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Abstract: Malignant cells in chronic lymphocytic leukemia (CLL) show resistance to apoptosis, as
well as to chemotherapy, which are related to deletions or mutations of TP53, high expression of
MCL1 and BCL2 genes and other abnormalities. Thus, the main goal of the present study was to
assess the impact of chlorambucil (CLB) combined with valproic acid (VPA), a known antiepileptic
drug and histone deacetylation inhibitor, on apoptosis of the cells isolated from 17 patients with
CLL. After incubation with CLB (17.5 µM) and VPA (0.5 mM), percentage of apoptosis, as well as
expression of two TP53 target genes (p21 and HDM2) and two genes from Bcl-2 family (BCL2 and
MCL1), were tested. As a result, an increased percentage of apoptosis was observed for CLL cells
treated with CLB and VPA, and with CLB alone. Under the treatment with the drug combination, the
expression of p21 gene was visibly higher than under the treatment with CLB alone. At the same
time, the cultures under CLB treatment showed visibly higher expression of BCL2 than the cultures
with VPA alone. Thus, the present study strongly suggests further investigations on the CLB and
VPA combination in CLL treatment.

Keywords: chronic lymphocytic leukemia; chlorambucil and valproic acid; apoptosis; T53 and Bcl-2
family genes; cytogenetic prognostics

1. Introduction

Chronic lymphocytic leukemia (CLL) is one of the most common forms of leukemia in
Western European countries. It occurs mainly in an adult population, and is more common
in men than women. Many years of research have shown that CLL displays various clinical
courses and different sensitivity to treatment. Thus, despite many efforts, CLL remains
an incurable disease and is a great challenge to physicians [1,2]. Previously, CLL used to
be considered as an accumulative disease of immune-incompetent lymphocytes with a
defect to undergo apoptosis. Nowadays, due to development of specific molecular studies,
CLL can be characterized both by accumulation of mature CD5+/CD19+ B lymphocytes
arrested in the G0/G1 phases, as well as by clonal proliferation [2]. Therefore, an increased
number of lymphocytes in peripheral blood, lymphoid tissues, and the bone marrow is
both due to decreased apoptosis and increased proliferation of CLL cells [3,4].

Apoptosis, also known as a programmed cell death, differs from other types of cell
death, such as autophagy or necrosis. During apoptosis, morphological changes in cells
occur in a regulated and highly controlled manner [5]. The process is characterized by
shrinking of the mitochondria and nuclei, membrane blebbing (the cell membrane presents
irregular buds), and continuously decreasing size and functionality of the cell. The elements
of broken cells are packaged into membrane-bound structures (apoptotic bodies) and then
promptly cleared via phagocytosis, without an inflammatory response [6]. Apoptosis
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process can be induced by two main pathways, i.e., the extrinsic pathway regulated by the
cell surface death receptors, such as the tumor necrosis factor, and the intrinsic pathway
triggered by DNA damage, stress regulators or chemotherapeutic agents [6].

In CLL patients, the malignant cells show resistance to apoptosis that is related to
TP53 gene deletions or mutations and high expression of MCL1 and BCL2 genes. The latter
code for proteins responsible for the inhibition of apoptotic process [3,7]. This overexpres-
sion is linked with a common cytogenetic aberration, del13q14, and loss of miR-15a and
miR-16 loci (negative BCL2 regulators), as well as with micro-environmental factors, such
as dendritic cells, activated T lymphocytes, endothelial cells, stromal cells, and nurse-like
cells [7,8]. As a result, BCL2 has been considered as a valid contributor to CLL development
and very attractive therapeutic target [3,7–10]. In addition, other chromosomal aberrations
were well documented in CLL patients at diagnosis, including trisomy 12, del11q and
del17p [4,9]. Within the deleted portion of chromosome 17p is a critical gene TP53, which
encodes for the tumor suppressor p53 that is often referred to as the “guardian of the
genome”, in reference to its critical role in maintaining genomic integrity [10–12]. The stud-
ies using enforced expression or conditional activation of p53 in different cell lines revealed
its activity towards cell cycle arrest, cellular senescence, coordination of various DNA dam-
age repair pathways, metabolic adaptation, and apoptotic cell death [11–13]. Additionally,
the effects of TP53 gene mutation can be connected with the loss of transcription of familiar
p53 transcriptional targets, such as p21 and HDM2 [14]. It was shown that p21 protein binds
to and inhibits the activity of cyclin-CDK2 or cyclin-CDK4 complexes and thus functions
as a regulator of cell cycle progression at G1. Specifically, p21 mediates p53-dependent
cell cycle G1 arrest in response to a variety of stress stimuli. As far as HDM2 is concerned,
it binds to p53, inactivates its transcriptional activity, and facilitates ubiquitin-dependent
degradation of p53 by exporting it out of the nucleus. At the same time, overexpression of
HDM2 has been shown to facilitate cancer development and progression in several tumor
types and is often found in hematological malignancies [15].

For many decades, chlorambucil (CLB), a bifunctional alkylating agent, has been
used as the standard drug in therapy of CLL [16]. Its activity is mainly due to DNA cross-
linking, which results in inhibition of replication and induction of apoptosis. However,
along with rapidly growing resistance to chemotherapy in patients with p53 abnormalities
(both TP53 mutations and 17p deletion), and discovery of newer therapeutic options, CLB
is often replaced by the purine analogs, such as fludarabine, monoclonal antibodies as
rituximab, and other new agents involved in the apoptotic process or targeting pathogenic
pathways of CLL cells, such as ibrutinib, venetoclax or chimeric antigen receptor T-cell
therapy [1–4,16]. Moreover, the chromatin modifying agents such as histone deacetylation
inhibitors (HDACIs) were extensively studied for their anticancer activity, including CLL
treatment. In the study of Kolano et al. [17], the number of apoptotic cells (active caspase-3
positive cells) was significantly higher in CLL cells incubated with phenylbutyric acid and
sodium butyrate. At the same time, the expression of p21 gene increased following these
HDACI treatments.

Another option of CLL treatment could be combining CLB with other anticancer agents
to decrease the resistance of CLL cells. Unfortunately, some new combinations for CLB like
those with epirubicin, cladribine, pentostatin or fludarabine showed no benefits, or even
higher toxicity [16]. Nonetheless, several phase II and phase III studies on combinations
with rituximab, obinutuzumab or ofatumumab showed the promising results with high
overall and complete response rates, and progression-free survival around 2 years [18–21].

It is well known that mutations in the TP53 gene lead to modifications in the pro-
apoptotic balance causing the drug resistance. As a consequence, correlation between
TP53 mutations and lack of sensitivity to many cytotoxic drugs has been confirmed in the
literature [11]. These mutations often result in the accumulation of mutant and misfolded
proteins in the nucleus. Re-folding of this mutated and accumulated p53 can lead to
restoration of active p53, which then can induce apoptosis. Therefore, small molecules
capable of restoring p53 function, can be considered as effective anticancer drugs [12].
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Recently, the p53-dependent chemo-resistance caused by CLB in CLL patients was shown
to be reversed by some compounds from HDACIs, such as sodium butyrate and trichostatin
A [22]. In addition, a known antiepileptic drug and newly proposed HDACI, valproic acid
(VPA), was also tested in many pre-clinical and clinical studies to estimate its anticancer
activity. VPA was shown to act as HDACI of class I and class IIa histone deacetylases,
leading to epigenetic changes in the expression of various genes responsible for the cell
cycle and differentiation [23,24]. As a consequence, some pre-clinical studies on anticancer
activity of VPA in CLL cells were also reported [25–28]. What is more, synergistic activity
of VPA combined with other cytostatics, i.e., flavopiridol, thalidomide, lenalidomide,
bortezomib or fludarabine were reported. In the study of Stamatopoulos et al. [26], VPA
was shown to inhibit proliferation of CpG/IL2-stimulated CLL B-cells and to modulate
some cell cycle messenger RNAs. In the study of Yoon et al. [28], VPA was shown to
decrease both total and phosphorylated levels of AKT, an important anti-apoptotic protein,
and ATM, a pivotal protein in DNA damage response. This chemical inhibition of AKT or
ATM was sufficient to enhance the fludarabine-induced apoptosis. In spite of that, none
of the studies from the literature reported the combined use of VPA and CLB, as a new
possibility in CLL treatment. Thus, the main goal of the present study was to assess the
effect of VPA and CLB on viability and apoptosis in peripheral blood mononuclear cells
(PBMCs) isolated from 17 patients with CLL.

2. Materials and Methods
2.1. Patients

Peripheral blood was obtained from 17 untreated CLL patients, hospitalized at the
Department of Hematooncology and Bone Marrow Transplantation of Medical University
of Lublin, Poland. Among all patients, there were 7 women and 10 men, aged 55–84 years.
The protocol for the present study was approved by the Medical University Bioethics
Committee (No KE-0254/321/2017) and the informed consent was signed by the patients.

2.2. Cells Isolation and Incubation

PBMCs were isolated by gradient density centrifugation on Ficoll, as was previously
described [29]. After isolation, cells from each patient were divided into 4 culture dishes in
the concentration of 12 × 107 cells in 3 mL of medium. The culture media were prepared
with 85 mL of RPMI 1640 medium with L-glutamine and sodium bicarbonate (Biomed-
Lublin, Poland), supplemented with 15 mL of bovine serum from Biomed-Lublin and 1 mL
of the 100× Antibiotic-Antimycotic Solution (10,000 units penicillin, 10 mg streptomycin
and 25 µg amphotericin B per mL (Sigma-Aldrich, St. Louis, MO, USA)). The cultures were
incubated in a Heraeus incubator (Thermo Scientific, Waltham, MA, USA) at 37 ◦C and 5%
CO2. After 24 h of incubation, the CLB and VPA (both from Sigma-Aldrich) were added
to the cultures. The concentrations of CLB and VPA were prepared in PBS and adjusted
empirically, based on the results from the cell viability study described below. Finally,
four versions of the culture were prepared: (a) CLL lymphocytes cultured in the standard
medium spiked with CLB at 17.5 µM, (b) CLL lymphocytes cultured in the standard
medium spiked with VPA at 0.5 mM, (c) CLL lymphocytes cultured in the standard
medium spiked with CLB (17.5 µM) and VPA (0.5 mM) in combination, and (d) CLL
lymphocytes cultured in the standard medium without any drug as a negative control.
After 24 and 48 h of incubation, the cells from each culture underwent further examination.

2.3. Cell Viability

Cell viability was evaluated using a trypan blue exclusion test (Sigma-Aldrich) accord-
ing to the producers’ instructions. CLL lymphocytes isolated from the six first CLL patients
were tested after 24 and 48 h of incubation with four concentrations of CLB (17.5 µM,
35 µM, 175 µM, 350 µM) and four concentrations of VPA (0.1 mM, 0.5 mM, 1 mM, 5 mM).
The calculation of unstained (viable) and stained (non-viable) cells was done with the use
of a hemocytometer (Thermo Scientific) and a light microscope (Olympus CX31, Olympus,
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Tokyo, Japan). To obtain the number of cells per mL of aliquot, the number of cells were
multiplied by 2, as the final dilution factor for trypan blue was considered. To calculate the
percentage of viable cells in the cultures, the total number of viable cells per mL of aliquot
was divided by the total number of cells per mL of aliquot, and multiply by 100. Finally, the
optimal concentrations of the drugs were selected as 17.5 µM of CLB and 0.5 mM of VPA.

2.4. Apoptosis Examination

The process of apoptosis was assessed with the use of Annexin V-Cy3TM Apoptosis
Detection Kit (Sigma-Aldrich) according to the producers’ instructions. After 24 and 48 h
of incubation, cells were washed and suspended in PBS (Biomed-Lublin). Cell suspensions
were placed in the volume of 50 µL in the specific area of a slide, and left at room temper-
ature for 10 min. After gently removing the excess of liquid using the tissue-paper, cells
were washed three times with 50 µL of 1× Binding Buffer, stained with 50 µL of the Double
Label Staining Solution (Annexin V-Cy3 (AnnCy3) and 6-carboxyfluorescein (6-CF)) and
incubated at room temperature, in the darkness, for 10 min. Then, the cells were washed
five times with 50 µL of 1× Binding Buffer. After removing the excess of liquid, as was
described above, 1× Binding Buffer in the volume of 35 µL was placed on each specific
area of the slide. Finally, slides were covered with 24 × 50 mm cover slips and examined
using a fluorescence microscope (Nikon Eclipse Ni-U, Nikon, Tokyo, Japan). To obtain the
percentage values, the number of live cells stained with 6-CF (green), necrotic cells stained
with AnnCy3 (red), and the cells starting the apoptotic process stained with both AnnCy3
and 6-CF was calculated up to 100 in total.

2.5. Quantitative Real-Time Polymerase Chain Reaction (qPCR)

Purification of total RNA was achieved with the use of RNeasy Plus Mini Kit from
Qiagen GmbH (Hilden, Germany), while RNA quantification was elaborated by NanoDrop
measurement (Thermo Scientific NanoDrop 2000 spectrophotometer). First-strand cDNA
for qPCR was synthesized with the use of SuperScript III First-Strand Synthesis SuperMix
kit (Thermo Scientific) following the producers’ instructions. Up to 1 µg of total RNA
was used. The thermal cycling conditions were 25 ◦C for 10 min, followed by 50 ◦C for
30 min and termination at 85 ◦C for 5 min. After chilling on ice and adding 1 µL (2U) of
E. coli Rnase H (Thermo Scientific), the samples were incubated at 37 ◦C for 20 min. The
gene expression of p21, HDM2, BCL2 and MCL1 was measured with the SYBR Green PCR
Mastermix (Thermo Scientific), in triplicate on 96-well plates using the 7500 Real-Time PCR
System from Applied Biosystems (Foster City, CA, USA). The results were then analyzed
with the 7500 system software (Applied Biosystems). Each reaction was normalized to
GAPDH expression, and relative expression was calculated using the ∆∆Ct method [29].

2.6. Cytogenetic Prognostic Factors

Assessment of cytogenetic prognostic factors, such as trisomy 12, del13q, del17p
and del11q was performed by a fluorescent in situ hybridization method (FISH) with
the use of probes from Abbott Molecular (Des Plaines, IL, USA), according to producers’
instructions. To identify trisomy 12, Vysis CEP 12 SpectrumOrange Probe has been used,
and respectively, Vysis RB1 (13q14) SpectrumOrange Probe for del13q, Vysis LSI TP53
(17p13.1) SpectrumOrange Probe for del17p and Vysis LSI ATM (11q22.3) SpectrumOrange
Probe for del11q. Slides with the cells spread were denatured with 2 × saline-sodium
citrate (SSC) solution (Sigma-Aldrich) in a water bath at 73 ◦C for 2 min. Following the
addition of pepsin (Abbott Molecular), washing in PBS (Biomed-Lublin), and incubation in
70% formamide solution (Merck, Kenilworth, NJ, USA) at 73 ◦C for 5 min, the slides were
dehydrated for 1 min in 70% ethanol, 1 min in 85% ethanol, and 1 min in 99.8% ethanol.
After drying all slides and applying the probe mixtures, the slides were covered with cover
slips, sealed and hybridized at 37 ◦C for 16 h. Then, the cover slips were removed and
the slides were washed in 0.4× SSC at 73 ◦C for 2 min, and then incubated in 2× SSC
solution at room temperature for 2 min. After drying in the darkness and applying 10 µL
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of 4′,6-diamidino-2-phenylindole (DAPI) to each slide, cover slips were placed on each
specific area of the slide, and the results were observed using a fluorescence microscope
(Nikon Eclipse). A total of 200 nuclei were counted to determine the cut-off values for
FISH analysis. The upper limits of normal cut off were established according to the FISH
patterns observed in the control group (average ± 3SD), and set as following, 5.0% for
trisomy 12, 3.0% for del13q, 9.6% for del17p and 8.8 % for del11q.

2.7. Genomic DNA Isolation and TP53 Gene Sequencing

Genomic DNA was isolated from peripheral blood samples of our CLL patients
using QIAamp DNA Micro Kit (Qiagen GmbH), according to the manufacturer’s protocol.
TP53 mutational status was assessed by direct sequencing of exons 4–10 according to
International Agency of Research on Cancer (IARC) recommendations [30]. The first PCR
was performed using 50 ng of DNA, Color Perpetual OptiTaq PCR Master Mix (EURx sp.
z o.o., Gdańsk, Poland) and sequencing PCR was carried out using BigDye Terminator
v3.1 cycle sequencing kit (Thermo Scientific). Automatic capillary electrophoresis was
performed by means of ABI 3130 Genetic Analyzer (Applied Biosystems). Reference
sequence used for analysis were GenBank NC_000017.10 (genomic, hg19 reference genome)
or NC_000017.11 (genomic, hg38 reference genome).

2.8. Statistics

Statistical analysis was performed with MS Excel and GraphPad Prism 6 software.
Apoptotic process and expression of apoptosis-related genes in the cell cultures were
assessed by the Friedman test, along with Dunn’s multiple comparisons test. The impact
of sex, some cytogenetic prognostic factors, as well as some clinico-pathological data, were
assessed with U Mann Whitney test. Correlations of variables were calculated with the
Spearman rank-correlation coefficient. The level of significance at the rate 0.05 was chosen
as the minimum for all estimations.

3. Results
3.1. Cell Viability in Cultures with CLB and VPA

First, the viability of CLL cells was checked to assess the optimal working concentra-
tions of CLB and VPA for further experiments. The first signs of the cell death (cells marked
with a distinctive blue color in trypan blue staining) were seen at the lowest concentration
of CLB, i.e., 17.5 µM, with a median percentage of cell viability equal 95.0% after 24 h, and
92.0% after 48 h of incubation. For VPA, the cell death was detected at 0.5 mM, with a
median percentage of cell viability 98.0% after 24 h, and 96.5% after 48 h. At the same times,
the combination of drugs at concentrations indicated above gave median percentages of
CLL cell viability 96.5% and 92.0%. When higher concentrations of the drugs were used,
the higher number of dead cells was observed. The median percentage of cell viability in
the cultures with CLB was then 87.0% or lower after 24 h and 73.0% or lower after 48 h. In
the cultures with higher doses of VPA, cell viability was 95.0% or lower and 90.0% or lower
after 24 h and 48 h, respectively. Thus, the concentrations of 17.5 µM for CLB and 0.5 mM
for VPA were used in all further experiments.

3.2. Apoptosis Induced by CLB and VPA in CLL Cells

The median percentage of apoptotic cells in CLL cell cultures with CLB was 9.0% after
24 h, and 20.0% after 48 h. Respective values for the CLL cell cultures with VPA were 2.0%
and 9.0%. For the drug combination, median percentage of apoptotic cells was 7.0% after
24 h, and 6.0% after 48 h. In comparison, the negative control cultures showed the median
percentage of apoptotic cells 1.0% and 0.0%, respectively. Means, medians, minimum and
maximum percentage of apoptotic cells in all cultures are presented in Table 1.
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Table 1. Percentage of apoptosis in the cultures of chronic lymphocytic leukemia (CLL) cells treated
with chlorambucil (CLB), valproic acid (VPA) and combination of CLB and VPA (n = 17).

Time Parameter
Percentage of Apoptotic Cells

Control CLB VPA CLB and VPA

24 h

Mean 2.73 20.00 5.73 12.27
Median 1.00 9.00 2.00 7.00

Minimum 0.00 0.00 0.00 0.00
Maximum 24.00 79.00 25.00 45.00

48 h

Mean 2.91 39.73 7.36 26.00
Median 0.00 20.00 9.00 6.00

Minimum 0.00 0.00 0.00 0.00
Maximum 19.00 89.00 17.00 89.00

According to Friedman test, the significant differences were observed for percentage
of apoptotic cells between the cultures, with p = 0.0122 after 24 h, and with p = 0.0051 after
48 h. Next, the Dunn’s multiple comparisons were performed to show differences between
respective pairs of cultures (Figure 1).
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Figure 1. Apoptosis induced by CLB and VPA in CLL cells (n = 17). The graphs show percentage of
apoptotic cells in experimental cell cultures after 24 h of incubation (a) and after 48 h of incubation
(b). p values indicate significant differences versus control groups.

The significant differences were observed for CLL cells treated with the combination
of CLB and VPA (after 24 h) and for CLL cells treated with CLB alone (after 48 h), in
comparison with respective control groups. The representative photos from the fluores-
cence microscope showing apoptotic cells stained with 6-CF and AnnCy3 are presented
in Figure 2.

3.3. Clinical Characteristics of Patients

To identify the patients for which the proposed combined therapy would be of the
greatest benefit, differences between the drug response (the percentage apoptosis after
the combined treatment with CLB and VPA after 24 and 48 h of incubation) in respective
subgroups of patients (sex, karyotype, Rai stage, ZAP-70 status, CD38 status, CD5+/CD19+

lymphocytes count, white blood cells count (WBC), absolute lymphocyte count (ALC),
serum lactate dehydrogenase concentration (LDH) and beta-2-microglobuline concen-
tration (B2M)) were estimated. The detailed clinical characteristics of the patients are
summarized in Table 2.
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Figure 2. Apoptosis induced by CLB and VPA in CLL cells. The photos show apoptotic cells after 24 h of incubation under
the fluorescence microscope with magnification 1500×: live cells stained with 6-CF (green), necrotic cells stained with
AnnCy3 (red), and cells starting the apoptotic process stained with both AnnCy3 and 6-CF. (a) CLL cells cultured without
drugs as a negative control, (b) CLL cells cultured with combination of CLB (17.5 µM) and VPA (0.5 mM), (c) CLL cells
cultured with CLB alone (17.5 µM) and (d) CLL cells cultured with VPA alone (0.5 mM).

In the group of men (n = 8), a median percentage of apoptotic cells in the cultures
treated with the combination of CLB and VPA was 7.0%, while in the group of women
(n = 3) 1.0%. However, according to U Mann-Whitney test, there was no significant differ-
ence between the men and women groups (p = 0.1758). Further, all patients were divided
into subgroups depending on their cytogenetic abnormalities. In the group of patients
with favorable cytogenetics, such as normal (n = 7) and del13q karyotypes (n = 2), the
median percentage of apoptotic cells after the treatment with combination of CLB and
VPA was 7.0%. In the group of patients with unfavorable cytogenetics, such as del11q
(n = 1) and del17p (n = 1), the median percentage of apoptotic cells was 23.0%. Similar to
sex, no significant difference between these groups was found (p = 0.8909). In the cultures
treated with the combination of CLB and VPA, no significant differences in number of
apoptotic cells were observed between the subgroups according to Rai stages 0–I and
II–IV (p = 0.1126), ZAP-70 negative and positive (p = 0.1126), CD38 negative and positive
(p = 0.8212), CD5+/CD19+ lymphocytes < 50 × 109/L and > 50 × 109/L (p = 0.2121), LDH
concentration normal and high (p = 0.7091), and B2 M concentration normal and high
(p = 0.8918). The results obtained for these comparisons are presented in Figure 3. At the
same time, in the cultures treated with combination of CLB and VPA there were not corre-
lations between the percentage of apoptosis and CD5+/CD19+ lymphocytes (p = 0.9312),
WBC (p = 0.1303), LDH (p = 0.6193) and B2 M (p = 0.9747).
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Table 2. Clinical characteristics of CLL patients.

No Age Sex Karyotype Rai ZAP70 CD38 CD5+/CD19+

(×109/L)
WBC

(×109/L)
ALC

(×109/L)
LDH

(mg/L)
B2M

(mg/L)

1 84 F Normal III - - 213.25 287.71 266.56 455.0 5.26
2 NA M Normal II - - 118.38 139.22 128.54 243.0 2.73
3 58 F 17p- III - + 78.62 90.61 87.36 421.0 3.39
4 76 M NA II + + 70.13 13.20 104.28 865.0 2.48
5 74 F Normal I - + 17.05 22.38 28.77 425.0 2.71
6 75 F Normal I - - 22.59 52.36 39.63 614.0 3.97
7 64 M Normal I - + 71.09 103.26 95.43 367.0 2.32
8 82 M Normal IV + + 64.18 95.33 81.10 358.0 3.64
9 71 M 13q- III + + 86.78 116.12 102.10 595.0 3.71
10 71 F 13q- II + + 167.75 205.52 180.96 923.0 7.21
11 67 M Normal I - - 24.10 32.76 26.43 250.0 2.03
12 76 M Normal I - - 6.82 14.44 10.13 252.0 3.48
13 55 F 17p- I - - 11.25 22.6 14.56 339.0 1.69
14 69 M Normal I - + 58.16 73.56 67.63 312.0 4.35
15 NA M 11q- III + - 216.68 258.88 240.76 215.0 2.35
16 NA F Normal III + + 175.87 251.86 236.86 388.0 5.47
17 64 M Normal I - + 71.09 103.26 95.43 367.0 2.32

ALC—absolute lymphocyte count; B2 M—beta-2-microglobuline; F—female; LDH—lactate dehydrogenase; M—male; NA—not available
(not enough cells in the culture).

3.4. Gene Expression Profiling

To further characterize the drug mechanisms involved in apoptosis, the effects of
CLB and VPA on the expression of apoptosis related genes were examined. Therefore, the
expression of two TP53 target genes (p21 and HDM2) and two genes from Bcl-2 family
(BCL2 and MCL1) was tested. The expression of the above genes, and GAPDH, as a
control gene, were analyzed after 24 and 48 h of incubation with the drugs, using qPCR. In
accordance to statistical analysis calculated by Friedman test, followed by Dunn’s multiple
comparison test, some significant differences in the drug effects were observed. After 48 h,
the expression of p21 and HDM2 genes was shown to be significantly different between
the cultures, with p = 0.0026 and p = 0.0030, respectively. At the same time, the cultures
treated with CLB showed higher expression of both genes, in relation to the control groups,
with p = 0.0117 and p = 0.0195, respectively. On the other hand, some interesting changes
were observed under the treatment with the combination of CLB and VPA after 24 h of
incubation. Then, the expression of p21 gene was visibly higher than under the treatment
with CLB alone, although the changes were not significant (Figure 4a). At the same time,
there was a correlation between p21 expression and percentage of apoptosis in the culture
treated with the combination of CLB and VPA (p = 0.0248, r = 0.7479).

As far as the expression of HDM2 gene was concerned, there were not any noticeable
differences in the cultures with the combination of CLB and VPA, and with CLB alone
(Figure 4b). Finally, when Bcl-2 family genes were examined, no significant differences
in the expression of BCL2 and MCL1 genes between the groups were found. At the same
time, the cultures under CLB treatment showed visibly higher expression of BCL2 than the
cultures with VPA alone, after 24 and 48 h of incubation (Figure 4c,d).

3.5. Genomic DNA Isolation and TP53 Gene Sequencing

Our results of TP53 gene sequencing showed no pathogenic variants within exons
4-10, which are most commonly affected regions in CLL patients. However, 10 out of
11 patients analyzed, showed a heterozygous variant of frequent P72R polymorphism
(c.215C > G, rs1042522) [30] in exon 4.
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Figure 3. Apoptosis of CLL cells cultured with CLB and VPA combination after 24 h for patients no. 7–17 (n = 11). The
graphs show differences: (a) among patients with different Rai stage, (b) between subgroups of patients with positive
and negative ZAP-70 expression, (c) among patients with positive and negative CD38 status (d) between subgroups of
patients with different count of CD5+/CD19+ lymphocytes, (e) among patients with normal and high LDH concentrations,
(f) among patients with normal and high B2 M concentrations, (g) between men and women and (h) between subgroups of
patients with favorable and unfavorable cytogenetic prognostic factors.
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4. Discussion

Along with the development of biological and clinical studies and increasing knowl-
edge on pathophysiology of CLL, the way of the treatment is constantly changing. CLB
used as the standard drug for CLL patients for many years, now is often replaced by
the targeted drugs, with the leading role of venetoclax, the BCL2 inhibitor [1–4,16]. At
the same time, many molecules are continuously studied on their pro-apoptotic proper-
ties, bearing in mind different cytogenetic aberrations and the resistance of CLL cells to
chemotherapy [8,18–22,26,27,31].

The gene p21 encodes a potent cyclin-dependent kinase inhibitor. The encoded protein
binds to and inhibits the activity of cyclin/cyclin-dependent kinase 2 or cyclin/cyclin-
dependent kinase 4 complexes, and thus functions as a regulator of cell cycle progression at
G1 [14,15]. The expression of this gene is tightly controlled by the tumor suppressor protein
p53, through which this protein mediates the p53-dependent cell cycle G1 phase arrest
in response to a variety of stress stimuli. Therefore, small molecules capable of restoring
p53 function, pose an attractive new class of anticancer drugs [11–13]. In the study of
Kolano et al. [17], induction of apoptosis in CLL cells were confirmed for phenylbutyric
acid and sodium butyrate, small molecules from the group of HDACIs. It was shown that
the number of apoptotic cells (active caspase-3 positive cells) was significantly higher, and
that the expression of p21 gene increased following these HDACI treatments.

On the other hand, new combination approaches with CLB and some additive agents
are also in development, bringing hope for a long-term control or even cure for CLL
patients. Recently, combinations of CLB with rituximab, obinutuzumab or ofatumumab
showed very promising results [18–21]. In addition, the resistance of CLL cells to CLB
treatment was shown to be reversed by some compounds from HDACI group. In the study
of Kwa et al. [22], CLB in micromolar concentrations was combined with two HDACIs,
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i.e., sodium butyrate or trichostatin A in HL-60 cells. Between others, the synergistic
effects were reported as upregulation p21 gene expression that preceded an increase in
BCL6 gene expression. In the present study, CLB (17.5 µM) combined with an antiepileptic
and concurrently histone deacetylation inhibiting VPA (0.5 mM) was used ex vivo in
PBMCs isolated from 17 patients with CLL, to detect their combined effects on viability
and apoptosis.

Previously, efficiency of VPA to influence the expression of various genes involved in
the cell cycle and differentiation were tested in several studies, both in solid tumors and
hematologic malignances [8,23,32]. Moreover, some pre-clinical studies on activity of VPA
were reported in the literature, confirming its ability to reestablish the apoptotic pathways
in CLL cells [8,25–27]. The mechanisms by which VPA induce apoptosis in leukemic
cells seemed to be dependent on caspase 8 activation which then leads to cleavage of the
proapoptotic BCL-2 family member BID and activation of the intrinsic pathway via caspase
9 [8]. At the same time, the upregulation of key genes, such as APAF1 and TP53, and the
downregulation of important apoptosis inhibitors, such as BCL-XL, XIAP, AVEN and cIAP
was reported [26]. VPA was also shown to increase sensitivity of leukemic cells to tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) and led to downregulation of
c-FLIP (L) expression, despite of the fact that CLL cells are commonly resistant to death
receptor-induced apoptosis [27].

In the present study, the percentage of apoptotic cells in the CLL cell cultures incubated
with VPA was higher than in the control cultures (2% and 9% after 24 and 48 h of incubation
versus 1% and 0%, respectively). In addition, the percentage of apoptotic cells was higher in
the cultures incubated with the combination of CLB and VPA, i.e., 7% and 6% after 24 h and
48 h of incubation (Figure 2). We also verified whether the observed pro-apoptotic effects of
the combination depend on some clinico-hematological characteristics of our CLL patients,
such as sex, stage of the disease according to Rai, CD5+/CD19+ lymphocytes count, WBC,
ALC, cytogenetic prognostic factors, CD38 and ZAP-70 expression status, and LDH or B2M
concentrations. Finally, no significant differences between respective subgroups of patients
were observed (Figure 3). Similarly, no correlations between percentage of apoptosis and
CD5+/CD19+ lymphocytes count, WBC, LDH and B2M were found. We realized that
the observed differences could be insignificant because of visible discrepancies between
individual patients. On the other hand, it might suggest that the combination of CLB and
VPA could be active in a broad range of patients, independently of various prognoses,
adverse prognostic factors, and disease aggressiveness. Similar results were described in
the literature. It was previously found that VPA (10 mM) induced apoptosis independently
of the disease stage according to the Rai system, ZAP-70 and CD38 expression, IGHV status
and cytogenetics, but dependently on LDH serum levels [25]. It was also reported that
VPA induced apoptosis independently on unfavorable cytogenetic abnormalities such as
6q deletion, 17p deletion or complex karyotype. This all indicated that VPA activity would
be independent of cytogenetic features, as well as TP53-deficiency that are associated
with a poor outcome [26]. In addition, VPA (1 mM) was used as a combination with
fludarabine, bortezomib, flavopiridol, thalidomide or lenalidomide in B-cells from ZAP-70+

and ZAP-70− patients. It was stated that addition of VPA increased chemosensitivity of
B CLL cells, i.e., significantly reduced the IC50 of each above drug, independently on
ZAP-70 status [26,27]. Synergistic effect of VPA (1 mM) and fludarabine was also reported
in the study of Yoon at al. [28] in the neoplasm derived cell lines, BJAB, NALM-6 and I-83.
Interaction between these drugs was shown to decrease both total and phosphorylated
levels of AKT, an important anti-apoptotic protein, and ATM, a pivotal protein in DNA
damage response. This chemical inhibition of AKT or ATM was sufficient to enhance
fludarabine-induced apoptosis. The increased apoptosis caused a release of mitochondrial
cytochrome c, activation of caspases and increased generation of reactive oxygen species
(ROS). At the same time, the addition of a ROS scavenger inhibited cell death induced by
the VPA-fludarabine combination [28]. Taken together, the pro-apoptotic effects of VPA
were shown to be complex and not completely understood yet. On the other hand, this
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is the first report on pro-apoptotic activity of VPA in combination with CLB. Bearing in
mind the results presented here, we can suggest that VPA could sensitize CLL cells to
CLB treatment.

The status of tumor suppressor p53 (TP53 gene), with its main role as a promoter of
cell cycle arrest and apoptosis, is still in use as a prognostic marker for the appropriate
course of therapy for CLL patients. The studies using enforced expression activation of
TP53 in different cell lines revealed its activity towards cell cycle arrest, cellular senescence,
coordination of various DNA damage repair pathways, metabolic adaptation and apoptotic
cell death [9–13]. What is more, the effects of TP53 gene mutation can be connected with the
loss of transcription of familiar TP53 transcriptional targets such as p21 and HDM2 [14]. The
p21 protein binds to and inhibits the activity of cyclin-CDK2 or cyclin-CDK4 complexes and
thus functions as a regulator of cell cycle progression at G1. Specifically, p21 mediates p53-
dependent cell cycle G1 arrest in response to a variety of stress stimuli. As far as HDM2 is
concerned, it binds to TP53, inactivates its transcriptional activity and facilitates ubiquitin-
dependent degradation of TP53 by exporting it out of the nucleus. At the same time,
overexpression of HDM2 has been shown to facilitate cancer development and progression
in several tumor types and is often found in hematological malignancies [15]. Our present
results showed that CLB, which is known to induce apoptosis through accumulation of
cytosolic TP53 [3], increased the expression of p21 and HDM2 genes. However, some
interesting changes were observed under the treatment with the combination of CLB and
VPA after 24 h of incubation. Then, the expression of p21 gene was even higher than
under the treatment with CLB alone, although there were some diverged results for our
individual patients, and the SD values were high. Additionally, a correlation between p21
expression and percentage of apoptosis was found in the same culture.

Bearing in mind the growing resistance to chemotherapy in patients with TP53 abnor-
malities (e.g., del17p), or widely seen del13q14 cytogenetic aberration, which correlates
with over-expression of Bcl-2 family genes, the expression of two genes from Bcl-2 family,
i.e., BCL2 and MCL1, were analyzed in the present study. The BCL2 encodes an inte-
gral outer mitochondrial membrane protein that blocks the apoptotic death of some cells
such as lymphocytes. The MCL1 gene was also known to encode an anti-apoptotic pro-
tein [15]. In the present study, the cultures under CLB treatment showed higher expression
of both genes than respective controls and the cultures with VPA alone. Especially, the
BLC2 gene seemed to be affected, although huge discrepancies between our individual
patients occurred.

In the literature, VPA (3 mM) was shown to induce apoptosis via changes in the balance
between pro- and anti-apoptotic proteins from Bcl-2 family by reduction of BCL2/BAX
ratio. This ratio is an important cellular marker that correlates with responsiveness to
drug therapy in vivo and in vitro [26]. Bearing in mind all the above results, especially the
up-regulation of p21 in the culture treated with both CLB and VPA, we suggested that the
proposed combination could be effective in CLL treatment, leading to a reduction in the
dose of CLB and in consequence to lower toxicity of the therapy.

In the present study, TP53 gene sequencing was included to identify potential outliers
in our analysis. A frequent variant in TP53 gene is the polymorphism at codon 72, P72R,
encoding either arginine (R) (Arg72; GG) or proline (P) (Pro72; CC) [33]. On the other
hand, the precise clinical impact of the TP53 P72R polymorphism in CLL still remains to be
defined. Moreover, some results suggest that two variants of the presented polymorphism
(R72 and P72) have different activity. Generally, the R72 variant may be more effective in
inducing apoptosis than the P72 [34]. Many reports suggest that the TP53 variant with P72
may be connected with increased survival compared with R72. On the other hand, some
studies report that P72R polymorphism predominates in patients with unmutated IGHV
genes, what could be related with unfavorable prognosis [33]. Our results of TP53 gene
sequencing showed no pathogenic variants within exons 4–10, which are most commonly
affected regions in CLL patients. However, 10 out of 11 patients analyzed, showed the
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heterozygous variant of frequent P72R polymorphism (c.215C > G, rs1042522) [30] in
exon 4.

As was demonstrated above, we observed the increased apoptotic effect in CLL cells
treated with the combination of CLB and VPA, as well as some promising results from
the apoptosis-related genes expression. To the best of our knowledge, it is the first report
on cytotoxic activity of CLB when combined with VPA. What is more, some additional
and promising results were obtained for VPA when compared with previous experiments.
Firstly, cytotoxic/synergistic effect of VPA appeared at a lower concentration of the drug
equal 0.5 mM comparing to 1–10 mM used previously [9,23–28]. What is important, the
concentration of VPA of 1 mM or less was documented as easily achieved in patients. It may
be important because of minor side effects from VPA, such as somnolence, disorientation
or confusion [31]. Furthermore, we showed that the combination of CLB and VPA might
be effective independently of different clinico-pathological features, e.g., existing p53-
deficient cells, associated with a chemotherapy resistance and a poor outcome. Taken
together, the present study strongly suggests further investigations on the CLB and VPA
combination in CLL treatment, as well as on the combination of CLB with other agents
showing HDACI activity.

Last decades brought an enormous development in understanding of CLL biology and
numerous drugs were introduced in pre-clinical and clinical programs. As a consequence,
chemo-immunotherapy, e.g., combining cyclofosfamide, fludarabine or bentamustine with
rituximab, has been the standard of care for CLL patients. On the other hand, this therapy
is recommended only to younger patients in a good general condition without major
comorbidities. Patients in a worse condition should be treated with less toxic drugs like
CLB. Thus, CLB is still recommended for the antibody-based chemoimmunotherapy with
rituximab or obinutuzumab [16,35,36]. In a meta-analysis of seven clinical trials of the
German CLL study group, of above 3500 patients, more than 70% received CLB plus
anti-CD20 antibody therapy [36]. Thus, a question is whether CLB-based therapy in
older and less fit patients could be further refined by replacing the alkylating agents by
more efficacious compounds [16,37]. It is also obvious that recently approved drugs, e.g.,
ibrutinib, idelalisib or venetoclax, provide even better clinical outcomes in CLL patients.
However, not all of them are available for Polish patients, mainly due to the lack of sufficient
reimbursement [35].
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