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Small molecule targeting of the p38/Mk2 e

stress signaling pathways to improve cancer
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Abstract

Purpose Although a long-term goal of cancer therapy always has been the development of agents that selectively
destroy cancer cells, more recent trends have been to seek secondary agents that sensitize cancer cells to exist-

ing treatment regimens. In this regard, the present study explored the possibility of using small molecule inhibitors

of p38MAPK/MK?2 stress signaling pathways as potential agents to enhance the sensitivity of cancer cells with abro-
gated G1 checkpoint to the DNA damaging agent etoposide by specifically targeting the DNA damage-induced G2
cell cycle checkpoint.

Methods We have applied CCK8 and FACS-based viability assays and cell cycle analysis to investigate the effect

of small molecules SB203580 and MK2.lIl on the sensitivity of small cell lung cancer cells (SCLC) that lack the G1
checkpoint to the DNA damaging agent Etoposide when used in combination. We have also assessed the effective-
ness of combination chemotherapy on tumor xenograft suppression with etoposide and MK2./Il in immunosup-
pressed mice. In addition, additional CCK8 cell viability analysis of the MDA-MB-231 breast cancer cell line, and SW620,
and SW480 colorectal cancer cell lines was performed.

Results Results suggest that etoposide produces a profound effect on the cell cycle profile of cells in a manner

that is consistent with the degree of cell viability that is seen using the viable cell assay. Results of the co-treatment
experiments revealed that the p38/MK2 kinase inhibitors SB203580 and MK2.lIl both enhanced the DNA-damaging
effects of etoposide on NCI-H69 cell viability in vitro. Results revealed that in vivo MK2.lIl was able to act as a chemo-
sensitizer when used in combination with etoposide making NCI-H69 lung cancer cells sensitive to chemotherapeutic
drug by 45% compared to single usage of the drug. We also report that MK2.Ill sensitizes metastatic cell lines SW-620
and MDA-MB-231 to etoposide but does not increase the sensitivity of non-metastasizing SW-480 colorectal cells

to DNA damaging agent in vitro.

Conclusion Findings reported in this study provide evidence that specific inhibitors of MK2 may indeed improve
overall cancer therapy; however, their effectiveness depends on cell types.
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Introduction

A key goal in cancer therapy is to kill cancer cells with-
out also killing the normal cells in the patient—a concept
known as the therapeutic window. Although a long-term
(and still elusive) “Holy Grail” has been the identification
of agents that by themselves selectively kill cancer cells,
a more recent and nuanced approach has been to seek
secondary agents that selectively sensitize cancer cells
to existing treatment regimens (e.g. chemotherapy with
DNA damaging agents) when used in combination. This
approach seeks to exploit knowledge of the consequences
of the genetic lesions that are common in cancer cells that
lead to altered cell behavior, changes that might, in turn,
be exploited for such a ‘chemosensitization’ approach.

One such approach and the focus of this research cent-
ers on the cell cycle progression. Targeting cell-signaling
pathways and controlling the cell cycle phases and check-
points is a comparatively new direction for the treatment
of cancer which could provide distinctive opportunities
and potential for the improvement of cancer treatment
outcomes. Cell cycle progression has five known phases:
GO (gap 0), G1, G2, and M. In the GO phase cells enter a
quiescent, resting state. Upon stimulation by growth fac-
tors cells enter the G1 phase when the mRNAs and pro-
teins necessary for DNA replication in the S phase are
synthesized. In G2, cells are monitored for the integrity
and immutability of DNA replication and prepare to start
mitosis. In the M phase, the chromosomes and cyto-
plasm are divided into two daughter cells. There are two
important checkpoints at the G1/S and G2/M boundaries
[1], at which times the integrity of cellular components
and DNA synthesis are monitored, and cell cycle arrest
upon DNA damage is regulated by the p53-p21-depend-
ent G1 checkpoint [2], and the Chk1-Cdc25-dependent
G2 checkpoint [3, 4]. In turn, tumor cells are tending
towards the accumulation of the mutations leading to
deterioration in mechanisms of the cell cycle control that
results in an altered capacity to respond to DNA dam-
age, and there are a number of cancer therapy strate-
gies focused on the regulatory proteins controlling cell
cycle, such as aurora kinase signaling, BRCA1/2, wingless
(WNT) signaling, etc. [5, 6].

One of molecules of the great interest is p53. P53 is a
cellular tumor antigen that regulates several molecular
pathways responsible for cell proliferation and apopto-
sis [7]. Mutated p53 is typical for many malignant cells,
making it an attractive target for anti-cancer therapy.
As mentioned, cell cycle arrest upon DNA damage in
the G1 checkpoint is p53-p21-dependent [2], and many
treatment strategies focus on the reactivation of wild-
type functions in the mutated p53 protein [8] or the
inactivation of mutated p53. Therefore, a combination
therapy using two or more chemotherapeutic drugs or
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inhibitors to increase the sensitivity of cancer cells to
cytotoxic anti-cancer agents could be used to treat p53
mutated cancers, and some animal models have revealed
promising outcomes in tumor regression when wild-type
p53 was activated in p53 mutated cancers [9]. Yet, such
combination chemotherapy is ordinarily focused on p53
mutant cancer cells as p53 impairment causes G1 check-
point loss [10] therefore leaving cancer cells to rely on the
G2 checkpoint for DNA repair and survival. This opens
new promises for using inhibitors of G2 checkpoint as
chemosensitizers for p53-deficient malignancies [11-13],
with several checkpoint kinase inhibitors being currently
tested in clinical trials [13].

One of the promising approaches here is targeting
ATR/p38MAPK/MK2 pathway. It has been shown that a
chromatin-quality checkpoint in late G2 involves ATR/
p38MAPK/MK?2 [14-16]. The p38MAPK kinase pathway
is one of the stress-activated protein kinases involved in
apoptotic cell death that acts as key molecules in the
apoptotic onset [17, 18] and is associated with several
human pathologies such as rheumatoid arthritis [19] and
neurodegenerative diseases [20]. The role of p38MAPK
kinase in cancer is being widely studied [21] where it
was shown to act as an antitumorigenic factor [22] and/
or tumor promotor [21]. Downstream of p38MAPK is
the mitogen-activated protein kinase activated protein
kinase 2 (MAPKAPK-2 or MK2), a kinase involved in
inflammatory responses, cell division and differentia-
tion, apoptosis, and cell motility [23]. Furthermore, MK2
is activated after DNA damage [14, 24] resulting in cell
cycle arrest and ultimately cellular senescence. These
characteristics of p38MAPK and MK2 attract much
attention as promising targets for cancer therapy taking
into consideration that apoptosis and DNA repair are
the main mechanisms associated with cell survival dur-
ing DNA damage [25, 26].

Work using transgenic mice has recently demonstrated
that genetic disruption of the p38MAPK /MK2 pathway
specifically sensitizes p53-null mouse cells to DNA-dam-
aging agents [14, 27]. The mechanism of action appears
to be that the p53-null cells in the presence of ablation
of p38MAPK/MK?2 have lost both G1 and G2 DNA dam-
age checkpoint function, and enter mitosis despite the
presence of DNA damage, where they die by "mitotic
catastrophe”. In contrast, the p53 wild-type cells can still
arrest in response to DNA damage even in the absence
of p38MAPK/MK2 pathway function because the
p53-dependent G1 checkpoint remains active. These cells
halt in G1 and do not enter into mitotic catastrophe. This
finding mirrors the data of our collaborators from Car-
diff University [unpub obs] where they have shown that
small molecule inhibitors of p38MAPK can preferentially
sensitize human fibroblasts with abrogated p53 (RNAi
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knock-down) to DNA damaging agents, suggesting a
similar mechanism could also be functional in cancer
cells. In this regard, the present study explored the pos-
sibility of using small molecule inhibitors of p38MAPK/
MK2 stress signaling pathways as potential agents to
enhance the sensitivity of cancer cells with abrogated
G1 checkpoint to the DNA damaging agent etoposide by
specifically targeting the DNA damage-induced G2 cell
cycle checkpoint.

Materials and methods

Cell culture and drug treatment

The bulk of the data has been generated with the SCLC
cell line NCI-H69, with additional data from the colorec-
tal cancer cell lines SW-480 and SW-620, and breast can-
cer cell line MDA-231 which also possess mutated p53
gene. The cells were grown in 12 well plates (Scientific
Laboratory Supplies Limited, UK) in RPMI 1640 (Gibco,
UK) supplemented with 10% FBS (Autogen Bioclear, UK)
and 10,000 U/ml penicillin and 10 mg/ml streptomycin
(Sigma, UK) at 37 °C under 5% CO, and treated with 10,
20, 50, 100 and 150 uM of DNA damaging agent etopo-
side (VP-16) (Sigma, UK) in the presence or absence of
p38MAPK inhibitor SB203580 (Tocris Chemical Co.,
UK) or MK2 inhibitor MK2.III (Merck, UK) in concen-
trations of 0, 0.3125, 0.625, 1.25, 2.5, and 5.0 uM. Etopo-
side, SB203580 and MK2.III were all dissolved in 0.2%
of DMSO before use. Cells treated only with the carrier
molecule DMSO (0.2%) served as a control.

FACS-based cycle analysis and viability assays

Viability analysis was performed by staining with the
cell-permeable, stoichiometric DNA stain DRAQ7 (640
or 633 nm excitation and 670 nm emission; Biostatus
Limited). After 48-h treatment with DNA damaging
agents and/or inhibitors, cells were washed once with
RPMI 1640 and resuspended in 1 ml culture media at a
concentration of less than 5x 10°/ ml. Cells were stained
with 20 uM of DRAQ7 and incubated at 37 °C for 10 min
before FACS Calibur cytometer analysis. Fluorescent sig-
nals were amplified using linear mode. Cell cycle analysis
was performed either by staining DRAQ?7 or Propidium
Iodide (PI). Cells were stained with 20 uM of DRAQ?7 and
incubated at 37 °C for 10 min before analysis on a FAC-
SCalibur cytometer. Propidium lodide (PI, excited with
488 nm laser, collected with 585/52 bandpass filter) was
used in the large-scale experiments. Samples were then
fixed with 70% EtOH following the viability assay and
stored at 4 °C overnight before the experiment. After fix-
ation with 70% EtOH (added drop-wise) for 24 h, samples
were centrifuged into the pellet and then washed twice
with ice-cold PBS. The supernatant was discarded and
pellets were resuspended in 100 pl of RNase A (100 pg/
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ml) and 400 pl of PI (50 mg/ml in PBS). Analysis of flow
cytometry data was performed using FlowJo software.
Untreated, unstained cells were used as a negative con-
trol to determine the location of viable cells on the dot
plots (). Events below a threshold size were interpreted as
cellular debris and were removed from the dataset, leav-
ing a whole cell population. The viable cells in this popu-
lation were then determined via DRAQ7 staining; healthy
cells do not stain positive for the stain DRAQ?7 as their
cellular membrane is still intact, all other cells stain with
DRAQY7 and are thus considered nonviable.

CCK8-based cell viability assays

To assess the effect of MK2.III kinase inhibitor and the
etoposide (VP-16) on the viability of different cancer cell
lines, cells were seeded in 96-well plates in a concentra-
tion of 5000 cells per well. After 12 h, etoposide and 1 uM
MK2.III diluted in culture media were added into the
wells for 24 h. NCI-H69 cells were exposed to a series of
etoposide concentrations from 20 uM to 150 uM. MDA-
MB-231, SW 620, and SW 480 cell lines were incubated
with 150 uM etoposide. After treatment, 10 pL of the
CCK-8 reagent (96992, Sigma) was added to each well for
1 h followed by optical density measurement at 450 nm
using hybrid plate reader Synergy H1.

In vivo experiments

The in vivo set of experiments was performed using the
MK?2 pathway inhibitor MK2.III based on the outcomes
of our previous in vitro studies (higher effectiveness
in lower dosages, see Table 2). All procedures related
to the animal study were performed according to the
protocols approved by the Local Ethics Committee
of National Laboratory Astana (Registration number
IORG 0006963). Animals were kept in normal vivar-
ium conditions with a scheduled day/night cycle, at a
temperature of 22-23 °C, and receiving standard feed
and drinking water ad libitum. All mice had the accli-
mation period of 7 days before use in in vivo experi-
ments. Simple randomization was performed by using
a Microsoft Excel spreadsheet. Mice used in the experi-
ment were monitored and chosen through the inclu-
sion (normal health and behavior, and initial weight
did not exceed +20%), and exclusion criteria (deviation
of health, behavior, and weight). The sample size for
pharmacokinetics analysis and establishing the most
suitable xenograft model was calculated by using the
“resource equation” method (E=Total number of ani-
mals — Total number of groups). The sample size for the
tumor (xenograft) suppression model was found based
on the rule of thumb and literature search. The pro-
cedures related to the animal’s allocation to a specific
experimental group and the injection of substances and



Alimbetov et al. BMC Cancer (2023) 23:895

cells, and the procedures for measuring the volume of
tumors and blood sampling were carried out by differ-
ent employees who acted independently of each other.

Pharmacokinetics and bioavailability of small molecule
(MK2.1ll) using CD-1 mouse line

We investigated the pharmacokinetics (PK) and bioavail-
ability of small molecules (MK2.III) with intraperitoneal
and intravenous injection before studying its tumor sup-
pressor properties in combination with DNA-damaging
agents. For this set of experiments CD-1 mouse line
(male,7 weeks, body weight of 23-25 g, n=198, Charles
River) was used with a one-time intraperitoneal injec-
tion (IP) of 2, 10, and 50 mg/kg doses of the MK2.III or
2 mg/kg intravenous injection (IV) of the same drug. The
small molecule was prepared using PBS containing 10%
DMSO. MK2.1II was isolated from mouse serum using
protein settling method with acetonitrile and drug con-
centrations were detected using HPLC — MS/MS.

Blood samples were obtained from the retro-orbital
sinus (at 5, 10, 20, 30, 60, 120, 240, 480, and 14,140 min
for IV groups; at 5, 15, 30,60, 120, 240, 480, and
14,140 min for IP groups, respectively) in polypropylene
tubes containing 20 pl of 5% EDTA. Blood plasma was
separated by centrifugation at 1500 g for 10 min and was
stored at -80 °C until analysis. Data were obtained from
six animals per time.

An Agilent 1260 Infinity system, a hybrid triple-quad-
rupole mass spectrometer, and QTRAP 5500 electro-
spray ionization were used for determining the MK2.
III concentration in blood plasma. Separations were
achieved using a YMC Triart C18 50%2,1 mm, 1,9 pm
column. The mobile phase consisted of A (0.1% aqueous
formic acid) and B (0.1% formic acid in acetonitrile). The
gradient elution t=0, A:B 95:5; t=2 min A:B 5:95; t=2.1
A:B 5:95; t=2.2 A:B 95:5; t=2.8 A:B 95:5; flow rate was
0.5 mL min—1; Retention time—2.8 min. The injection
volume was 2 pL. The temperature of the column was set
at 40 °C. Tolbutamide was selected as an internal stand-
ard. Thawed plasma (45 pL) was transferred to a micro-
tube (1.1 mL volume), treated with a standard solution (5
uL) of the analytes in acetonitrile: water (1:1), stirred on a
vortex mixer for 10 s, treated with tolbutamide solution
(200 ng/ml), stirred again on the vortex mixer for 10 s,
and then proteins were precipitated in the cold at+4 °C
for 15 min, centrifuged for 10 min at 1500 g. The super-
natant (150 pl) was transferred to a clean 96-well plate for
HPLC-MS/MS analysis. Samples were stored at a tem-
perature not exceeding -70 °C until analysis. The calcu-
lation of pharmacokinetic parameters was performed by
using Phoenix® WinNonlin® software, version 6.3 (Phar-
sight Corp., Cary, NC, USA).
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A pilot analysis of the most suitable xenograft models

with two mouse lines, BALB/c Nude, and SCID

To establish the most suitable xenograft model for the
main experiment we used two mouse lines — BALB/c
Nude and SCID (both female, 6 weeks, n=20, Charles
River). Both mouse lines were injected with NCI-H69
cancer cells (xenograft). Before injection, cells were
grown at 37 °C in RPMI-1640 medium containing 10%
FBS and pen/strep. Cells were mixed with Matrigel (1:1)
and depending on the group 5x 10° or 10 x 10° cells were
injected into a mouse subcutaneously along the spine
to the level of the left scapula. Mice were divided into 4
groups: (1) 5x1076 NCI-H69 SCID (n=5); (2) 5x10"6
NCI-H69 Nude (n=5); (3) 10x10%6 NCI-H69 SCID
(n=5); and (4) 10x107"6 NCI-H69 Nude (#=5). The
combination therapy consisted of etoposide and MK2.III
and involved two phases: on the preparatory phase, NCI-
H69 cells were grown in vitro until the necessary popu-
lation of cells (5x10° was achieved for injection in the
main phase.

Results shown in Supplement Fig. 1 demonstrated that
overall NCI-H69 cells formed tumors in both mouse
lines which grew exponentially with time. Although both
mouse lines have shown progressive tumor growth, high
concentrations of injected cells (10 x 10° cells) resulted in
accelerated growth 14 days after injection. The stable and
progressive growth seen in the SCID mouse line injected
with 5x 10° cells compared to BALB/c Nude mouse using
the same concentration of injected cells makes the SCID
mouse line more suitable for the animal model and fur-
ther xenograft experiments.

Final xenograft experiments using combination

chemotherapy in immunosuppressed SCID mice

The main experiment (injection of the drugs) took place
after the tumor growth was established. The tumor
growth in mice following the injection of cells was
monitored twice a week and upon reaching the volume
of ~100 mm?, animals were randomized into 5 groups
(12 female SCID mice in each group). The drug treatment
was performed as follows: the first group was a control
and received a placebo in the form of PBS (tumor vol-
ume 95+38 mm?); the second group received 12 mg/
kg of Etoposide (tumor volume 101+ 51 mm?); the third
group was injected with 4 mg/kg of MK2.III (tumor vol-
ume 105 + 44 mm?>); fourth and fifth groups were injected
with 12 mg/kg of Etoposide and 4 mg/kg or 2 mg/kg of
MK2.III (tumor volumes 112+57 and 107+49 mm?®
respectively). Drugs were injected intraperitoneally daily.
Etoposide was injected 3 days after the randomization
into groups and MK2.III was administered for 28 days.
Tumor growth/suppression was measured using calipers
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every 3—4 days for the duration of the 28-day treatment
and the tumor volume was calculated as follows:

V =L x W2/2, where L is length, W is tumor width volume, (1)

Antitumor properties of drugs in the test group were
determined based on the slowing of the tumor growth or
tumor volume compared with the control group receiv-
ing PBS. Animal welfare was monitored throughout the
study period to ensure that animals in distress were euth-
anized by carbon dioxide asphyxiation. All the animals
were also euthanized by carbon dioxide asphyxiation fol-
lowing the completion of the study.

Statistical analysis

Descriptive statistics were used to summarize the tumor
size and data reported as medians and 25th and 75th
quartiles. Wilcoxon sum rank test was used to investi-
gate the effects of the treatments on tumor growth. Val-
ues were considered significantly different at the p <0.05
level. Statistical analyses were performed on the Sigma-
Plot 11.0 software.

Results

Cell viability of NCI—H®69 cells treated with etoposide,
MK2.1ll and SB203580

Initially, we assessed the response of NCI-H69 SCLC
cells to etoposide, p38MAPK inhibitor SB203580, and
MK2 inhibitor MK2.III to check on the reproducibility
and to establish the optimal concentration of p38MAPK
and MK2 inhibitors to use. The concentrations used were
0.312, 0.625, 1.25, 2.5, and 5.0 uM for SB203580 and
MK2.III and 10, 20, 50, 100, 150 pM for etoposide. The
results are shown in Table 1.

Our data demonstrated that control NCI-H69 cells
(treated only with the carrier molecule DMSO) showed a
good cell viability score of 88.5%. Treatment of NCI-H69
cells using etoposide resulted in decreased cell viability
with increasing etoposide dose. These decreases in cell
viability are moderate to high; however, this should be a
suitable range for the assessment of any synergy between
etoposide and kinase inhibitors.

In the presence of MK2.III we observed a cell viabil-
ity ranging from 87.4% at the lowest dose to 83.5% at
the highest dose of MK2.III, suggesting that MK2.III
by itself has little effect on NCI-H69 cell viability com-
pared to DMSO treatment alone, except for a small effect
at the highest MK2.III dose. Using increasing doses of
SB203580 gave a cell viability score ranging from 89% to
85.1% compared to 88.5% in the DMSO control, showing
that SB203580 treatment has little effect on the viability
of NCI-H69 cells compared to DMSO. Our preliminary
experimental data on drug titrations (not shown) allowed
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Table 1 NCI-H69 cell viability dose response

Agent Dose in uM Viable cells (%)
DMSO (0.2%) 885
VP-16 (Etoposide) 10 75.7
20 76.8
50 65.2
100 613
150 554
MK2.IlI 0.321 874
0.626 90.2
1.25 87.3
25 884
5.0 83.5
SB203580 0.321 89
0626 89.8
1.25 89
25 894
5.0 85.1

Table 2 Effect of kinase inhibitors combined with etoposide on
NCI-H69 cell viability

VP-16 (dose in

Viable cells (%)

uM)

VP-16 VP-16 + MK2.1lI VP-

(1.0 pM) 16+ SB203580
(2.5 pM)

0 74.6 66.1 75.7
20 573 22.3 453
50 46.4 24.8 309
100 454 24.1 313
150 375 23 274

us to use 2.5 pM SB203580 and 1.0 pM MK2.III in fur-
ther experiments.

Thus, NCI-H69 cells were treated with etoposide at
doses from 0 uM to 150 uM combined with SB203580 at
2.5 uM, or MK2.1II at 1.0 pM respectively and subjected
to FACS analysis for viability. The results are presented
in Supplement Figs. 2—4 and tabulated in Table 2. Using
etoposide alone resulted in cell viability in control sam-
ples ranging from 57.3% at the dose of 20 uM to 37.5%
at the highest dose Table 2, Supplement Fig. 2). Although
the effects of etoposide and p38MAPK/MK?2 inhibitors
on NCI-H69 cell viability in this set of the experiments
are larger than seen in Table 1, they are within the vari-
ability seen in repeated experiments (data not shown).

SB203580 alone at 2.5 pM did not affect NCI-H69
cell viability compared to the DMSO control. However,
SB203580 showed a moderate effect on cell viability when
used in combination with etoposide (in concentrations
ranging from 20 to 150 uM) compared to etoposide alone
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(Table 2, Supplement Fig. 3). These data suggest a moder-
ate degree of synergy between these agents. In turn, the
effect of 1.0 pM MK2.1II on NCI-H69 cells was moder-
ate, decreasing cell viability from 74.6% to 66.1% (Table 2,
Supplement Fig. 3). However, the combined effects of
MK2.III at 1.0 uM and etoposide were large, with the via-
bility decreasing to 22—-25% even at low etoposide doses
(Table 2, Supplement Fig. 4). This suggests a substantial
synergy between these agents.

In agreement with the FACS-based cell viability assay,
CCKS8 analysis has revealed similar dynamics demon-
strating a significant decrease in the survival rate of
NCI-H69 cells treated with etoposide in concentrations
ranging from 20 to 150 uM and 1 pM of MK2.III com-
pared to the cells incubated with etoposide alone (Fig. 1).
As can be seen from the figure etoposide reduced cell
viability in a dose-dependent manner. The percentage of
surviving cells varies in a range from 72 to 36% in dos-
ages from 20 pM to 150 pM. Simultaneous treatment of
etoposide with MK2.III leads to viability decreasing in
all doses when compared to cells treated with Etoposide
alone.

Cell cycle profile of NCI-H69 cells treated with etoposide,
MK2.1Il and SB203580

Treatment of NCI-H69 cells with DMSO results in a
normal cell cycle DNA profile with a large G1 and small
G2 peaks (Fig. 2A). Treatment with etoposide (Fig. 2A)
shows a pronounced reduction in the size of the G1 peak
with increasing etoposide dose, indicative of a G2 cell
cycle arrest. The G2 peak shifts predominantly to the
right with an increasing dose of DNA damaging agent.
Treatment of NCI-H69 cells with the MK2.III shows
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little effect on the cell cycle profile (Fig. 2B, D) show-
ing no obvious G1 or G2 cell arrest. A similar effect on
the cell cycle profile was seen in NCI-H69 cells with
SB203580 (Fig. 2C, E). At the same time, cell cycle analy-
sis of etoposide-treated cells in combination with either
MK2.11I (Fig. 3A) or SB203580 (Fig. 3B) show a G1 peak
but a very small, if not absent G2 peak, suggestive of a
G1 arrest in these cells compared to the single treatment
profiles (Fig. 3).

Pharmacokinetics and bioavailability of small molecule
(MK2.111) with intraperitoneal and intravenous injection

To further test our hypothesis, we have assessed the anti-
tumor properties of MK2.III targeting the G2 phase of
the cell cycle when used in combination with etoposide in
immunosuppressed mice. We have chosen to use MK2.1I1
for the in vivo work rather than SB203580 as the former
is more effective at reducing cell viability in combination
with etoposide based upon the in vitro experiments (see
Table 2). The cell line NCL-H69 of human small-cell lung
carcinoma was chosen for in vivo experiments because
it has a mutation in the P53 gene (p.E171*), a moderate
sensitivity to etoposide [28], and is widely used for stud-
ies of chemoresistance of cancer [29-31].

We investigated the pharmacokinetics and bioavail-
ability of small molecules (MK2.III) with intraperitoneal
and intravenous injection before studying its tumor sup-
pressor properties in combination with DNA-damag-
ing agents. The results of the one-time intraperitoneal
injection with three doses of the small molecules shown
in Table 3 revealed that 2 mg/kg administration of the
drug through intraperitoneal injection showed moderate
absorbance of the small molecule in the serum of mice

1,4

1,2

1,0

0,8

0,6

% Survival

04 -

0,2 4

—e— VP-16
—o— VP-16 + MK2.lll

0,0 T T
0 20

50 100 150

Fig. 1 CCK8 cell viability assay of NCI-H69 cells treated with etoposide in concentrations ranging from 0 to 150 uM and 1 uM of MK2.III. «
-p<0.001,+-p<001,+-p<0.05 compared to the group treated with etoposide only. Data are presented from three independent sets

of experiments
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with Tmax of 2 h and Cmax of 2.15 ng/ml while higher ~ while T % for 10 mg/kg and 50 mg/kg doses were 14.4
concentrations of the drug resulted in a higher yield of and 28.3 h respectively. Median serum concentrations
the drug within 30 min after injection showing Cmax and pharmacokinetic curve for MK2.III after 2 mg/kg
around 40 ng/ml. T % for 2 mg/kg dose was not detected  intravenous injection is demonstrated in Supplement
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Table 3 Pharmacokinetics parameters of MK2.Ill inhibitor in mice serum with 2, 10 and 50 mg/kg intraperitoneal injection

Parameters Units Dose
2mg/kg, n=48 10 mg/kg n=48 50 mg/kg, n=48

Kel 1/hr n/d* 0,05 0,02
T1/2 hr n/d 14,4 283
Tmax hr 2 0,5 0,5
Cmax ng/ml 2,15 38,3 424
AUClast hr*ng/ml 1,99 130 227
AUCinf hr*ng/ml n/d 203 548
Vz/F I/kg n/d 1027 3718
Cl/F ml/min/kg n/d 821 1520
MRTlast hr 1,28 8,59 10,3
MRTinf hr n/d 21,7 42,3

" - non detectable

Fig. 5. As can be seen from the figure, the highest con-
centration of the drug in serum at the time of the injec-
tion was 11 ng/ml which decreased up to 2.15 ng/ml
in the one-hour interval. Serum concentrations of the
drug then gradually decreased within 2 and 4 h respec-
tively. This shows the pharmacokinetics of the small mol-
ecule—MK2.I1I does not represent linearity in the range
of 2-50 mg/kg dose. The absolute bioavailability of the
MK2.I1I is illustrated in Supplement Table 1. Due to the
nonlinear nature of the MK2.III pharmacokinetics the
absolute bioavailability (F,.,, %), and median absorbance
time of the drug reflected in diverse values.

Effectiveness of combination therapy on tumor

(xenograft) suppression with etoposide and MK2.lII

in immunosuppressed mice

Based on pharmacokinetics, median serum concentra-
tions, and absolute bioavailability of the MK2.III after
intraperitoneal injection, as well as previously published

Table 4 Tumor volume in SCID mouse line

data [32], for further in vivo experiments we have chosen
2 mg/kg and 4 mg/kg of MK2.III. The results of the com-
bination therapy performed with etoposide (VP-16) and
MK2.III is shown in Table 4. Results of the in vivo study
revealed that there was no significant difference between
the control, single etoposide, or MK2.III administration
or etoposide+MK2.III (2 mg/kg) groups on tumor size
at any checkpoint (data not presented). We have also
observed no differences in tumor growth dynamics in
etoposide + MK2.III group (4 mg/kg) up to seven days
(data not presented). However, combination therapy with
etoposide+MK2.III (4 mg/kg) resulted in a significant
reduction in tumor volume on the 11" and 18™ days of
the treatment compared to the control group. Moreover,
on the 18" day of the experiment, a significant reduction
in tumor growth took place in etoposide + MK2.1II group
compared to single etoposide treatment. Representa-
tive images of tumor size in immunosuppressed SCID
mice treated with etoposide and MK2.III on the 18th day

Tumor Volume (mm3)

Days upon treatment
median (25" and 75" quartile)

Control VP-16 (12 mg/kg), MK2.111 (4 mg/kg), VP-16 + MK2.lII
n=12 n=12 n=12 n=12
-1 85 (66.5;113) 93.5 (66;125) 106 (72:132) 103 (76;132)
1 677(408;769)" 556(360;839) 516 (401;703) 447 (341;584)
18 956 (874;1175)" 1219(995;1387)"" 843 (712;1197) 673 (619;822)

" p=0.05186 (control vs V-16 + MK2.ll at day 11)
" p=0.01004 (control vs V-16 + MK2.Il at day 18)
" p=0.006812 (V-16 vs V-16 + MK2.Il at day 18)
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Fig. 4 Representative images of tumor size in immunosuppressed

SCID mice treated with etoposide and MK2.lIl on the 18th day
after treatment: I—control; II—12 mg/kg of Etoposide; lll—4 mg/kg
of MK2.III; IV—12 mg/kg of Etoposide and 4 mg/kg of MK2.III
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after treatment is shown in Fig. 4. Although we have not
observed any differences in tumor size after the 25" day
of the experiment, this finding is still a proof of concept
of our initial hypothesis that outlines the role of the MK2
signaling pathway in combination therapy during cancer
treatment. Furthermore, this indicates that an inhibitor
of the MK2 pathway, small molecule—MK2.III can act as
a chemosensitizer when used in combination with DNA-
damaging agents, particularly etoposide, making NCI-
H69 lung cancer cells sensitive to chemotherapeutic drug
for up to ~45% compared to single usage of the drug.

CCK8 cell viability assay of MDA-MB-231, SW620

and SW480 cancer cell lines

To further confirm the synergy effects of etoposide and
MK2.III on p53 mutant cancer cells, additional CCK8
cell viability analysis of MDA-MB-231 breast cancer cell
line, and SW620, and SW480 colorectal cancer cell lines
was performed (Fig. 5). The assay has shown that MK2.
III alone does not affect the viability of MDA-MB-231
and SW480 cells while decreasing the viability of SW620
by 30%. The viability of the SW620 and SW480 cells

A MDA-MB-231
14
12 T
— ol I
(g *%
E 08 [ X)
T
°\° 04
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0,0 T T T T
> X ©
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> N\ © S > N © N
& AN N N & S N A
& \ Q o & v Q &
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N

Fig. 5 CCK8 cell viability assay of MDA-MB-231 (A), SW620 (B), and SW480 (C) cancer cell lines treated with 150 uM Etoposide and 1 uM of MK2.III.
***-p<0.001,**-p<0.01,*- p<0.05 compared to the control; - - p<0.01, - - p<0.05 compared to the group treated only with etoposide. Data are
presented from three independent sets of experiments
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incubated with etoposide alone decreased by 50% and
65% respectively, and yet, etoposide alone did not affect
the viability of MDA-MB-231 cells. However, MDA-
MB-231 as well as SW620 cells treated with etoposide
and MK2.III showed diminished viability compared to
the cells that were incubated with sole etoposide (by 27%
and 31%, respectively). Nonetheless, MK2.III. did not
increase sensitivity to etoposide of SW480 cells.

Discussion

In the current study, we have investigated the ability of
p38MAPK/MK?2 inhibitors to enhance the sensitivity of
cancer cells lacking G1 checkpoint (NCI-H69 lung can-
cer cells) to DNA-damaging anticancer drug etoposide.
Results of the co-treatment experiments have dem-
onstrated that the p38MAPK/MK2 kinase inhibitors
SB203580 and MK2.I1I both enhanced the DNA-damag-
ing effects of etoposide on NCI-H69 cell viability in vitro.
In vivo, results revealed that MK2.III was able to act as a
chemosensitizer when used in combination with etopo-
side making NCI-H69 lung cancer cells more sensitive to
the chemotherapeutic drug. We have also analyzed the
cell cycle profile of NCI-H69 cells treated with etopo-
side, MK2.IIT and SB203580. Our data suggest SCLC cells
arrest in the G1 phase of the cell cycle compared to the
single treatment profiles.

Some cancer cells have abrogated G1 checkpoints
depending on their p53 status, the tumor suppressor
molecule involved in the regulation of cellular senes-
cence possibly as a response mechanism to DNA damage
[10]. However, those cancer cells still have activated G2
checkpoint, a chromatin-quality checkpoint in late G2
involving ATR/p38MAPK/MK?2 [14-16, 24]. Genetic dis-
ruption of the p38MAPK/MK2 pathway can specifically
sensitize p53-null mouse cells to DNA-damaging agents
[27, 33]. The cancer cells that lack p53 with abrogated
p38MAPK/MK2 pathways are unable to go through G1
and G2 DNA damage checkpoints and will enter mito-
sis with damaged DNA where they undergo apoptosis by
“mitotic catastrophe” Nevertheless, p53 wild-type cells
are still able to arrest in response to DNA damage as
the p53-dependent G1 checkpoint in those cells remain
intact making such cells halt in G1 and avoid mitotic
catastrophe. This is a novel approach to therapy in cancer
treatment as the inhibitors of p38MAPK and MK2 inhib-
itors selectively target cells depending on their p53-null
status thus leaving healthy cells intact.

Several p38MAPK and MK2 pathway inhibitors have
previously shown the ability to enhance the effectiveness
of chemotherapeutic agents when used in combination.
Some studies have shown that SB203580 inhibited the
activity of p38MAPK in gastric cancer cells (BGC823)
consequently improving the sensitivity of BGC823
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cells to doxorubicin and induced cell death [34]. Fur-
thermore, co-treatment with SB202190 and irinotecan
improved the sensitivity of chemoresistant colorectal
cancer cells to chemotherapy [35], and a p38aMAPK-
selective inhibitor SCIO-469 reduced tumor growth in
multiple myeloma xenograft tumors by enhancing the
effect of bortezomib [23]. An inhibitor of p38MAPK
BIRB796 inhibited proliferation and invasion in U87 and
U251glioblastoma cells in vitro [36] and enhanced the
antitumor effects of chemotherapeutic agents in cervi-
cal cancer [37] and human oral epidermoid carcinoma
cell line [38] both vitro and in vivo. However, several
attempts to use the p38MAPK pathway as a therapeu-
tic target for cancer treatment failed due to side effects
on the heart, liver, and nervous system associated with
p38MAPK inhibitor toxicities [39].

Compared to p38MAPK the MK2 pathway has been
less studied, however, some data suggest that MK2
knockdown reduces in vivo growth of multiple myeloma
in mouse models with MK2 overexpression leading to
bortezomib and doxorubicin chemoresistance by reduc-
ing apoptosis [40]. In addition, a combination of MK2
inhibitor IV with bortezomib, doxorubicin, or dexameth-
asone suppressed the proliferation of multiple myeloma
cells and improved survival in mouse models [41]. In
31lour study, we have utilized the small molecule MK2
inhibitor III (MK2.III). MK2.III belongs to a relatively
novel class of MK2 inhibitors with potent cellular activ-
ity based on the pyrrolo-pyrimidone core structure [42,
43]. MK2.III is an ATP-competitive inhibitor of MK2
with a high degree of selectivity [42, 43], however, limited
information is available regarding its chemo-sensitizing
effects. Besides, the pharmacokinetics of MK2.III has not
been previously reported yet. Therefore, we have investi-
gated the combined effects of etoposide and MK2.11I on
p53 mutated cancer cells in vitro and in vivo as well as
pharmacokinetics and bioavailability of MK2.1II injected
intraperitoneally and intravenously.

It has been reported that the effect of MK2.III on the
sensitivity of cancer cells to chemotherapy depends on
the chemotherapy drug. For example, inhibition of MK2
by MK2.III was shown to sensitize p53 mutated pancre-
atic cancer cells (Pancl and MIA PaCa-2) and osteosar-
coma (U20S) to cisplatin [44], and, in contrast, protect
cancer cells from gemcitabine [44—46]. In our study, we
utilized the SCLC cell line NCI-H69. According to pub-
lished data, small cell lung cancer (SCLC) is the most
malignant among the various types of lung cancer, char-
acterized by the emergence of drug resistance, which is
still a serious clinical problem [29]. Standard first-line
therapy for metastatic SCLC involves treatment with the
topoisomerase II inhibitor II etoposide [47], however,
many cases of etoposide-resistant lung cancer have been
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identified in recent years [28]. We have chosen the NCL-
H69 cell line of human small-cell lung carcinoma due to
its mutated status in the P53 gene (p.E171*) and moder-
ate sensitivity to etoposide [28]. In our study, the com-
bined effects of MK2.III at 1.0 uM and etoposide are large
compared to SB203580, with the viability decreasing to
22-25% even at low etoposide doses.

We have also performed additional experiments using
colorectal cancer cell lines SW480 and SW620, and
breast cancer cell line MDA-MB-231. MDA-MB-231 is
a human breast cancer cell line derived from the meta-
static breast adenocarcinoma of a 51-year-old Caucasian
woman. The cells of this line are p53 mutant, metastatic,
and very invasive [48, 49]. SW-480 and SW-620 colo-
rectal cancer cells were isolated from primary colon
adenocarcinoma (SW-480) and lymph node metastasis
(SW-620) of the same patient [50, 51]. However, despite
the similar origin and p53-null status, the cells of these
two lines respond distinctly to cellular stress: SW480
line demonstrates a normal DNA repair phenotype [51].
In our experiments, we observed that MK2.III sensi-
tized metastatic cell lines SW-620 and MDA-MB-231 to
etoposide, whereas, MK2.III exposure did not increase
the sensitivity of non-metastasizing SW-480 colorectal
cells to anti-cancer drug.

In vivo, combination chemotherapy of etoposide
and MK2.III at a dose of 4 mg/kg on tumor xenografts
in immunosuppressed mice resulted in up to a 45%
decrease in tumor growth compared to single usage of
the drug after 18 days of treatment. Although we have
not observed any differences in tumor sizes among treat-
ment groups starting from the 25" day of the experiment,
this might be attributed to the limitations of our research
design, since only one treatment regimen (3 daily injec-
tions of etoposide and 28 daily injections of MK2.1II) and
only two MK2.III doses were tested. Furthermore, during
treatment mice may increase their ability to excrete MK2.
III with time. This may indicate that MK2.III is effective
at the early stages of treatment once reaches serum, how-
ever, naturally gets reduced due to decreased serum lev-
els, and repeated dosing is needed. In fact, MK2.III is an
ATP competitive inhibitor and an increased level of intra-
cellular ATP may also reduce its effectiveness [52]. One
possible factor contributing to the increased ATP levels
could be the rise in extracellular ATP (eATP) concentra-
tion triggered by cell death [53]. Consequently, cancer
cells have the capability to internalize eATP, leading to a
significant increase in intracellular ATP levels, which, in
turn, promotes cell proliferation and drug resistance [54].
Therefore, the concentration of MK2.III must be con-
trolled due to non-linear pharmacokinetics and its pos-
sible competition with ATP and more studies are needed
to address this issue.
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As mentioned, the pharmacokinetics of MK2.III have
not been previously reported and only limited infor-
mation is available regarding pharmacological profile
of MK2.III analogs [43, 55]. As an example, nonlinear
pharmacokinetics have been described following oral
administration of the pyrrolo-pyrimidones inhibitor
MK2 (Compound 1) in rats [55]. In our study, we have
found nonlinear PH of MK2.III as well. Besides, we have
shown that the pharmacokinetic profile of MK2.III with
peritoneal administration was improved compared to
oral administration. We suggest that the nonlinearity of
the pharmacokinetics of MK2.1II is attributed to its phys-
icochemical properties, in particular, the poor solubility
of the inhibitor [52]. In addition, one of the reasons for
non-linear FC may be the slow penetration of the drug
through the serous surfaces with the administration of
elevated concentrations of the inhibitor. On the other
hand, despite poor solubility and low bioavailability, pyr-
rolo-pyrimidones inhibitors are weakly bound to blood
and culture medium proteins, which in turn can allow
high blood (or plasma) concentrations of the free drug to
be achieved [43].

Conclusions

In conclusion, our data suggest that inhibiting the activ-
ity of MK2 signaling pathways in the G2 phase of the cell
cycle using small molecules are attractive targets for fur-
ther research in chemoresistance. This approach may not
be unique to SCLC cells but can also be explored in other
cell lines of various cancers. Hence, it may open future
perspectives on studying the role of the MK2 pathway
and its inhibitors in combination therapy during can-
cer treatment. This data is undoubtedly a key finding in
improving the effectiveness of the chemotherapy, which
uses the strategy to lower the doses of the DNA damag-
ing agents with the help of small molecules (inhibitors of
the MK2 pathway). Findings reported in this study pro-
vide evidence that specific inhibitors of MK2 may indeed
improve overall cancer therapy; however, their effective-
ness depends on cell types. As cancer treatment moves
towards a more personalized medical approach, proper
diagnosis paired with targeted and informed approaches
to treating specific types of cancer with in-depth knowl-
edge of chemoresistance may prove to be a useful strategy
for overcoming drug treatment failures that ultimately
lead to recurrence and death.
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Additional file 1: Supplement Figure 1. Tumor growth in BALB/c Nude
and SCID immunosuppressed mouse lines (n= 48). Data is presented as
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M +/- SEM. Supplement Figure 2. FACS analysis of the dose response on
H69 cells with Etoposide (data in Table 2). Cell viability is demonstrated by
Draq7 positive staining. Supplement Figure 3. FACS analysis of the dose
response on H69 cells with Etoposide in the presence of SB203580 at 2.5
UM (data in Table 2). Cell viability is demonstrated by Draq7 positive stain-
ing. Supplement Figure 4. FACS analysis of the dose response on H69
cells with Etoposide in the presence of MK2.Ill at 1.0uM (data in Table 2).
Cell viability is demonstrated by Draq7 positive staining. Supplement
Figure 5. Average serum concentrations of MK2.ll inhibitor in mice with
2 mg/kg intravenous administration. Supplement Table 1. Absolute bio-
availability (F,p, %) and median absorbance time (MAT) of MK2.IIl inhibitor
in mice serum with 2, 10 and 50 mg/kg intraperitoneal injection.
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