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Abstract: Antitumor activity of two newly and sixteen previously synthesized 9-arylsubstituted 2,6, 7-trihydroxyxanthene-3-ones on diffuse large
B-cell ymphoma cells were analyzed in this study. Xanthene derivatives are characterized with numerous therapeutic applications, including
anticancer, antioxidant, anti-inflammatory and other activities. /In silico molecular docking analysis suggests significant binding affinities of
certain compounds toward Akt and NF-kB proteins as two major players of cell proliferation and differentiation. Results of WST-8 assay indicate
mild or no activity of xanthene compounds on cell viability of HBL-1 and DHL-4 cell lines belonging to ABC and GCB DLBCL subtypes, respectively.
Western blotting showed stimulatory activity of certain compounds, with increased expression of Akt in HBL-1 and DHL-4 cells. Our results
provide an insight into activation of compensatory Akt mechanism in DLBCL models that could be an important step for further approaches in
application of dual inhibitors for cancer treatment to achieve greater therapeutic effectiveness and drug resistance escape.
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INTRODUCTION

C ANCER is a major health problem worldwide, with
approximately 19.3 million of newly diagnosed cases
and 10 million of cancer related deaths in 2020.[11 Cancer
development is associated with different genetic and epi-
genetic alterations, allowing cells to proliferate and grow
uncontrollably. Oncogenic mutations result in deregulation
of numerous signaling pathways, such as phosphoinositide
3-kinase (P13K) and receptor tyrosine kinase pathways and
other. Mutations in transcription factors, such as nuclear
factor kappa B (NF-kB), can also be detected in many cancer
types.[2

PI3K activation has an important role in cancer pro-
gression, regulating tumor growth, survival, and prolifera-
tion. Stimulation of PI3K by various extracellular signals
leads to activation of Akt serine/threonine kinase,

promoting cancer cell growth.[3-6] NF-kB signaling regulates
numerous intracellular processes, including immune
response, inflammation, cell survival, proliferation and
differentiation. NF-kB belongs to a family of NF-kB tran-
scription factors that translocate into the nucleus, initiating
transcription of plentiful genes involved in distinctive cellu-
lar functions.[”]

Diffuse large B-cell lymphoma (DLBCL) is the most
common non-Hodgkin’s lymphoma (NHL), with 30-40 % of
total number of newly diagnosed B-cell NHL cases in multi-
ple geographical regions.[8-10] DLBCL represents hetero-
genous group of neoplasms that differ at biological,
molecular, pathological and clinical level.[811-13]1 DLBCL is
classified into two distinct molecular subgroups, activated
B-cell (ABC) (40-50 %) and germinal center B-cell (GCB)
(50-60 %) DLBCL.[**I The main hallmark of ABC DLBCL is
constitutive activation of NF-kB signaling that promotes cell
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differentiation and proliferation,**! whereas GCB DLBCL
cells depend on constitutive activation of PI3K signaling
pathway, resulting in uncontrolled cancer cell survival and
growth.[16.17]

Considering the urge for development of novel and
highly effective therapies for DLBCL, we have synthesized
and evaluated the potential antitumor effect of 9-arylsub-
stituted 2,6,7-trihydroxyxanthene-3-ones. Xanthenes, a
biologically active tricyclic compounds with dibenzopyran
nucleus, are characterized with broad range of therapeutic
applications that include antibacterial, antiviral, anticancer,
antioxidant, antimicrobial, anti-inflammatory, immuno-
modulatory and enzyme inhibitory activities.[18-24]

We have previously reported significant antitumor
activity of various xanthene derivatives in hepatocellular,
cervical adenocarcinoma, metastatic colon carcinoma and
non-small cell lung cancer cells.[1819 Other research groups
reported promising antitumor activity of xanthene derivatives
in breast, prostate, oral cavity cancer, as well as pro-
myelocytic leukemia cells.[202526] Currently, a photosensitizing
xanthene dye Rose Bengal disodium (PV-10) is included in
clinical trials for patients with metastatic melanoma, liver
and recurrent breast cancer patients with minimum
cytotoxicity on fibroblast models.[20-271 The aim of this study
was to synthesize novel xanthene derivatives and evaluate
their activity in ABC and GCB DLBCL cells.

EXPERIMENTAL

Instrumentation
Melting points of the compounds were determined with
BUCHI Melting Point B-545 and are presented uncorrected.
The H and 13C nuclear magnetic resonance (NMR) spectra
were recorded at 600 and 150 MHz, respectively, in DMSO-
de at 25 °C using NMR spectrometer Bruker AV600, with
tetramethylsilane (TMS) as internal reference (see
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Figure 1. Structures of previously synthesized xanthene
derivatives.[1819]

Supplementary Material). Chemical shifts (6) are reported
in ppm and coupling constants (J) in Hz. Elemental analyses
of synthesized compounds were recorded by Vario EL Il
C,H,N,S/O Elemental Analyzer, Elementar Analysensysteme
GmbH, Hanau-Germany (see Supplementary Material). The
analysis of mass spectra was performed on an LC-MS/MS
apparatus (Agilent Technologies, Waldbronn, Germany),
which consists of an HPLC 1200 device with a binary pump,
a degasser and an autosampler. The HPLC was connected
to a 6420 mass spectrometer with triple quadrupole and ESI
ionization in negative mode. The samples were dissolved in
methanol to a concentration of about 100 pg mL™ and
injected into the system with 50 % methanol elution.

Previously and Newly Synthesized
Xanthene Derivatives
In our previous work we synthesized and confirmed struc-
ture of sixteen 2,6,7-trihydroxy-9-aryl-3H-xanthene-3-one
derivatives (Figure 1, Table 1).2829 New xanthene-3-one
derivatives were synthesized from 1,2,4-triacetoxybenzene
(5 g, 20 mmol) and different aromatic aldehydes (10 mmol)

Table 1. List of chemical names of previously synthesized
xanthene-3-one derivatives.

Name Compound
2,6,7-trihydroxy-9-(4-methoxyphenyl)-3H- 1
xanthene-3-one
9-(3,4-dimethoxyphenyl)-2,6,7-trihydroxy-3H- )
xanthene-3-one
9-(2-chlorophenyl)-2,6,7-trihydroxy-3H-xanthene- 3
3-one
9-(3-chlorophenyl)-2,6,7-trihydroxy-3H-xanthene- 4
3-one
9-(4-chlorophenyl)-2,6,7-trihydroxy-3H-xanthene- 5
3-one
9-(4-fluorophenyl)-2,6,7-trihydroxy-3H-xanthene-3- 6
one
2,6,7-trihydroxy-9-(2-methoxyphenyl)-3H- 7
xanthene-3-one
9-(2-fluorophenyl)-2,6,7-trihydroxy-3H-xanthene-3- 3
one
2,6,7-trihydroxy-9-(2-hydroxy-5-nitrophenyl)-3H- 9
xanthene-3-one
2,6,7-trihydroxy-9-(4-nitrophenyl)-3H-xanthene-3- 10
one
2,6,7-trihydroxy-9-(2-hydroxy-3-methoxyphenyl)-
11
3H-xanthene-3-one
9-(3,4-dihydroxyphenyl)-2,6,7-trihydroxy-3H- 1
xanthene-3-one
2,6,7-trihydroxy-9-(4-hydroxy-3,5- 13
dimethoxyphenyl)-3H-xanthene-3-one
2,6,7-trihydroxy-9-(4-hydroxy-3-methoxy-5- 14
nitrophenyl)-3H-xanthene-3-one
9-(4-(dimethylamino)phenyl)-2,6,7-trihydroxy-3H- 15
xanthene-3-one
9-(4-acetamidophenyl)-2,6,7-trihydroxy-3H- 16

xanthene-3-one
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under acidic alcoholic conditions (75 mL 50 % ethanol, 3 mL
conc. sulfuric acid). After a two-fold Friedel-Crafts alkyla-
tion intermediate A was obtained. For accomplishing the
transformation, a single trihydroxy benzene moiety of A
had to be oxidized using potassium peroxodisulphate
(2.7 g, 10 mmol) to the corresponding p-benzoquinone. To
avoid decomposition of potassium peroxodisulphate, the
reaction of oxidation occurred at 80 °C. Benzoquinone in-
termediate (B) subsequently underwent a cyclocondensa-
tion reaction to the xanthenone fragment. To remove
potassium peroxodisulphate after completed oxidation,
refluxed suspension was poured onto ice water and
filtered. The residue was dried under vacuum at 60 °C.
Structure and analytical data of the compounds 17 and 18
are presented in this paper in the Results and Discussion
part (Figure 2).

Molecular Docking Analysis

The molecular docking study was set up in YASARA Struc-
ture 19.12.14 softwarel3231 and performed using AutoDock
4.2.321 The crystal structures of I-Kappa-B-Alpha/NF-Kappa-
B (PDB ID: 1NFI), NF-kB p52/RelB/DNA complex (PDB ID:
3D07) and murine PI3K pl110 delta (PDB ID: 5NGB)
were downloaded from RCSB Protein Data Bank
(https://www.rcsb.org/) and used as target molecules. The
structures of protein targets were prepared by removing
water molecules, adding polar hydrogen atoms and opti-
mizing in the AMBERO3 force field.33! The 3D structures of
the xanthene molecules were prepared and geometries
were optimized by the MM2 force field43%! using
PerkinElmer Chem3D Ultra 16.0.1.4. software. Molecular
docking analyses were performed using either the blind
docking method (for targets 1NFI and 3DO7) or setting up
the search area box around a specific binding pocket (for
the 5NGB target). The Lamarckian genetic algorithm was
employed with the following parameters: 10 docking runs
with a maximum of 15,000,000 energy evaluations and
27,000 generations for each run, with a grid point spacing
of 0.375 A, providing this way the lowest energy docked
poses. YASARA Structure 19.12.14 software was used for
visualization and image creation.

Cell Culture and Substance Preparation

HBL-1 and DHL-4 cell lines were cultured in Roswell Park
Memorial Institute (RPMI)-1640 basal medium (Sigma
Aldrich, USA) supplemented with 10 % Fetal Bovine Serum
(FBS), 100 U mL1 penicillin, 100 U mL1 streptomycin, 10 mM
HEPES, 1 mM sodium pyruvate and 1 % of non-essential
amino acid a-glutamine (Sigma Aldrich, USA). DHL-4 is a B-
cell ymphoma cell line assigned to GCB lymphoma subtype
and B-cell receptor DLBCL.1¢] HBL-1 is a diffuse large B-cell
lymphoma carrying 14932 translocation and it is assigned
to ABC lymphoma subtype and B-cell receptor DLBCL.14¢]

Cell cultures were grown in suspension and maintained at
optimal conditions in humidified atmosphere (95 %), 5 %
CO; at 37 °C. The compounds were dissolved in 100 %
dimethyl sulfoxide (DMSO) (Sigma-Aldrich, UK) as a stock
solution of 100 mM concentration and further diluted in 1x
phosphate buffered saline (PBS) (Fisher Bioreagents, USA).

Cell Viability Assay

Cell viability was determined by WST-8 assay (Bimake,
USA). Cells were plated in triplicates in a 96-well plate at
optimum seeding density of 2.5 x 10* cells/well and treated
with different compounds’ concentrations for 48 hours.
The highest percentage of DMSO in wells treated with com-
pounds was 0.05 %. The same percentage of DMSO was
used as negative control. After incubation, cell viability
assay was performed according to the manufacturer’s pro-
tocol.

Western Blot Analysis

For Western blot analysis, cells were seeded in a 6-well
plate at a seeding density of 1 x 106 cells/well and treated
with compounds 9, 10 and 14 for 48 hours, while cells
treated with 0.05 % DMSO were used as a negative control.
Cells were lysed in ice-cold RIPA buffer supplemented with
protease and phosphatase inhibitors (Sigma-Aldrich, UK).
All samples were separated by 12 % SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto a
polyvinylidene difluoride (PVDF) membrane (Merck
Millipore, Germany). The membrane was blocked with 5 %
BSA in Tris-buffered saline supplemented with 0.1 %
Tween-20 buffer (Sigma-Aldrich, UK). Western blot anal-
yses were performed using primary antibodies against
phospho-NF-kB p65 (Ser536) (93H1) Rabbit mAb #3033,
phospho-Akt (Ser473) (D9E) XP® Rabbit mAb #4060, and
P13 Kinase p110 6 (D1Q7R) Rabbit mAb #34050. For loading
control B-Actin (8H10D10) Mouse mAb #3700 primary
antibody was used. Secondary antibodies anti-rabbit IgG,
HRP-linked Antibody #7074 and anti-mouse 1gG, HRP-
linked Antibody #7076 were used (Cell Signaling Technol-
ogy, USA). The signals were detected using Amersham™
ECL Prime Western Blotting Detection Reagent (GE
Healthcare Life Sciences, UK). Protein bands were visual-
ized by Molecular Imager ChemiDocTM XRS+ Imaging
System (Bio-Rad, USA) and analyzed by Image Lab software
(v.6.0).

Statistical Analysis

GraphPad PRISM software, version 8.3 was used for statis-
tical analysis. The results of different experiments were
represented as means * standard deviation (SD) of three to
four independent experiments. Normal distribution of var-
iances was tested by D'Agostino-Pearson normality test.
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Shapiro-Wilk test was used where normality test indicated
normal distribution of variances (p > 0.05), whereas Kolmo-
gorov-Smirnov test was used otherwise. One-way ANOVA
Dunnett’s multiple comparison analysis was used for statis-
tical evaluation. p < 0.05 was considered as level of statisti-
cal significance with the next levels presented through the
text: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,
ns — not significant.

RESULTS AND DISCUSSION

Chemistry

The synthetic pathway is shown in Figure 2, adapted from
References 28 and 29.

2,6,7-TRIHYDROXY-9-(PYRIDIN-2-YL)-3H-XANTHENE-3-
ONE (COMPOUND 17)

Yield: 92 %; m.p. 165-168 °C; 'H NMR (600 MHz, DMSO-ds):
6891 (1H,dd, J=5.37,1.72 Hz, H-6'), 8.15 (1H, td, J = 7.66,
1.74 Hz, H-4'), 7.71-7.67 (2H, m, H-3'/5'), 6.95 (2H, s, H-
4/5), 6.49 (2H, s, H-1/8), 9.84 and 5.15 (br s, OH) ppm. 13C
NMR (150 MHz, DMSO-dg): 6 163.5 (2C, C-11/12), 152.7
(2C, C-2/7 or C-3/6), 152.2 (1C, C-2'), 150.1 (1C, C-6'), 147.7
(2C, C-2/7 or C-3/6), 146.4 (1C, C-9), 137.4 (1C, C-4'), 125.6
(1C, C-3'), 124.4 (1C, C-5'), 115.3 (2C, C-10/13), 107.0 (2C,
C-1/8), 102.4 (2C, C-4/5) ppm; ESI-MS (m / z): 320.00 (M-H)"
; Anal. calc. for C1gH11NOs (321.06): C 67.29, H 3.45, N 4.36,
found: C67.21, H 3.48, N 4.32.

2,6,7-TRIHYDROXY-9-(1H-IMIDAZOL-4-YL)-3H-XANTHENE-
3-ONE (COMPOUND 18)

Yield: 72.3 %; m.p. 212-214 °C; 'H NMR (600 MHz, DMSO-

de): 69.07 (1H, s, H-2"), 8.11 (1H, s, H-5'), 6.97 (2H, s, H-1/8),

6.88 (2H, s, H-4/5), 9.85 and 4.47 (br s, OH) ppm. 13C NMR

(150 MHz, DMSO-dg): 6 151.8 (2C, C-2/7 or C-3/6), 147.9
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Figure 2. Synthetic scheme for xanthene-3-one derivatives

17,18

and structure of the two newly synthesized compounds.

(2C, C-2/7 or C-3/6), 137.0 (1C, C-2'), 126.3 (1C, C-4"), 122.1
(1€, C-5'), 115.7 (2C, C-10/13), 107.2 (2C, C-1/8), 102.5 (2C,
C-4/5) ppm; ESI-MS (m / z): 309.00 (M-H); Anal. calc. for
C16H10N2Os (310.06): C 61.94, H 3.25, N 9.03, found: C
61.97,H 3.19, N9.12.

Molecular docking analysis

Molecular docking analysis on xanthene derivatives
showed significant binding affinities toward certain protein
targets (Table 2, Figure 3). The results showed that com-
pound 10 and compound 14 formed the most significant
complexes with unphosphorylated protein kinase B/Akt
(PDB ID: 1GZ0) and PI3K p1106 (PDB ID: 5NGB) with binding

Table 2. Molecular docking parameters for xanthene
derivatives with target proteins.

Bindong energy / Dissociation  Contacting amino acid
kcal mol™? constant /uM  residues (H-bonds)

Protein kinase B unphosphorylated (PDB ID: 1GZ0)

Comp

14 -9.45 0.118 Tyr 316

18 -9.04 0.235 lle 276, Leu 278
10 -8.73 0.396 Lys 156, Glu 279
9 -7.66 2.450 Arg 208, Lys 290

NF-kB/p52/RelB/DNA complex (PDB ID: 3D0O7)
Arg 117, Lys 273, Thr

° 1120 0.0056 276, Lys 283, Lys 305

18 -10.93 0.010 Arg 241, Tyr 294

12 -10.90 0.010 Arg 241, Tyr 294
Arg 117, Lys 273,

11 10.26 0.030 Lys 283, Lys 305
Gly 115, Arg 117,

2 9.70 0.077 Arg 125, lle 207

13 -9.57 0.097 Tyr 294

16 -9.32 0.147 -

10 -9.30 0.151 Ala 104

14 -8.74 0.392 Lys 210, Asn 242
Arg 117, Leu 203,

17 8.73 0411 lle 205, Lys 273

15 -8.71 0.525 Leu 95, His 105

PI3K p110 delta (PDB ID: 5NGB)
Lys 779, Tyr 813, Glu

10 -10.56 0.018 826, Val 828
14 -10.31 0.028 Lys 779, Asp 787
Asp 787, Glu 826,
12 -10.03 0.045 Val 828, Asp 911
Ser 754, Lys 779,
16 9.44 0.119 Asp 787
11 -9.19 0.184 Lys 779, Asp 787
9 -9.08 0.221 Lys 779, Val 828
13 -9.05 0.230 Asp 787, Val 828
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values lower than -8.5 kcal mol-t. Compound 9 formed
strong complexes with NF-kB/p52/RelB/DNA complex (PDB
ID: 3D07), with dissociation constant of 0.0056 pM.

Besides hydrogen bonds (H-bonds), other types of
bonds such as hydrophobic, m-it and cation-rt bonds were
observed upon binding of derivatives to the target proteins.
Figure 3 represents binding modes of compounds 9, 10 and
14 with unphosphorylated protein kinase B (PDB ID: 1GZ0),
NF-kB/p52/RelB/DNA complex (PDB ID: 3DO7), and PI3K
p110 delta (PDB ID: 5NGB) assessed by molecular docking
study.

Compounds’ Effects on pLecL Cell
Metabolic Activity
Using WST-8 assay, we evaluated the effect of xanthene
derivatives on metabolic activity of ABC (HBL-1) and GCB
(DHL-4) DLBCL cells. Derivatives have shown either mild or
no inhibitory activity (Figure 4 and 5). Mild inhibitory activ-
ity was denoted where percentage of viable cells ranged
between 60-80 % at 50 uM concentration of compound,
otherwise the compounds were denoted to have no inhibi-
tory activity (cell viability remained above 80 % at the same
concentration). Importantly, the cytotoxic effects of certain
compounds varied between the two DLBCL subtypes, sug-
gesting different mechanisms of action. In ABC DLBCL HBL-
1 cells, compounds 1, 2, 3, 4, 5, 6, 7, 8, and 15 exhibited
mild inhibitory activity. Treatment with compounds 9, 10,
11, 12, 13, 14, 16, 17 and 18 showed no inhibitory activity
in HBL-1 cell line (Figure 4a, b). In contrast to HBL-1 cell line,
compounds 1, 2, 3, 4, 6, 7, and 8 showed no inhibitory

a)

o T

ALA 104

activity in DHL-4 cells, whose inhibitory effect on HBL-1 cells
was mild. DHL-4 cells showed mild inhibitory response to
the treatment with compounds 10, 11, 12, 14, 16, and 17,
while ABC DLBCL cells showed no significant sensitivity to
the treatment with mentioned compounds. Compounds 5
and 15 had mild inhibitory activity in both cell lines.
Compounds 9, 13, and 18 did not have inhibitory activity in
both, DHL-4 and HBL-1 cell lines (Figure 4 and 5).

Our data suggest different responses of HBL-1 and
DHL-4 cells toward treatment with xanthene derivatives.
The treatment with the compounds characterized with mild
inhibitory activity induced significant decrease of cell viabil-
ity (p < 0.0001) in both cell lines at the highest treatment
concentration (50 uM). The inhibitory concentration 50
(ICs0) was > 50.00 uM for all compounds in both cell lines.

Xanthene derivatives with central oxygen-containing
heterocyclic structure fused to two more cyclic structures
possess wide range of biological activities. The structure-
activity relationship (SAR) of xanthenes suggests that these
derivatives induce anti-proliferative properties in cancer
models in respect to distinct moieties.3637] In one study,
antitumor activity and SAR of several N-substituted 14-aryl-
14H dibenzola,j]xanthene-3,11-dicarboxamides was evalu-
ated in acute promyelocytic leukemia and hepatoma can-
cer cells. SAR analysis revealed that numerous parameters
affect the compounds’ activity, including side chain posi-
tions, substituent size and other. Accordingly, carboxamide
substituent at C-3 and C-11 positions induced stronger in-
hibitory activity, while the small size of the positioned
group on nitrogen atom of the carboxamide side chain

Figure 3. Binding modes of compounds 9, 10 and 14 at the active site of (a-c) unphosphorylated protein kinase B (PDB ID:
1GZ0), (d-f) NF-kB/p52/RelB/DNA complex (PDB ID: 3DO7), and (g-i) PI3K p110 delta (PDB ID: 5NGB) assessed by molecular

docking study.
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Figure 4. Effect of compounds on cell viability after 48 hour
incubation in HBL-1 cell line showing (a) mild and (b) no
inhibitory activity. Graphs represent the average of
triplicates from three independent experiments with
standard deviations indicated for each concentration. Cell
viability is represented as a percentage compared to 0.05 %
DMSO control. p<0.05 was considered as level of statistical
significance with the next levels: *p < 0.05, **p < 0.01,
***p <0.001, ****p <0.0001.

resulted in greater cytotoxicity rates of the compounds.
Addition of halogen substituents at the para position of the
14-phenyl ring resulted in lower 1Cs values and increased
inhibitory activity in comparison to other substituents posi-
tioned differently.37.38] Moreover, position of chlorine
group in other synthesized derivatives, such as benzyloxy-
phenylmethylaminophenol also have an important role in
induction of inhibitory activities. In HepG2 hepatocellular
carcinoma cells, compound with chloro group positioned at
C-3 in the ring showed very strong cytotoxicity in cancer
cells (ICsp = 1.38 uM), while the compound with chlorine at
position C-5 induced less inhibitory activity (ICso = 26.68 uM),
with reduced inhibitory activity toward STAT3 expression. 3]

In our study, xanthene derivatives mainly showed
opposing effects in DLBCL cells belonging to two distinct
subtypes, possibly as a result of different intracellular
mechanisms of action. However, our results showed that
compound 5 (4-chlorophenyl) induced mild inhibitory activ-
ity in both DLBCL models. This can be linked to the position
of the chlorine substituent at C-4 position as compounds 3
and 4 with chlorine atom at C-2 and C-3, respectively,
induced no inhibitory activity in DHL-4 cells. In addition, our
data suggest that HBL-1 cells were more sensitive to the
treatment with xanthene derivatives bearing methoxy

0.00 0.10 10.00 50.00

Substance concentration (uM)
E= Compound 5 R Compound 10 E=1 Compound 11 B Compound 12

3 Compound 14 33 Compound 15 E=1 Compound 16 E=3 Compound 17

- ns B
] h e

100 a
g 80
£
:g 60
s
Z 40
S
20
0.00 0.10 10.00 50.00
Substance concentration (uM)

Bl Compound 1 Bl Compound2 HEE Compound3 HEE Compound4 E=1 Compound 6
=3 Compound7 ES1 Compound8 Nl Compound9 [ Compound 13 =3 Compound 18

b) DHL4

120 [ S ns

Figure 5. Effect of compounds on cell viability after 48 hour
incubation in DHL-4 cell line showing (a) mild and (b) no
inhibitory activity. Graphs represent the average of
triplicates from three independent experiments with
standard deviations indicated for each concentration. Cell
viability is represented as a percentage compared to 0.05%
DMSO control. p<0.05 was considered as level of statistical
significance with the next levels presented:*p < 0.05,
*%p < 0.01, ***p < 0.001, ****p < 0.0001.

(OCHs) and fluorine substituent. This could possibly be
linked to the expression of distinct molecular signaling
pathways in ABC DLBCL cells where the mentioned
compounds bind to specific targets inside of the cell.

Evaluation of Compounds’ Protein
Targets in HBL-1 and DHL-4 Cell Lines
Based on the in silico analysis results, we studied the effects
of compounds 9, 10 and 14 on the expression of different
protein targets that regulate cell survival, proliferation and
differentiation of DLBCL cells. The cells were treated with
two concentrations of compounds (25 and 50 uM) for 48

hours (Figure 6).

The expression levels of phosphorylated NF-«B
protein, as one of the major drivers of ABC DLBCL
pathogenesis leading to uncontrolled cell differentiation
and proliferation, were increased in HBL-1 cells following
treatment with compounds 9, 10, and 14.

The most prominent effect was observed after the
treatment with 50 uM concentration of compound 14,
where the expression of p-NF-kB increased in average for
two-fold in comparison to the control group. In the same
cells, the expression levels of PI3K& p110 protein that is
involved in cell growth and division also increased after the
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Figure 6. Evaluation of protein expression after treatment
with compounds 9, 10 and 14 for 48 hours in HBL-1 and
DHL-4 cells. Numbers below the bands represent a net
image fold difference in the band intensity compared to the
control and normalization against B-actin.

treatment with selected compounds. The expression of
PI3KS protein was the strongest after treatment with
compound 14. Treatment of HBL-1 cell line with compound
9 resulted in similar expression of activated Akt as a major
player of PI3K/Akt/mTOR signaling compared to the
control. However, compounds 10 and 14 stimulated the
expression of p-Akt protein in HBL-1 cells, with greater
effect on its expression after the treatment with 50 puM
concentration of compound 10 (Figure 6).

In DHL-4 cells, we observed increased expression of
p-NF-kB following treatment with compounds 9 and 10,
where the expression of target protein increased more than
two-fold compared to the control. However, compound 14
resulted in similar expression of p-NF-kB at 50 UM treatment
concentration compared to control. Compounds 9, 10 and 14
induced overexpression of PI3K& protein, with the greatest
stimulatory effect after compound 10 treatment where we
observed 10-fold higher expression of the target protein.
Compounds 9 and 10 also induced expression of p-Akt,
whereas compound 14 reduced its expression levels for 57 %
in average compared to the untreated DHL-4 cells.

Interestingly, our results indicate opposing effects of
compound 14 among ABC and GCB DLBCL cells on expression
of two main targets, p-NF-kB and p-Akt. Treatment of DHL-4
cells with compound 14 showed reduction of p-Akt levels,

group. Compound 9 decreased expression of p-Akt in more
aggressive DLBCL HBL-1 cells, while in DHL-4 cells we
observed stimulated expression. Compound 10 elevated the
expression of p-NF-kB and p-Akt in both cell lines (Figure 6),
suggesting its stimulatory characteristics regarding the two
key players in DLBCL tumorigenesis.

Constitutive activity of PI3K/Akt signaling as a core
regulatory mechanism in many cancers is an important
strategy for therapeutic approaches. However, cancer cells
are characterized with an ability to adapt to drug-response
signaling processes that lead to therapeutic resistance.[40.41]
This is achieved through cell-to-cell cross-talk, feedback
regulation, functional redundancies and many other mech-
anisms.[%?l The activation of compensatory pathways is rec-
ognized as one of the limitations for therapeutic
effectiveness. Serra et al have reported enhanced activity
of ERK signaling after PI3K pathway inhibition in HER2-pos-
itive breast cancer.[*3! In non-small cell lung cancer models,
inhibition of PI3K signaling axis lead to enhanced activation
of MET/STAT3 signaling pathway promoting cancer pro-
gression, metastasis and drug resistance. 44!

Although Akt activation promotes cell survival, differ-
ent chemotherapeutic drugs stimulate Akt phosphorylation.
This mechanism is commonly linked to chemoresistance of
cancer cells. However, several reports suggest that activation
of Akt by certain chemotherapies results in overall cellular
therapeutic sensitivity.[*] In theory, each molecular target
can be inhibited to improve the outcomes of conventional
treatment. Therefore, multimodality treatment approach
suggests the use of Akt inhibitors, such as MK-2206, perifo-
sine and other inhibitors of PI3K/Akt signaling that induce
sensitization of cancer cells to the therapy in in vitro and in
vivo models.*! Doxorubicin, paclitaxel, gemcitabine and 5-
fluorouracil are chemotherapeutic drugs known to activate
Akt phosphorylation in cancer models. This event potentially
arises as a result of activation of cell defense mechanisms un-
der certain stress or extracellular stimuli.[*>47] Several reports
suggest that Akt activation is a main event linked with re-
sistance to platinum-based therapy. Liu et al showed that in-
duced expression of Aktl is sufficient for induction of cell
resistance to cisplatin therapy, while inhibition of Aktl in-
duced cisplatin sensitivity of lung cancer cells. In the same
study, activation of Akt was highly correlated to cisplatin
chemosensitivity in human tumor tissues obtained from lung
cancer patients, suggesting Akt activation as a mechanism of
drug resistance that could represent therapeutic target to
avoid therapy resistance.*8] Accordingly, Akt inhibitor MK-
2206 showed synergistic effect in combination with cisplatin
in distinct tumors, such as lung, nasopharyngeal, gastric
cancer and others, underlining the pivotal role of Akt activa-
tion in resistance to platinum drugs.[¢!
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Combinatorial treatments offer a promising approach
in treatment of malignant models resistant to conventional
therapy. Glamoclija et al (2022) recently reported synergistic
effect of metformin and thymoquinone on decrease of cell
viability and proliferation in imatinib-sensitive and imatinib-
resistant leukemia cells, where the stronger effects of com-
binatorial treatment were observed in resistant compared to
imatinib-sensitive cell models.[*! Therefore, implication of
combinatorial therapy targeting diverse cellular mechanisms
in cancer cells could offer a promising approach for cancer
treatment in the future. Taking into consideration our find-
ings and literature data, we can understand that proper com-
binatorial treatments with Akt inhibitors and conventional
therapies could improve patient clinical benefits.

CONCLUSION

In our study, compounds 9, 10 and 14 influenced
expression of PI3K§, p-NF-kB and p-Akt in HBL-1 and DHL-4
cells, where mainly stimulatory activities were observed.
ABC DLBCL cells showed greater sensitivity toward
compound 9 in terms of p-Akt expression decrease, while
GCB DLBCL cells exploited a greater sensitivity toward the
treatment with compound 14. Even though our results
provide only an insight into activation of compensatory
mechanism in DLBCL models upon treatment with
xanthene derivatives, still it is important to underline that
these data corroborate former findings and approaches for
using dual inhibitors in cancer treatment for greater
therapeutic effectiveness and therapeutic resistance
escape.l* We assume that the treatment would possibly
result in even greater antitumor effectiveness if applied in
combination with Akt inhibitors. This effect remains to be
evaluated in the future.

Supplementary Information. Supporting information to the
paper is attached to the electronic version of the article at:
https://doi.org/10.5562/cca4007.
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'H and *3C nuclear magnetic resonance (NMR) spectra and elemental analyses of compounds 17 and 18
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