex,
and laboratory characteristics of patients (nos. 1–20) diagnosed with CLL according to the WHO
classification. The patient score according to the Rai, Binet, and TTM classification was reported.
Samples for gene and protein analysis were taken at patients’ first visit, before the start of treatment.
TTM = total tumor mass; M = male; F = female; Figure S1. Western blot analysis of B-CLL samples.
Proteins were isolated from 13 CLL samples and analyzed for the expression of NOTCH1, cleaved
NOTCH1, AIOLOS, and β-ACTIN using corresponding antibodies.
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participated in data collection, the acquisition of data, analysis, interpretation, and the drafting of
the article; B.J.P., I.K.-S. and D.R.-K. participated in data collection, analysis, interpretation, and
the drafting of the article; M.M., D.R.-K. and M.A. participated in planning, design, data collection,
analysis, interpretation, and the critical revision and final writing of the article. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Croatian Science Foundation Grant IP-2020-02-2431, the
Terry Fox Foundation and Croatian League Against Cancer as well as the Ministry of Science and
Education of the Republic of Croatia and by the Scientific Centre of Excellence for Reproductive and
Regenerative Medicine (Grant Agreement KK01.1.1.01.0008 which is funded by the European Union
through the European Regional Development Fund).

Institutional Review Board Statement: The protocols were approved by the Ethics Committee of the
Rudjer Boskovic Institute, Zagreb, and performed according to the Helsinki declaration.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All additional data associated with the paper is available upon request
to interested researchers.

Acknowledgments: We thank Marsela Miskovic for drawing the graphical abstract for the manuscript.
We would like to thank J.C. Zuniga-Pflücker (Department of Immunology, University of Toronto,
Canada) for his generous gift of the transfected OP9GFP and OP9DLL1 cells used in our experiments.
We would also wish to thank Nevenka Hirsl for her technical help. The authors wish to express their
appreciation to the associations and all the candidates who volunteered for this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hallek, M.; Al-Sawaf, O. Chronic lymphocytic leukemia: 2022 update on diagnostic and therapeutic procedures. Am. J. Hematol.

2021, 96, 1679–1705. [CrossRef]
2. Caligaris-Cappio, F.; Ghia, P. The normal counterpart to the chronic lymphocytic leukemia B cell. Best Pract. Res. Clin. Haematol.

2007, 20, 385–397. [CrossRef]
3. Scarfo, L.; Ferreri, A.J.M.; Ghia, P. Chronic lymphocytic leukaemia. Crit. Rev. Oncol. Hematol. 2016, 104, 169–182. [CrossRef]
4. Kikushige, Y.; Ishikawa, F.; Miyamoto, T.; Shima, T.; Urata, S.; Yoshimoto, G.; Mori, Y.; Iino, T.; Yamauchi, T.; Eto, T.; et al.

Self-renewing hematopoietic stem cell is the primary target in pathogenesis of human chronic lymphocytic leukemia. Cancer Cell
2011, 20, 246–259. [CrossRef]

5. Rai, K.R.; Jain, P. Advances in the Clinical Staging of Chronic Lymphocytic Leukemia. Clin. Chem. 2011, 57, 1771–1772. [CrossRef]
6. Rassenti, L.Z.; Jain, S.; Keating, M.J.; Wierda, W.G.; Grever, M.R.; Byrd, J.C.; Kay, N.E.; Brown, J.R.; Gribben, J.G.; Neuberg,

D.S.; et al. Relative value of ZAP-70, CD38, and immunoglobulin mutation status in predicting aggressive disease in chronic
lymphocytic leukemia. Blood 2008, 112, 1923–1930. [CrossRef]

7. Zhou, B.; Lin, W.; Long, Y.; Yang, Y.; Zhang, H.; Wu, K.; Chu, Q. Notch signaling pathway: Architecture, disease, and therapeutics.
Signal Transduct. Target Ther. 2022, 7, 95. [CrossRef]

8. Ranganathan, P.; Weaver, K.L.; Capobianco, A.J. Notch signalling in solid tumours: A little bit of everything but not all the time.
Nat. Rev. Cancer 2011, 11, 338–351. [CrossRef]

https://www.mdpi.com/article/10.3390/biomedicines12030524/s1
https://www.mdpi.com/article/10.3390/biomedicines12030524/s1
https://doi.org/10.1002/ajh.26367
https://doi.org/10.1016/j.beha.2007.02.005
https://doi.org/10.1016/j.critrevonc.2016.06.003
https://doi.org/10.1016/j.ccr.2011.06.029
https://doi.org/10.1373/clinchem.2010.159004
https://doi.org/10.1182/blood-2007-05-092882
https://doi.org/10.1038/s41392-022-00934-y
https://doi.org/10.1038/nrc3035


Biomedicines 2024, 12, 524 14 of 15

9. Antica, M.; Cicin-Sain, L.; Kapitanovic, S.; Matulic, M.; Dzebro, S.; Dominis, M. Aberrant Ikaros, Aiolos, and Helios expression in
Hodgkin and non-Hodgkin lymphoma. Blood 2008, 112, 452. [CrossRef]

10. Billot, K.; Parizot, C.; Arrouss, I.; Mazier, D.; Debre, P.; Rogner, U.C.; Rebollo, A. Differential aiolos expression in human
hematopoietic subpopulations. Leuk Res. 2010, 34, 289–293. [CrossRef]

11. Rosati, E.; Sabatini, R.; Rampino, G.; Tabilio, A.; Di Ianni, M.; Fettucciari, K.; Bartoli, A.; Coaccioli, S.; Screpanti, I.; Marconi, P.
Constitutively activated Notch signaling is involved in survival and apoptosis resistance of B-CLL cells Constitutively activated
Notch signaling is involved in survival and apoptosis resistance of B-CLL cells. Blood 2009, 113, 856–865. [CrossRef]

12. Rosati, E.; Sabatini, R.; De Falco, F.; Del Papa, B.; Falzetti, F.; Di Ianni, M.; Cavalli, L.; Fettucciari, K.; Bartoli, A.; Screpanti, I.; et al.
γ-Secretase inhibitor I induces apoptosis in chronic lymphocytic leukemia cells by proteasome inhibition, endoplasmic reticulum
stress increase and notch down-regulation. Int. J. Cancer 2013, 132, 1940–1953. [CrossRef] [PubMed]

13. Villamor, N.; Conde, L.; Martínez-Trillos, A.; Cazorla, M.; Navarro, A.; Beà, S.; López, C.; Colomer, D.; Pinyol, M.; Aymerich, M.;
et al. NOTCH1 mutations identify a genetic subgroup of chronic lymphocytic leukemia patients with high risk of transformation
and poor outcome. Leukemia 2013, 27, 1100–1106. [CrossRef]

14. Willander, K.; Dutta, R.K.; Ungerbäck, J.; Gunnarsson, R.; Juliusson, G.; Fredrikson, M.; Linderholm, M.; Soderkvist, P. NOTCH1
mutations influence survival in chronic lymphocytic leukemia patients. BMC Cancer 2013, 13, 274. [CrossRef]

15. Kapoor, I.; Bodo, J.; Hill, B.T.; Hsi, E.D.; Almasan, A. Targeting BCL-2 in B-cell malignancies and overcoming therapeutic
resistance. Cell Death Dis. 2020, 11, 941. [CrossRef] [PubMed]

16. Calin, G.A.; Cimmino, A.; Fabbri, M.; Ferracin, M.; Wojcik, S.E.; Shimizu, M.; Taccioli, C.; Zanesi, N.; Garzon, R.; Aqeilan, R.I.;
et al. MiR-15a and miR-16-1 cluster functions in human leukemia. Proc. Nat. Acad. Sci. USA 2008, 105, 5166–5171. [CrossRef]

17. Fabbri, G.; Rasi, S.; Rossi, D.; Trifonov, V.; Khiabanian, H.; Ma, J.; Grunn, A.; Fangazio, M.; Capello, D.; Monti, S.; et al. Analysis of
the chronic lymphocytic leukemia coding genome: Role of NOTCH1 mutational activation. J. Exp. Med. 2011, 208, 1389–1401.
[CrossRef]

18. De Oliveira, T.D.; vom Stein, A.; Rebollido-Rios, R.; Lobastova, L.; Lettau, M.; Janssen, O.; Wagle, P.; Nguyen, P.-H.; Hallek, M.;
Hansen, H.P. Stromal cells support the survival of human primary chronic lymphocytic leukemia (CLL) cells through Lyn-driven
extracellular vesicles. Front. Med. 2023, 9, 1059028. [CrossRef] [PubMed]

19. Pekarsky, Y.; Croce, C.M. Role of miR-15/16 in CLL. Cell Death Differ. 2015, 22, 6–11. [CrossRef]
20. Khalid, K.; Padda, J.; Syam, M.; Moosa, A.; Kakani, V.; Sanka, S.; Zubair, U.; Padda, S.; Cooper, A.C.; Jean-Charles, G. 13q14

Deletion and Its Effect on Prognosis of Chronic Lymphocytic Leukemia. Cureus 2021, 2, 13. [CrossRef]
21. Von Elm, E.; Altman, D.G.; Egger, M.; Pocock, S.J.; Gøtzsche, P.C.; Vandenbroucke, J.P.; STROBE Initiative. The Strengthening the

Reporting of Observational Studies in Epidemiology (STROBE) statement: Guidelines for reporting observational studies. Bull.
World Health Org. 2007, 85, 867–872. [CrossRef]

22. Alaggio, R.; Amador, C.; Anagnostopoulos, I.; Attygalle, A.D.; Araujo, I.B.O.; Berti, E.; Bhagat, G.; Borges, A.M.; Boyer, D.;
Calaminici, M.; et al. The 5th edition of the World Health Organization Classification of Haematolymphoid Tumours: Lymphoid
Neoplasms. Leukemia 2022, 36, 1720–1748. [CrossRef] [PubMed]
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