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Pancreatic carcinoma is the major
clinical entity where the nucleo-
side analog gemcitabine is used for
first-line therapy. Overcoming cellular
resistance toward gemcitabine remains
a major challenge in this context. This
raises the need to identify factors that
determine gemcitabine sensitivity in
pancreatic carcinoma cells. We previ-
ously found the MAPK-activated protein
kinase 2 (MK2), part of the p38/MK2
stress response pathway, to be required
for DNA replication fork stalling when
osteosarcoma-derived cells were treated
with gemcitabine. As a consequence,
inhibition or depletion of MK2 protects
these cells from gemcitabine-induced
death (Képper, et al. Proc Natl Acad
Sci USA 2013; 110:16856-61). Here,
we addressed whether MK2 also deter-
mines the sensitivity of pancreatic cancer
cells toward gemcitabine. We found that
MK?2 inhibition reduced the intensity of
the DNA damage response and enhanced
survival of the pancreatic cancer cell
lines BxPC-3, MIA PaCa-2, and Panc-1,
which display a moderate to strong sen-
sitivity to gemcitabine. In contrast, MK2
inhibition only weakly attenuated the
DNA damage response intensity and
did not enhance long-term survival in
the gemcitabine-resistant cell line PaTu
8902. Importantly, in BxPC-3 and MIA
PaCa-2 cells, inhibition of MK2 also
rescued increased H2AX phosphoryla-
tion caused by inhibition of the check-
point kinase Chkl in the presence of
gemcitabine. These results indicate that
MK?2 mediates gemcitabine efficacy in
pancreatic cancer cells that respond to
the drug, suggesting that the p38/MK2
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pathway represents a determinant of the
efficacy by that gemcitabine counteracts
pancreatic cancer.

Introduction

Among the common cancers, pancre-
atic cancer is the most deadly; patients
diagnosed with pancreatic carcinoma
have an average 5-year survival rate below
5%.! For the first-line treatment of pan-
creatic adenocarcinomas, the nucleoside
analog gemcitabine is commonly used as
a monotherapy.>? Although gemcitabine
significantly improves disease-free sur-
vival when used in adjuvant therapy* and
extends survival in palliative therapy,’
the clinical benefit is modest. Moreover,
tumors frequently prove resistant against
gemcitabine, while cellular resistance
mechanisms are poorly understood.®
Thus, it is of great interest to identify fac-
tors that determine the gemcitabine sen-
sitivity of pancreatic tumors. Such factors
might then be targeted pharmacologically
to increase treatment efficacy. This is in
accordance with a general strategy in can-
cer treatment, i.e., to combine signaling
inhibitors with drugs that target broadly
active cellular machineries, e.g., for DNA
replication.” For instance the checkpoint
kinase Chk1 governs the cellular response
to gemcitabine, and its knockdown or
inhibition strongly sensitizes pancreatic
cancer cells toward the drug.®*°

We recently characterized the MAP
kinase-activated protein kinase 2 (MK2)
as a major mediator of the response to
gemcitabine in the osteosarcoma-derived
cell line U20S." MK2 was originally

identified in stress response signaling
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downstream of the MAP kinase p38 and
recently reported to regulate G, arrest,
as well.” We found that the deple-
tion or inhibition of MK2 decreased the
gemcitabine-induced phosphorylation of
the histone variant 2AX (the phosphory-
lated form is called YH2AX), a hallmark
of the DNA damage response (DDR).
MK?2 inhibition also promoted cell pro-
liferation in the presence of gemcitabine.
Furthermore, the impairment of DNA
replication by gemcitabine was rescued
by MK2 inhibition, and this rescue was
dependent on translesion synthesis (TLS)
polymerases. Importantly, depletion or
inhibition of MK2 also counteracted the
cytotoxic effects of Chkl inhibition or
depletion.™

Here, we investigated whether MK2
also determines the cellular response to
gemcitabine in cells derived from pan-
creatic adenocarcinomas. Indeed, we
found that inhibition of MK2 reduced
gemcitabine-induced H2AX phosphory-
lation and improved proliferation in the
presence of gemcitabine in pancreatic
cancer-derived cell lines that respond to
the drug. MK2 inhibition also rescued
the increased H2AX phosphorylation that
resulted from Chkl inhibition in these
cells. These findings demonstrate that

MK2 is a determinant of gemcitabine sen-
sitivity and replicative stress in pancreatic
cancer cells.

Results

To investigate whether MK2 also mod-
ulates the gemcitabine-induced DDR in
pancreatic cancer cells, we selected 4 cell
lines derived from pancreatic adenocarci-
nomas with reportedly different sensitivi-

1516 These were

ties toward gemcitabine.
treated with gemcitabine in the presence
or absence of a pharmacological MK2
inhibitor III" (subsequently referred to
as “MK2 inhibitor”), and H2AX phos-
phorylation as a read-out for the DDR
intensity was detected by immunoblot
analysis (Fig. 1A-D). The final inhibi-
tor concentration was chosen accord-
ing to previous studies to efficiently
block MK2 target phosphorylation.”” In
BxPC-3, MIA PaCa-2, and Panc-1 cells,
H2AX phosphorylation was induced by
gemcitabine, whereas inhibition of MK2
reduced this effect. In contrast, YH2AX
levels in gemcitabine-resistant PaTu 8902

cells'®

only slightly increased upon gem-
citabine treatment (from a relatively high
baseline level), and little if any impact of

MK2 inhibition was evident. Panc-1 cells

EXTRA VIEWS

depleted of MK2 by siRNA-mediated
knockdown also displayed lower yH2AX
levels after gemcitabine treatment than
control-transfected cells (Fig. 1E), as
revealed by quantitative immunofluores-
cence analysis, and in line with the effect
of MK2 inhibitor. Corresponding rep-
resentative original images are shown in
Figure S1. Thus, MK2 activity is required
for gemcitabine-induced H2AX phos-
phorylation in the gemcitabine-responsive
pancreatic cancer cell lines tested, whereas
it does not change H2AX phosphoryla-
tion in the gemcitabine-insensitive PaTu
8902 cells.

Next, we addressed the question
whether MK2 mediates the impact of
gemcitabine on cell viability, as it does
in the osteosarcoma-derived cell line
U20S." Indeed, we found that, while
treatment with gemcitabine alone strongly
reduced the proliferation of BxPC-3, MIA
PaCa-2, and Panc-1 cells, simultaneous
inhibition of MK2 completely reversed
this effect (Fig. 2A-C). Proliferation of
PaTu 8902 cells was hardly affected by
gemcitabine, in line with the reported
insensitivity of the cells toward the drug
(Fig. 2D). Interestingly, MK2 inhibition
slightly increased proliferation regard-
less of gemcitabine treatment in these
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Figure 1. Effect of MK2 inhibition and depletion on gemcitabine-induced H2AX phosphorylation in pancreatic cancer cell lines. BxPC-3 (A), MIA
PaCa-2 (B), Panc-1 (C), and PaTu 8902 cells (D) were treated with 100 nM gemcitabine and MK2 inhibitor or DMSO for 24 h. H2AX phosphorylation was
analyzed by immunoblot. (E) Panc-1 cells were depleted of MK2 by siRNA-mediated knockdown. Forty-eight hours later, the cells were treated with 300
nM gemcitabine for 22 h or left untreated. The cells were fixed and stained for immunofluorescence analysis, and yH2AX fluorescence intensity was
quantified. Mean + SD from 3 technical replicates. (**P = 0.009).
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cells, perhaps reflecting a reduction in
their constitutive replicative stress. Thus,
inhibition of MK2 protects gemcitabine-
sensitive pancreatic cancer cells from the
attenuation of proliferation induced by the
drug. This is not the case for PaTu 8902
cells, in accordance with our observation
that YH2AX levels remain unchanged by
MK?2 inhibitor or gemcitabine in these
cells as well (Fig. 1D).

We previously reported that, in U20S
cells, MK2 is not only essential for the
DDR following gemcitabine treatment,
but also for the increased YH2AX accu-
mulation resulting from simultaneous
gemcitabine treatment and inhibition
of Chkl." Chkl is a master regulator of
the DDR." One of its major tasks is the
coordination of DNA replication,”?
and, thereby, Chkl attenuates replica-
tive stress.”’ Accordingly, inhibition of
Chk1 has the potential to overcome drug
resistance in cancer cells in general® and
in pancreatic cancer cells in particular,®
and different Chkl inhibitors are cur-
rently being tested in clinical trials.?*%
Most importantly in the context of this
report, inhibition of Chkl sensitizes pan-
creatic cancer cells toward gemcitabine.”"°
Therefore, we tested whether the response
of pancreatic cancer cells toward gem-
citabine, together with Chkl inhibition,
also depends on MK2. To this end, we
combined gemcitabine treatment with
inhibition of MK2, Chkl, or both kinases
in the cell lines BxPC-3, MIA PaCa-2, and
PaTu 8902. In BxPC-3 and MIA PaCa-2
cells, inhibition of Chkl with the phar-
macological inhibitor SB218078%* (subse-
quently called “Chkl inhibitor”) strongly
increased H2AX phosphorylation, but
simultaneous inhibition of MK2 impaired
this effect (Fig. 3A and B). Chk1 inhibi-
tor concentration was based on previous
studies to ensure efficient block of target
phosphorylation.?® In PaTu 8902 cells,
on the other hand, neither Chkl inhibi-
tion alone nor combined treatment with
MK2 inhibitor affected yH2AX levels
in the presence of gemcitabine (Fig. 3C).
We conclude that Chkl inhibition only
increases the response to gemcitabine in
cell lines generally responsive to the drug,
but not in gemcitabine-insensitive PaTu
8902 cells. Importantly, MK2 activity is
required for the sensitizing effect of Chkl
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inhibition, further supporting the notion
of MK2 as a determinant of gemcitabine
sensitivity in pancreatic cancer cells.

Discussion

The results presented here identify
MK2 as a determinant of gemcitabine
sensitivity in pancreatic cancer cells. This
finding expands the known cellular func-
tions of MK2 by an aspect with potential
clinical relevance.

Our results suggest that MK2 repre-
sents a mediator of gemcitabine toxicity in
pancreatic tumor cells, as was found previ-
ously in the osteosarcoma cell line U20S.
At first glance, this seems in contrast
with a recent report that describes MK2
deficiency as synthetic lethal with p53
deficiency in non-small cell lung cancer
upon treatment with cisplatin.”” However,
these results need not necessarily contra-
dict each other. Cisplatin acts by forming
direct adducts with the DNA, leading to
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Figure 2. Proliferation of pancreatic cancer cell lines upon treatment with gemcitabine and/or MK2
inhibitor. BxPC-3 (A), MIA PaCa-2 (B), Panc-1 (C), and PaTu 8902 (D) cells were treated with 100 nM
gemcitabine and MK2 inhibitor or DMSO for 24 h on day 1. Then the drugs were washed out, and
cell confluence was quantified by light microscopy and digital image analysis until day 18.
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intra — and interstrand crosslinks.?® This
type of DNA damage is fundamentally
different from the misincorporation of
nucleoside analogs. We therefore propose
that MK2 may act as a mediator of che-
moresponse in the case of nucleoside ana-
logs, but may act in a protective manner
when cells are exposed to different chemo-
therapeutics, e.g., platinum compounds.
Interestingly, in recent years a number
of studies reported a correlation between
expression of the heat shock protein of 27
kDa (Hsp27) and gemcitabine responsive-
ness in pancreatic cancer cells.?”*® Hsp27
is an important substrate of MK2 and
extensively phosphorylated by the kinase.
This phosphorylation modulates Hsp27
activity.” The conclusions of these studies,

however, are contradictory: some find
Hsp27 overexpression to correlate with
2830 while others
report that cells overexpressing Hsp27 are

gemcitabine sensitivity,

more resistant to the drug.”” This raises
the need for rigorous clinical assessment of
whether MK2 levels and activity correlate
with the response of tumors to nucleoside
analogs.

The phosphorylation status of Hsp27
has been investigated in the context of
gemcitabine sensitivity, raising the possi-
bility of indirectly assessing MK2 activ-
ity. Unfortunately, however, the reported
results are as contradictory as for Hsp27
protein phosphorylation levels: while Taba
and colleagues report that Hsp27 phos-
phorylation correlates with gemcitabine
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Figure 3. Gemcitabine-induced H2AX phosphorylation in dependence of MK2 and Chk1 inhibition
in pancreatic cancer cell lines. BxPC-3 (A), MIA PaCa-2 (B), and PaTu 8902 (C) cells were treated with
100 nM gemcitabine and MK2 inhibitor, Chk1 inhibitor or both for 24 h. Then, H2AX phosphoryla-
tion was analyzed by immunoblot. “Relative yH2AX" indicates relative yH2AX intensities normal-
ized to Hsc70 intensities. See Table S1 for raw data.
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resistance in pancreatic cancer cells,®
Nakashima and colleagues find the oppo-
site to be true.?? As Hsp27 phosphoryla-
tion depends on MK2 activity, the results
presented in this report are in line with
the latter study. Thus, while the predictive
value of Hsp27 levels and phosphorylation
for gemcitabine sensitivity remains to be
validated in the clinics, the fact that corre-
lations were repeatedly reported supports
the notion of MK2—the kinase directly
upstream of Hsp27—as a determinant of
gemcitabine sensitivity.

We previously reported that, in the
context of the DDR in U20S cells, MK2
activity antagonizes that of Chkl." The
results presented here show that this is also
the case in gemcitabine-responsive pan-
creatic cancer cell lines (Fig. 3A and B).
This finding is of interest with respect to
the application of Chk1 inhibitors as che-
mosensitizers: first, it raises the possibil-
ity that the efficacy of Chkl inhibitors
as sensitizers toward gemcitabine might
depend on the cellular levels of MK2.
Our results suggest that low MK2 activ-
ity might dampen the effect of Chk1 inhi-
bition. Second, MK2 and Chkl display
highly similar substrate specificity.® It
is therefore not surprising that the Chkl
inhibitor UCN-01 has been found to also
block MK2 activity." Hence, the poor
antitumor activity of UCN-01 in clinical
trials** might in part also be attributed to
the simultaneous inhibition of MK2 that
counteracts the effect of Chk1 inhibition.
A similar counterproductive off-target
effect might arise with other Chk1 inhibi-
tors. Taken together, our study supports
the notion that, while MK2 inhibitiors
are expected to counteract gemcitabine
efficacy, selective Chkl inhibition might
well help to sensitize tumor cells toward
gemcitabine.

Along the sameline, the protective effect
of MK2 depletion or inhibition against
certain chemotherapeutics might also be
of importance for the clinical application
of multikinase inhibitors designed to sensi-
tize cells for chemotherapeutic treatment.
Sorafenib (Bay43-9006; Nexavar, Bayer
Healthcare Pharmaceuticals) is such an
inhibitor that—among other pathways—
also blocks MAPK14/p38 signaling.*** It
has been shown to exhibit high anticancer
efficacy in acute myeloid leukemia and
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other neoplasms.*® However, our results
suggest that, due to its inhibitory effect on
p38/MK2 signaling, sorafenib might also
contribute to drug resistance in some can-
cers when combined with antimetabolites
such as gemcitabine or other nucleoside
analogs, compromising its efficacy.
Finally, our finding that MK2 is a
determinant of gemcitabine sensitivity
in pancreatic cancer cells raises the pos-
sibility of directly exploiting the p38/
MK2 pathway as a pharmacological tar-
get in cancer therapy in general and in the
treatment of pancreatic carcinoma in par-
ticular. As inhibition of MK2 dampens
the DDR and promotes cell survival, the
targeted activation of the p38/MK2 path-
way, e.g., in the context of inflammation,
may constitute a promising approach to
sensitize tumor cells toward gemcitabine

treatment.
Materials and Methods
Cell culture, transfections, and
treatments

MIA PaCa-2 and PaTu 8902 cells were
cultured in DMEM (Invitrogen) supple-
mented with 10% FCS and antibiotics.
Panc-1 and BxPC-3 cells were cultured
in RPMI (Invitrogen) supplemented with
10% FCS and antibiotics. Specific knock-
down of target genes was done using pre-
designed Silencer Select siRNAs or control
siRNAs (Ambion/Invitrogen) with a final
concentration of 5 nM and Lipofectamine
2000 (Invitrogen), applied in a for
ward transfection protocol. Gemcitabine
(Gemzar, Eli Lilly) was dissolved in H,O
and applied in the concentrations indicated.
MK2 and Chk1 kinases were inhibited by
using 10 wM MK2 Inhibitor III or 2.5 pM
SB218078 (both Calbiochem/Merck), dis-
solved in DMSO as a stock, respectively.
Controls were treated with DMSO.

Immunoblot analysis and antibodies

Cell lysates were separated by SDS
PAGE and transferred to nitrocellulose
membranes. For detection of specific pro-
teins, the membranes were incubated with
antibodies diluted in 5% BSA in Tris-
buffered saline solution containing 0.1%
Tween-20. Mouse anti-yH2AX antibody
(JBW301, Millipore/Merck) and anti-
Hsc70 antibody were then detected with
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peroxidase-coupled secondary antibodies
(Jackson). Quantification of band intensi-
ties was done with the Image] software.
High-content
microscopy
Quantitative detection of YH2AX by
high-content immunofluorescence was
done as described," using anti-yH2AX
(JBW301, Millipore/Merck) and Alexa
Fluor-546 anti-mouse IgG (Invitrogen).
Nuclei were stained with Hoechst 33342
(5 wg/mL). Automated microscopy was
performed with a Pathway HT Cell
Imaging System using the AttoVision
(Becton
Dickinson) and single-cell-based image

immunofluorescence

image acquisition software
analysis. The Hoechst signal was used
to identify cell nuclei. For quantifica-
tion of signal intensities, the average
fluorescence resulting from the respec-
tive staining was determined per nucleus.
Immunofluorescence intensity is shown as
mean = SD. Unpaired Student ¢ test was
used for the calculation of P values.

Proliferation assay

For cell proliferation analysis, cells
were seeded in triplicate in 96-well plates
and, after 24 h, treated with inhibitors and
drugs for 24 h, and then further incubated
without drugs. Cell confluence was mea-
sured on consecutive days by bright-field
microscopy using a Celigo Adherent Cell
Cytometer (Brooks).
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