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Abstract
Although the MK3 gene was originally found deleted in some cancers, it is highly expressed

in others. The relevance of MK3 for oncogenesis is currently not clear. We recently reported

that MK3 controls ERK activity via a negative feedbackmechanism. This prompted us to in-

vestigate a potential role for MK3 in cell proliferation. We here show that overexpression of

MK3 induces a proliferative arrest in normal diploid human fibroblasts, characterized by en-

hanced expression of replication stress- and senescence-associated markers. Surprisingly,

MK3 depletion evokes similar senescence characteristics in the fibroblast model. We previ-

ously identified MK3 as a binding partner of Polycomb Repressive Complex 1 (PRC1) pro-

teins. In the current study we show that MK3 overexpression results in reduced cellular EZH2

levels and concomitant loss of epigenetic H3K27me3-marking and PRC1/chromatin-occupa-

tion at theCDKN2A/INK4A locus. In agreement with this, the PRC1 oncoprotein BMI1, but

not the PCR2 protein EZH2, bypasses MK3-induced senescence in fibroblasts and sup-

presses P16INK4A expression. In contrast, BMI1 does not rescue the MK3 loss-of-function

phenotype, suggesting the involvement of multiple different checkpoints in gain and loss of

MK3 function. Notably, MK3 ablation enhances proliferation in two different cancer cells. Fi-

nally, the fibroblast model was used to evaluate the effect of potential tumorigenic MK3 driver-

mutations on cell proliferation and M/SAPK signaling imbalance. Taken together, our findings

support a role for MK3 in control of proliferation and replicative life-span, in part through con-

certed action with BMI1, and suggest that the effect of MK3modulation or mutation onM/

SAPK signaling and, ultimately, proliferation, is cell context-dependent.
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Introduction
Sequential activation of kinases within the canonical M/SAPK (mitogen/stress activated pro-
tein kinase) cascades is a common and evolutionary-conserved signal transduction mechanism.
The canonical M/SAPK cascades cooperate in transmitting and integrating intra- and extracel-
lular signals, thereby controlling a large number of, sometimes opposing, cellular processes
such as proliferation, differentiation, survival, stress response, and apoptosis [1]. Downstream
of M/SAPKs, MAPK-activated protein kinases (MAPKAPKs), including RSK1-4, MSK1/2,
MNK1/2 and MK2/3/5, signal to diverse cellular targets. Among the MAPKAPKs are three
structurally related MKs MK2, MK3 and MK5. Despite their high homology, the three MKs
display distinct spatio-temporal expression profiles and act in different biological processes
[2,3]. Identification of MK-substrates suggests that MKs function in numerous cellular pro-
cesses, including gene transcription, mRNA-stability and translation, cytoskeleton remodeling,
cell proliferation and apoptosis. Besides their joint involvement in inflammatory responses, the
biological relevance of substrate interaction and phosphorylation by MKs remains largely
unclear.

MK3 (MAPKAPK3, 3pK) was identified as the first MK activated down-stream of all three
mitogen- and stress-activated protein kinase (M/SAPK) cascades; consequentially, MK3 was
considered an integration point of converging mitogenic and stress signaling [4]. Whereas the
RAS-M/SAPK signalling pathways have a long-standing link to cancer, the involvement of
MKs in cancer is currently unclear. MK3, originally referred to as 3pK (chromosome 3p ki-
nase), was found frequently homozygously deleted as part of the 3p21.3 region in small cell
lung cancer and other cancers and cancer cell lines [5,6]. Conversely, potential oncogenic ‘driv-
er’mutations have been identified in MK3 [7]. These records point to an involvement of MK3
in tumorigenesis and support the idea that it may act tumorigenic or tumor-suppressive.

We previously reported that MK3 associates with PRC1-complexes through direct SAM
(Self-Association Motif) domain-mediated interaction with the Polyhomeotic orthologs PHC1
and PHC2 [8]. Polycomb Group repressive complexes (PRC1 and PRC2) act as part of a cellu-
lar epigenetic memory system and play an important role in the determination of cell fate [9].
Both core complexes harbor intrinsic PRC protein-associated epigenetic catalytic activity, and
are known to interact with additional epigenetic regulators. These interactions and catalytic ac-
tivities are controlled by post-translational modification [10,11]. In addition, we established
that phosphorylation of the PRC1 complex controls PRC1/chromatin-association [8,12]. PRC
proteins have been linked to oncogenesis: high expression or mutation of several PRC members
has been etiologically implicated in the onset and malignant progression of cancer [13].

Recent data from our group identified MK3 as a regulator of the PRC1 target gene ATF3-ex-
pression via a negative feedback mechanisms on MEK1 and ERK1/2 in the context of mitognic
stimulation. We found that MK3 ablation or inhibition resulted in prolonged ERK phosphory-
lation and increased ATF3 and premature and elevated EGR1 expression [14]. Using a genetic
Drosophilamodel for wing development, we confirmed exagerated mitogenic ERK-signaling in
the absence of dMK (the only DrosophilaMK ortholog), thus supporting a negative regulatory
role for MK3 in canonical ERK signaling [14]. In addition, besides ERK, modulation of MK3
levels also affects cellular P38 and JNK protein levels [14,15]. Combined, these observations
suggest that altered cellular MK3 levels and or activity may contribute to deregulation of cellu-
lar proliferation through deregulation of M/SAPK, potentially contributing to tumorigenesis.

In this study we tested the hypothesis that MK3 controls cell proliferation using MK3-gain-
and loss-of-function constructs in normal and cancer cells. In addition, we aimed to investigate
the biological relevance of the interaction between MK3 and PRC1 in the context of cell prolif-
eration. We provide evidence for a genetic interaction between the Polycomb Group protein
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BMI1 and MK3 in proliferative life span: BMI1 overcame the MK3-overexpression phenotype
in normal cells. In contrast, BMI1 did not compensate for the negative effect of MK3 depletion
on cell proliferation. MK3 overexpression inhibited the proliferation of normal and cancer
cells. In contrast, MK3 depletion enhanced the cell cycling of cancer cell lines. Our data sup-
ports the idea that MK3-mediated abnormal M/SAPK signaling intersects with known check-
points and contributes proliferative control. The potential implications of these observations
for tumorigenesis are discussed.

Results

Gain or loss of MK3 function induces senescence in normal human
fibroblasts
To study the role of MK3 in cellular processes related to cell proliferation, we modulated cellular
MK3 levels in different cell models using retroviral expression systems and measured the effects
thereof. We initially focused on normal diploid human TIG3 fibroblasts to determine the effect
of forced overexpression of wild type (non-mutated)MK3 (MK3WTOE) on cell proliferation
(Fig 1A). Transduced TIG3 cells were expanded under selection pressure; proliferative capacity of
these cultures was assessed at ±1 week and ±4 weeks after transduction. TIG3/MK3WTOE dis-
played clearly decreased proliferative capacity relative to empty vector control cells at the early
time point and had altogether stopped dividing at 4 weeks post-transduction (Fig 1B). By means of
reference, TIG3/Bmi1OEmaintained proliferative capacity throughout the duration of the experi-
ment, whereas primary empty vector-transduced TIG3 (con) progressively lost proliferative capac-
ity due to limited proliferative lifespan in vitro (Fig 1B). DNA-profiling at late time points post-
transduction revealed an increased number of cells in G0/G1 at the expense of cells in S-phase
uponMK3-overexpression (Fig 1C); overexpression of the RASV12 oncogene reduced S-phase cell
numbers as anticipated as RASV12 is known to evoke oncogene-induced senescence (OIS) [16],
Fig 1C). Reduced de novoDNA synthesis in TIG3/MK3WTOE cells was confirmed by a markedly
lower number of BrdU-positive cells in TIG3/MK3WTOE cultures and (Figs 1D and S1A); equal
relative distribution of cells throughout S-phase suggested that TIG3/MK3WTOE cultures had un-
dergone an intraS-phase arrest, a feature known to occur in the context of oncogene-induced se-
nescence (OIS) (S1B Fig).

In further support of activation of a senescence-associated response by MK3, TIG3/MK3WTOE
cells displayed enlarged, flat-cell morphology (Fig 2A). The occurrence of senescence was further
corroborated by expression of the senescence-associated beta-Galactosidase (SA-bGal) marker
protein in large flat cells (Fig 2A).MK3WT-overexpression also negatively affected cell division in
immortal TIG3hTERT cells, indicating that MK3 acts downstream or independent of hTERT in
proliferative control (S1C Fig). TP53 is a senescence marker, activated downstream of e.g. in-
creased mitogenic signaling through RAS/ERK [17–20]. Consistent with the observedMK3-
mediated senescence response, global expression of TP53 was elevated in TIG3/MK3WTOE
cells (Fig 2B). Increased staining of TP53 was readily detectable in senescent TIG3/MK3WTOE
nuclei (Fig 2C); likewise expression of P21CIP1/WAF1, a direct transcriptional target of TP53, was
increased (Fig 2B). The increased expression of P16INK4a in relation to sustainedMK3WTOEwas
consistent with its crucial role in establishing irreversible senescence (Fig 2B) [17,21,22]. We next
tested whether the adverse effect ofMK3WTOEwas dependent on its kinase activity. Surprisingly,
the early effect ofMK3WTOE on cell proliferation occurred independent of MK3 kinase activity, as
expression of a kinase-dead mutant (MK3KMOE) and a constitutively active mutant (MK3CAOE)
did not affect cell proliferation at 1 week post-transduction (S2A Fig). In agreement with this, cellu-
lar TP53 levels were only moderately increased in the TIG3/MK3OE cells, not in TIG3/MK3KMOE
or TIG3/MK3CAOE cells. P16INK4A levels were substantially increased at 1 week post-transduction
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in both TIG3/MK3WTOE and TIG3/MK3CAOE cultures, despite the differences in proliferation
rate (S2A and S2B Fig). P16INK4A was also induced byMK3KMOE, however, at a lower level than in
both other conditions. Despite the initial absence of adverse effects on proliferation, all three MK3
variants reduced proliferation rate at 4 weeks post-transduction (S2A and S2B Fig). The absence of
correlation between TP53 and P16INK4A levels and proliferation rate at 4 weeks suggests a potential
contribution of additional molecular targets and mechanisms to the observed effects on prolifera-
tion. Combined this data shows that overexpression of MK3WT or twoMK3 kinase mutants in
human diploid fibroblasts reduces their proliferative capacity.

As theMK3 locus is frequently missing in cancers as part of often larger genomic deletions
[5,6], it is conceivable that cellular MK3 depletion affects cell cycle regulation and contributes
to tumorigenesis. To study the effect of loss of MK3 on cell proliferation, we next reduced cellu-
lar MK3 levels using RNA-interference. To this end a retroviral shRNA construct was designed
that selectively targetedMK3 (shMK3) (S2C Fig; cf. Fig 1A). Similar toMK3 overexpression in
TIG3 cells, MK3 depletion resulted in reduced proliferation of TIG3/shMK3 cells and increased
flat cell formation (Fig 2D), which was confirmed by reduced BrdU-incorporation in TIG3/
shMK3 cultures (S2D Fig). The shMK3-associated arrest in normal cells was accompanied by
increased TP53, P21CIP1/WAF1 and P16INK4A expression (Fig 2E). As MK2 is also expressed in
TIG3 cells (cf. S5B Fig) we aimed to exclude the possibility that MK2 confounded the observed
MK3 depletion-associated proliferative phenotype. To this end TIG3 cells were either trans-
duced with a shMK3 or a shMK2/3 construct; the latter effectively reduced expression of both
MK2 and MK3 (S2C Fig). Both constructs increased G1-arrest with equal efficiency; MK2 nei-
ther compensated for loss of MK3 nor added to the effect of MK3 depletion, suggesting that
the observed proliferative reduction could be attributed to MK3 in this experimental setting
(S2E Fig). Thus, overexpression as well as depletion of MK3 in TIG3 cells induced a prolifer-
ative block, which correlated with expression of known senescence markers. Taken together,
these results suggested that MK3 controls proliferative lifespan in normal diploid human
fibroblasts.

Genetic interaction between MK3 and Polycomb in proliferative lifespan
MK3 has been identified as a PRC1 binding partner; we have shown that signaling through
ERK1/2, P38 andMK3 controls gene expression via modulating chromatin-association of the
PRC1 complex [8,14]. We further explored the functional interaction between PRC-function and
MK3 in the context of cell proliferation. Senescent cells are known to release CDKN2A/INK4A
repression and show increased P16INK4A and/or P14ARF levels [22–24]. Increased expression at
the CDKN2A locus correlates with reduced local H3K27me3 [25,26]. Expression of the responsi-
ble histone H3K27 methyltransferase (HMT), the PRC2-class protein EZH2, was reported to be
progressively reduced by TP53 in senescing cells [27,28]. Transcriptional repression of the
CDKN2A-locus in proliferating cells correlates with PRC2-mediated histone H3 Lysine 27 tri-
methylation (H3K27me3) [25,26]. In good agreement with these reports, we observed that global
TP53 and EZH2 protein levels inversely correlated in senescent TIG3/MK3WTOE cultures and

Fig 1. MK3WT overexpression induces a proliferative arrest in normal human fibroblasts. (A) Retroviral expression systems were applied to enhance
(MK3WTOE) or remove (shMK3) MK3 expression. Western blot shows MK3 proteins: endogenous (MK3endo) and overexpressed (GST:MK3). (B)
Proliferation curves of TIG3 cells transduced with: a retroviralMK3 expression vector (MK3WTOE; filled circles), an empty vector (con; open circles) or a
murine Bmi1 expression vector (open triangles); proliferation was determined at 1 week (top panel) or ±4 weeks (bottom panel) after retroviral transduction of
TIG3 cells. Cell counts at t = 2 through t = 8 were normalized to cell counts at t = 0 for each transduced cell culture individually (see Methods section for
details); statistical significance was determined by two-tailed Student’s t-test and is presented relative to the empty vector control (* p< 0.05). (C)
Quantification of DNA profiles (BrdU pulse-labeling and S-phase quantification by FACS) in TIG3/MK3WTOE cells at approximately 1 week post-transduction.
RasV12-transduced cells were used as a positive control. (D)MK3WTOE reduces de novo DNA synthesis in TIG3/MK3WTOE cells; cell counts: control (con)
699 BrdU-positive cells/10 fields;MK3WTOE: 442 BrdU-positive cells/9 fields.

doi:10.1371/journal.pone.0118840.g001
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Fig 2. TheMK3WTOE-induced proliferative block in normal cells correlates with induction of known senescencemarkers. (A) Cell morphology in
TIG3/MK3WTOE cells (phase contrast; right upper panel); senescence-associated beta-Galactosidase (SA-bGal) staining in TIG3/MK3WTOE cells (right
lower panel). (B) Protein expression levels of MK3, TP53, P21CIP1/WAF1 (P21) and P16INK4A (P16) in TIG3/MK3WTOE (MK3WTOE) versus control (con) cell
lysates; loading control: b-Actin (bAct). TIG3/MK3WTOE cells were cultured for approximately 3–4 weeks prior to extraction. (C) Nuclear TP53 accumulation
in senescent TIG3/MK3WTOE cells; counterstaining: DAPI. (D) Phase contrast images showing cello morphology in TIG3/shMK3 cells (shMK3, lower panel;
phase contrast) versus control cells (shcon; upper panel). Retrovirally transduced TIG3 cells (shcon and shMK3) were submitted to puromycin selection for
3–4 days, and plated at equal density (20–25% confluency) at the onset of the experiment; pictures were taken when shcon cells reached confluency. (E)
Analysis of protein expression in TIG3/shMK3 and control (shcon) cell lysates: TP53, P21CIP1/WAF1 (P21) and P16INK4A (P16); loading control: b-Actin (bAct).

doi:10.1371/journal.pone.0118840.g002
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that reduced cellular EZH2 correlated with increased P16INK4A expression (Fig 3A; cf. Fig 2B). Re-
duced EZH2 levels also inversely correlated with P16INK4A expression in senescent TIG/shMK3
cultures (Fig 3B), in further support of a functional link between EZH2 reduction and senescence
upon modulation of MK3 levels. In addition to EZH2, CBX8 levels were reduced in both senes-
cent TIG3/MK3WTOE and TIG3/shMK3 cultures, whereas PHC1 levels appeared relatively unaf-
fected by gain or loss of MK3 function (Fig 3A and 3B). Thus far, the combined data shows that
MK3modulation induces a state of senescence that correlates with reduced cellular EZH2 levels
and elevated P16INK4A expression.

To assess changes in PRC1 protein/chromatin-association and Polycomb-related status at the
CDNK2A/INK4A locus in relation to MK3 overexpression, we applied chromatin immunopre-
cipitation (ChIP) technology to pre-senescent TIG3/MK3WTOE cell cultures. The CDKN2A/
INK4A locus has been mapped before in detail in regards to H3K27me3-marking and PRC1-oc-
cupation in proliferating and senescent cells [25,26]. A number of previously identified PRC1-
negative (p15exon1; p14exon1) and positive (HOXA10;HOXA11) regions were used as controls
in our analyses [25]. MK3-overexpression moderately, but consistently enhanced chromatin-oc-
cupation of MK3 at all loci probed including non-PRC1 target loci (Fig 3C), in line with our earli-
er observation that part of cellular MK3 associates with chromatin [8]. Absence or presence of
H3K27me3-marking in our experimental model correlated perfectly with absence or presence
of CBX8 occupation, respectively (Fig 3C); CBX8 binds the K27 trimethyl-mark through its
chromobox domain [25,29]. Interestingly, chromatin-occupation of PHC1, a direct binding
partner of MK3 [8], increased in parallel with MK3 at all promoter sequences analyzed, including
at non-PRC1 target loci (Fig 3C). In contrast to CBX8, PHC1 was found associated also with
non-PRC1 target loci, suggesting that (part of) PHC1 may associate with chromatin in an
H3K27me3-indendent fashion (Fig 3C). Relevantly, MK3-associated induction of senescence
correlated with loss of H3K27me3-enrichment at p16-exon1 and CBX8-displacement from the
P16INK4A locus (promoter and exon1; Fig 3C). This data is in good agreement with both the re-
duced cellular EZH2 and CBX8 levels, and with the increased P16INK4A expression (S3B Fig)
[25,26]. Combined, this data shows that in the MK3WT-overexpressed state, cellular senescence
correlates with reduced cellular EZH2 and CBX8 levels and consequential de-repression of tran-
scription at the CDKN2A locus.

We next explored the functional relationship between MK3 and BMI1 in proliferative life-
span. Genetic ablation of PRC1-members, among which BMI1 and PHC paralogs, is known to
induce premature cellular senescence in vitro and in vivo [30,31]. In the light of the herein de-
scribed local (i.e. at the CDKN2A locus) chromatin-displacement of PRC1 in senescing cells and
our previous observation that prolongedMK3 overexpression leads to reduction of chromatin–
associated BMI1 [8], we speculated that Bmi1OE would overcome the senescent state induced by
gain or loss of MK3 function. To determine whether Bmi1OE could bypass the negative effect of
MK3OE on proliferative capacity, TIG3 fibroblasts were sequentially transduced with murine
Bmi1 andMK3-encoding retroviral expression vectors. Bmi1OE consistently produced a prolifer-
ative advantage for TIG3 fibroblasts (TIG3/Bmi1OE/MK3WTOE) (Fig 4A and 4B). Whereas
MK3WT overexpression alone reproducibly showed reduced TIG3 proliferation, co-expression
of Bmi1 compensated for the adverse effects ofMK3WT overexpression on cell proliferation
(Fig 4A). Importantly, in contrast to MK3WT expression, the adverse effect of MK3 ablation on
fibroblast proliferation was not rescued by BMI1 (Fig 4B). Bmi1 co-expression also reversed the
MK3-induced senescent cell morphology in observed in TIG3/MK3WTOE cultures, (Fig 4C). Co-
expression of Bmi1 in TIG3/MK3WTOE cells prevented loss of EZH2 as well as of the PRC1 com-
plex proteins CBX4 and RNF2 (Fig 4D). Finally, the global increase of H3K27me3 observed in
TIG3/MK3WTOE cells was prevented by co-expression of Bmi1 (Fig 4D). TP53 expression in
TIG3/MK3WTOE cells was countered by BMI1 co-expression (Fig 4E). Relevantly, sequentially
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transduced fibroblast cultures co-expressing Bmi1/MK3WT self-selected for increased BMI1 pro-
tein levels over time compared to cultures overexpressing Bmi1 alone (Fig 4E), further support-
ing of a genetic interaction betweenMK3 and BMI1 in the context of cell proliferation. As EZH2
targets the CDKN2A/INK4A locus for transcriptional repression, we also examined whether
EZH2 alone could rescue theMK3-induced proliferative arrest. Whereas Bmi1 co-expression in
TIG3 cells clearly reducedMK3WTOE-induced P16INK4 expression in the same experiment,
EZH2OE did not prevent MK3WT-induced upregulation of cellular P16INK4; instead, elevated
basal P16INK4 expression both at the mRNA and protein levels was already detectable in control
cells in TIG3/EZH2OE cells (S4A and S4B Fig). Bmi1 co-expression clearly neutralized the ad-
verse effects ofMK3WTOE on cell proliferation, the effect of EZH2OE on theMK3WTOE-prolifer-
ation phenotype were inconsistent, yet never compensatory (data not shown). Taken together,
the above findings support a functional genetic interaction betweenMK3 and BMI1/PRC1 in
proliferative control of normal human fibroblasts, and suggest that EZH2/PRC2 is likely neither
sufficient to bypass MK3-arrested proliferation nor to prolong proliferative lifespan.

Loss of MK3 provides a growth advantage in cancer cell models
We used the large-scale cancer genome-sequencing and expression analyses initiative Cancer
Cell Line Encyclopedia (CCLE; http://www.broadinstitute.org/ccle) to assess MK3 expression in
nearly 1000 cancer cell lines [32]. MK3 was relatively high expressed in various cancer cell
types, among which bone, pancreatic, colorectal and endometrial cancers (S5A Fig). Converse-
ly, MK3 showed significant focal deletion across a set of more than 3000 tumors, or its expres-
sion is low/absent in cancer cell types, including small-cell lung cancers, neuro- and
medulloblastomas [32]. Although cancers of (neur)ectodermal origin tend to show low/absent
MK3 expression, there was no obvious correlation between germ-layer origin and MK3 expres-
sion among the various cancer types (S5A Fig), suggesting that MK3 status is an acquired fea-
ture in tumors. When we next examined MK3 protein levels in a panel of cancer cell lines, we
were able to confirm large variation in MK3 expression between different cell lines (S5B Fig);
no obvious correlation was observed between MK3 and MK2 levels, in line with their distinct
cellular functions [33,34]. Combined, this data points to a possible involvement of MK3 in tu-
morigenesis and suggests that the role of MK3 may be determined by cellular and/or genetic
context.

Given its possible dual involvement in tumorigenesis, we probed cancer cell lines for effects
of gain or loss of MK3 function on cell proliferation. We here focused on U-2OS osteosarcoma
cells and the HeLa cervical carcinoma cells. Of note, U-2OS/MK3WTOE cultures also showed
anMK3WTOE-induced reduction of proliferation and enhanced flat cell morphology (9.6%
±1.8MK3WTOE vs. 2.3% ±0.8 con, P<0.001) and expression of SA-bGal (Fig 5A, 5B and S6A
Fig). HeLa/MK3OE cells also showed enhanced flat cell induction (data not shown). Consistent
with a response resembling senescence, U-2OS/MK3WTOE cultures showed enhanced expres-
sion of TP53 and of its transcriptional target P21CIP1/WAF1 (Fig 5C). Consistent with the

Fig 3. Functional links between MK3 and PRC in proliferative life span. (A) Expression levels of the PRC proteins EZH2, CBX8 and PHC1 in senescing
TIG3/MK3WTOE cells at ±3–4 weeks post-transduction; loading control b-Actin (bAct). (B) Expression levels of the PRC proteins EZH2, CBX8 and PHC1 in
senescing TIG3/shMK3 cells at ±2–3 weeks post-transduction; loading control b-Actin (bAct). (C) Chromatin immunoprecipitation (ChIP) analysis of MK3,
H3K27me3, CBX8, PHC1 enrichment inMK3WTOE (MK3WTOE) expressing and control (con) TIG3 cells; PRC1-target loci (p16 promoter, p16exon1,
HOXA10, HOXA11) and non-target loci (p15exon1, p14exon1) are indicated below the figure. Enrichments are presented as percentages of total input.
Negative control HA antiserum. Experiments were performed three times; results of one representative experiment are shown (statistical significance: *
p<0.05, ** p<0.01; t-test).

doi:10.1371/journal.pone.0118840.g003
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involvement of the TP53 pathway in DNA damage response (DDR), nuclei of flat U-2OS/
MK3WTOE cells showed increased co-staining for TP53, P14ARF and P21CIP1/WAF1 (S6B Fig).
Increased replication stress is known to induce a proliferative arrest which is often associated
with double strand DNA breaks (DSB). The occurrence of replication stress-associated DSB is
typically associated with an initial intraS-phase arrest, as part of a DDR [19,35,36]. U-2OS/
MK3WTOE cells showed a ±1.5 fold increase of cells in S-phase within days after transduction
(Fig 5D). To determine whether the flat cell phenotype in U-2OS/MK3OE cells was associated
with DNA damage, we use immunofluorescence to study the occurrence of DSB by measuring
phosphorylation of histone variant H2A.X (γH2A.X) and of KAP1 phosphorylation at serine
824 (pKAP1). Double-positive γH2A.X/pKAP1 cells were found in considerable numbers
throughout U-2OS/MK3WTOE cultures; the nuclei of enlarged flat cells were prominently
stained (Fig 5E).

As the parental U-2OS and HeLa cell lines both express moderate levels of MK3 (cf. S5B
Fig), we studied the effect of RNAi-mediated MK3 depletion on cell proliferation. Remarkably,
both U-2OS and HeLa cells proliferated faster in the absence of MK3 (Fig 6A). Thus, in con-
trast to the negative effects of gain and loss of MK3 function on proliferative capacity in in nor-
mal human fibroblasts, MK3WT overexpression and ablation produce opposing effects in
cancer cell models.

MK3modulation or mutation induce signaling imbalance
The finding that proliferation capacity of U-2OS and HeLa cells was decreased in the context
ofMK3OE was unexpected. U-2OS osteosarcoma and HeLa cervical carcinoma cells both re-
tain a “wild type” genetic status for TP53 and pRB and both carry a genetically intact
CDKN2A/INK4A locus [37,38]. Both TP53 and pRB-dependent checkpoints are, however,
compromised in these cells (see Discussion section). In U-2OS cells, the P16/INK4A promoter
is transcriptionally silenced due to CpG methylation [38,39]. HeLa cells have an intrinsically
high P16INK4A level; the pRB/P16INK4A checkpoint is dysfunctional in these cells, however, as
pRB is continuously targeted for proteolytic degradation by HPV-expressed oncoprotein.
Combined with our earlier observation that changes in proliferation rate of TIG3/MK3 kinase
mutant cultures did not correspond well with TP53 and/or P16INK4A levels, this prompted us
to search for involvement of additional molecular mechanisms that may contribute to reduced
proliferation in the context of gain or loss of MK3 function. MK3 is a downstream target of the
M/SAPKs P38, JNK as well as ERK [4]; hence, MK3 acts as a convergence point of mitogenic

Fig 4. Functional links between MK3 and PRC in proliferative life span. TIG3 cells were sequentially transduced with either Bmi1.ires.GFP (Bmi1OE) or
GFP (con) virus, andMK3/puromycin (MK3OE) or control puromycin virus (con) at 48 hrs intervals. Retroviral vectors expressing murine Bmi1/GFP reporter
were transduced first (or empty vector control), followed by a MK3/puromycin resistance marker (or empty vector control). Transduction of Bmi1OE and
control transduced cells was simultaneously carried out with the sameMK3WTOE viral preparation (or control virus) to minimize inter-experimental variation.
Cells were grown on selection medium and proliferation capacity was tested ± 2–3 weeks post-transduction. (A) Proliferation curves of normal human TIG3
fibroblasts transduced with a retroviralMK3WT overexpression vector (MK3WTOE; black symbols) or shcon vector (white symbols), in conjunction with either
an empty vector control (con; circles) or a murine Bmi1 expression vector (Bmi1OE; triangles). (B) Proliferation curves of normal human TIG3 fibroblasts
transduced with a retroviralMK3 knock-down vector (shMK3; black symbols) or shcon vector (white symbols), in conjunction with either an empty vector
control (con; circles) or a murine Bmi1 expression vector (Bmi1OE; squares). Cell counts at t = 2 through t = 8 (A, B) were normalized to cell counts at t = 0 for
each transduced cell culture individually (see Methods section for details); statistical significance was determined by two-tailed Student’s t-test and is
presented relative to the empty vector control (* p< 0.05). (C) Comparative morphology of TIG3 cells expression Bmi1 and/orMK3 versus control cells as
recorded by GFP fluorescent imaging ± 3 weeks after transduction (D) Immunoblot analysis of EZH2, CBX4, RNF2 and H3K27me3 inMK3WTOE, Bmi1OE,
Bmi1OE/MK3WTOE and control TIG3 cell lysates. (E) Expression analysis of BMI1, MK3, and TP53 at the indicated time points in (corresponding to
experiment in Fig 4C). Cells were grown on selection medium and analysed at 1 or 4 weeks after serial transduction; expression vectors and antibodies are
indicated in the figure. Early and late samples were loaded on the same gel for BMI1 analysis; corresponding sections are shown separately.

doi:10.1371/journal.pone.0118840.g004
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and stress signaling cascades. We previously showed that gain, loss or inhibition of MK3 func-
tion affected expression levels of P38 and JNK and altered phosphorylation dynamics of ERK,
P38 and JNK in response to mitogenic stimulation in U-2OS cultures [14]. As these findings
pointed to an MK3-dependent M/SAPK signaling imbalance, we aimed to determine the effects
of MK3 modulation in the context of cell proliferation of normal human fibroblasts and in can-
cer cell models. Whereas ERK and pERK (phosphorylated ERK) levels were only marginally af-
fected under standard culturing conditions in TIG3/MK3WTOE cells, JNK, P38 and
phosphorylated P38 (pP38) levels were substantially increased inMK3WTOE fibroblasts (S7A
Fig). P38 expression was sustained during prolonged culturing (S7B Fig). P38 levels were in-
creased inMK3WTOE U-2OS and HeLa cultures (S7C Fig), suggesting a potential common in-
volvement of P38 in theMK3WTOE-associated proliferation effects in normal and cancer cells.
Conversely, yet in keeping with the increased P38 levels inMK3OE cultures, P38 levels were re-
duced in response to MK3-depletion (shMK3) in both U-2OS and HeLa cancer cell lines (S7D
Fig). In light of our previous finding that MK3 serves to provide negative regulatory feedback
on canonical MEK/ERK signaling [14], and the current observation that P38 and JNK levels
are increased inMK3WTOE cells, we speculated that a dysbalance in MAPK and SAPK activity
could contribute to the observed effects of MK3 modulation on cell proliferation in the various
cell models. In keeping with this notion, the proliferation rate of U-2OS/MK3WTOE cells was
negatively affected by reduction of serum concentration in a dose-dependent manner and
serum deprivation (1% FCS) significantly enhanced flat cell formation in U-2OS/MK3WTOE
cultures (S7E Fig; cf. Fig 5B). This data supports the idea that modulation of MK3 has direct
functional consequences for mitogenic responses and supports a role for signaling imbalance
caused by modulation of cellular MK3 levels in normal cells as well as in cancer cells.

A recent systematic cancer genome re-sequencing effort predicted potential oncogenic driv-
er mutations in known and novel genes [7]. Among these potentially tumorigenic MK3 vari-
ants were a number of MK3 missense mutants, among which P28S and E105A. As the effect of
these mutations on MK3 function is currently unknown, we used the TIG3 model to evaluate
their effect on cell proliferation, P38 and ERK levels and P38 and ERK phosphorylation. Com-
parable to the MK3KM and MK3CA mutant constructs, neither MK3P28S nor MK3E105A had an
attenuating effect on cell proliferation at 1 week post-transduction (Fig 6B); the proliferation
rate of TIG3/MK3P28SOE was modestly but significantly increased over the (empty vector) con-
trol and TIG3/MK3E105A. In contrast, at 4 weeks post-transduction none of the in vivo identi-
fied MK3 mutants mimicked the negative effect of the experimental kinase mutants (MK3KM,
MK3CA) and the non-mutated MK3WT kinase on proliferation (Fig 6B). Although all MK3 var-
iants showed modestly enhanced total ERK1/2 levels, interestingly higher relative proliferation
rate correlated with enhanced ERK levels (Fig 6C) in both MK3P28S and MK3E105A mutants
at the 4 week time point. Under standard culturing conditions, TIG3/MK3WTOE, TIG3/
MK3CAOE and TIG3/MK3E105AOE showed an sustained, increased P38 level, whereas this

Fig 5. Proliferative regulation by MK3 in cancer cell lines. (A) Proliferation curves (left) of U-2OS cells expressing a retroviralMK3 vector (MK3WTOE;
filled circles) or an empty vector (con; open circles); overexpression of GST-MK3 (MK3WTOE) in U-2OS cells detected with and GST or a MK3-antiserum
(right panel). Cell counts at t = 2 through t = 8 were normalized to cell counts at t = 0 for each transduced cell culture individually (see Methods section for
details); statistical significance was determined by two-tailed Student’s t-test and is presented relative to the empty vector control (* p< 0.05). (B) Phase
contrast images showing cell morphology in U-2OS/MK3WTOE cells and control cells. (C) Protein expression levels of the check-point regulator proteins
TP53 and p21CIP1/WAF1 (P21) in U-2OS/MK3WTOE cells; loading control b-Actin (bAct). (D) DNA profile analysis of U-2OS/MK3OE versus control cells (4–6
days post-transduction; representative experiment).MK3WToverexpression elicits an intra S-phase arrest: table shows a substantially increased S-phase
occupancy. (E) Immunohistochemical staining for phosphorylated H2A.X (γH2A.X) and phosphorylated KAP1pSer824 (pKAP1; arrows) to visualize DNA
damage in U-2OS/MK3WTOE cultures; control (top panels) orMK3WTOE (bottom panels).

doi:10.1371/journal.pone.0118840.g005
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effect was less clear in the TIG3/MK3KMOE and TIG3/MK3P28SOE; the total P38 level in the lat-
ter cells seemed slightly lower at 4 weeks post-transduction (Fig 6C). In line with the earlier
noted lack of correlation between proliferation characteristics and TP53 and/or P16INK4A lev-
els, TP53 levels were highest at 4 weeks post-transduction in the cells that had the highest rela-
tive proliferation rate. Similarly, absolute P16INK4A levels were highest in TIG3/MK3E105AOE
cultures (Fig 6C). We previously established that gain, loss or inhibition of MK3 function re-
sulted in abnormal mitogenic signalling as a result of altered phosphorylation dynamics of
MEK/ERK [14]. We here show that mitogenic stimulation (i.e. serum starvation/serum stimu-
lation), P38 levels and phosphorylation dynamics appeared dependent on the MK3 variant ex-
pressed. P38 levels were elevated in all TIG3/MK3WTOE cultures, irrespective of MK3 type,
which is suggestive of a MK3-kinase activity independent effect (S8A and S8B Fig). TIG3/
MK3WTOE, TIG3/MK3CAOE and TIG3/MK3E105AOE showed more intense P38 phosphoryla-
tion compared to TIG3/MKKMOE and TIG3/MK3P28SOE; in addition, pP38 levels were still
high in the former three cultures at 2 hours post-stimulation, compared to TIG3/MKKMOE
and TIG3/MK3P28SOE (S8B Fig). Taken together the above data provides the first evidence that
MK3-mutation affects cell proliferation. TIG3 fibroblasts thus provide a useful model to evalu-
ate potential tumorigenic effects of novel MK3 mutants on cell proliferation. Our findings sug-
gest thatMK3P28S andMK3E105A mutants exert specific effects on M/SAPK signalling. In
addition, the data support the notion that M/SAPK signalling intersects with TP53 and pRB
mediated cell cycle checkpoints.

Discussion
The relevance of signaling through MK3 for cell proliferation was unknown. We here report
that sustained gain or loss of MK3 induces a senescent state in normal human fibroblasts. Im-
portantly, the MK3 overexpression-induced senescence is bypassed by co-expression of the
oncoprotein BMI1, whereas the replicative senescent-like arrest induced by MK3 ablation is
not. Surprisingly,MK3WTOE overexpression also induces a significant reduction of prolifera-
tion in cancer cells, whereas loss of MK3 enhances cancer cell proliferation. In conjunction
with our previous finding that modulation of cellular MK3 levels or inhibition of MK3 activity
results in altered negative regulatory feedback to MEK/ERK we here show that gain or loss of
MK3 function also affects P38. P38 levels appear to be increased by all MK3 variants, including
a kinase-defective MK3, suggesting that this effect is independent of its catalytic activity. Inter-
estingly, a number of potential oncogenic MK3 mutations showed distinct effects on ERK and
P38 phosphorylation, and in contrast to non-mutant MK3 and MK3 kinase mutants, these mu-
tants did not reduce proliferation capacity of TIG3 cells. Combined our observations support
the idea that the effect of MK3 expression level modulation or MK3 mutant is dependent on
cellular and genetic context.

Fig 6. Modulation of MK3-levels leads to M/SAPK signalling imbalance. (A) Proliferation profiles of U-2OS/shMK3 cells (left panel; filled squares)) and
HeLa/shMK3 cells (right panel; filled squares) versus control (shcon; open circles). (B) Proliferation profiles of TIG3 cells expressing MK3mutants MK3P28S
(MK3P28SOE; filled triangles) or MK3E105A (MK3E105AOE; open triangles) at 1 week post-transduction (left panel) and 4 weeks post-transduction (right
panel). The dotted lines in the graphs represent the MK3WT proliferation profiles, as depicted in S2A Fig. Cell counts at t = 2 through t = 8 (A, B) were
normalized to cell counts at t = 0 for each transduced cell culture individually (see Methods section for details); statistical significance was determined by two-
tailed Student’s t-test and is presented relative to the empty vector control (* p< 0.05). (C) Protein expression profiles of GST-tagged MK3 (GST:MK3),
endogenous MK3 (MK3endo), ERK, phosphorylated ERK (pERK) P38, TP53 and p16INK4A (P16) in TIG3 cells at indicated timepoints post-transduction
(corresponding to Fig 4B); loading controls: b-Actin (bAct).

doi:10.1371/journal.pone.0118840.g006
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Known senescence checkpoints in relation to MK3 modulation
TP53 and P21CIP1/WAF1 levels are increased both inMK3WTOE and shMK3 normal cells, in ac-
cordance with their pivotal role early in the senescence response [16,40]. The increased expres-
sion of P16INK4a upon sustainedMK3 overexpression is in good agreement with its crucial role
in establishing irreversible senescence [17,21,22]. As the cancer cell line models used herein are
all known to be defective in their P14ARF/TP53 and/or p16/pRB checkpoints, the opposing re-
sponses of normal fibroblasts and cancer cells to MK3-depletion suggest an involvement of
CDKN2A/INK4A. The observation that U-2OS proliferation is negatively affected by gain of
MK3 was unexpected in light of the reported epigenetic inactivation of P16INK4A in osteosarco-
ma cells [38,39]. Importantly, however, we show in the present and a previous study [8] that
P14ARF is induced in senescent U-2OS/MK3WTOE, which, like P16INK4A, is associated with rep-
lication checkpoints in human cells [23,41]. Of note, MK2 was recently suggested to control
murine haematopoietic stem-cell renewal through P19ARF [42]. Although the mechanism by
which CDKN2A/INK4A expression in U-2OS/MK3WTOE cells is activated remains elusive at
this time, our findings suggests that P14ARF may be part of the anti-proliferative response in
MK3WTOE cells. In addition, TP53 is induced byMK3WTOE in both cancer cell lines. Even
though P14ARF is known to stabilize TP53 [43], we cannot formally rule out mutually indepen-
dent roles for TP53, P14ARF and P21CIP1/WAF1 in MK3-dependent proliferative control; such
independent roles have been reported [44,45].

MK3modulation and M/SAPK signaling imbalance
Our previous and current data shows that modulation of MK3 levels causes an imbalance in
mitogenic and stress signaling: we find that SAPK P38 and JNK levels are increased in cells
overexpressing MK3, whereas loss of MK3 correlates with reduced P38. We recently showed
that MK3 controls SAPKs at multiple levels (i.e. JNK and P38 expression/stabilization) and
that MK3 inhibition increased pERK levels in human fibroblasts, which correlated with aber-
rant expression of immediate early genes (IEG; e.g. ATF3, EGR1) [14]. The finding that MK3
affects P38 and ERK also agrees well with the fact that we established genetic interaction be-
tween dMK2 and rolled (dERK) and dP38 in Drosophila [14]. MK3 was shown to be targeted
by all three canonical M/SAP-kinases [4], which uniquely positions MK3 at the convergence
point of potentially conflicting signalling input. We here provide evidence that MK3-overex-
pression or ablation changes signaling through MAPK and SAPK, and has profound effects on
proliferative control both in normal and cancer cell lines, positioning MK3 function both up-
and down-stream of M/SAPKs, likely as part of regulatory feedback loops. The involvement of
MAPKs and SAPKs in cell proliferation and proliferative life span is well documented [46,47].
Immediate-early response genes represent a standing response mechanism to a variety of trig-
gers; their activation is closely linked to M/SAPK and MK action [48–51]. Our previous studies
suggest that altered M/SAPK signalling to IEGs in the context of altered MK3 function plays a
vital role in mitogenic and thereby potentially in oncogenic responses [14]. Analogously, the
outcome of oncogenic signalling imbalance was reported to be dependent on critical threshold
expression levels of the IEG N-MYC and, equally relevant, on the cells’ intrinsic (i.e. genetic)
state and its microenvironment [52]. Similarly, tumor suppressor function has been proposed
to involve dosage and context, rather than all-or-none type effects [53]. As holds true for M/
SAPKs, relative concentrations of MK2, MK3, and MK5 and cellular context have been pro-
posed to dictate protein-protein interactions and thus signalling events and outcome [2,3,49].
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MK3 in tumorigenesis
We used the Cancer Cell Line Encyclopedia (CCLE) to assess MK3 expression in numerous
cancer cell lines [32]. This survey revealed that MK3 is relatively highly expressed in various
cancer cell types whereas its expression is low/absent in other cancer cell types.MK3 was origi-
nally proposed as a potential tumor-suppressor gene (TSG), as it located in chromosomal re-
gion 3p21.3, which frequently carries deletions in cancer. Of interest,MK3 was recently
suggested to harbour potentially oncogenic (driver) mutations, in contrast toMK2 [7]; these
included a series of missense mutations: P28S, E105A and D276Y. The P28S mutation occurs
N-terminally to a predicted P-loop (AA 52–57) and the ATP-binding pocket (AA 71–77) at a
position which may be conserved between MK2 and MK3 as part of a relatively proline-rich
area. The E105A mutation occurs in a group of relatively polar adjacent amino acids, in be-
tween the ATP-binding pocket and two regulatory threonines (T201/T313), which constitu-
tively activate MK3 when mutated (TT>EE in MK3CA). The D276Y occurs in between the
aforementioned regulatory threonines. In the current study we used our normal diploid
human fibroblast model to read out effects of such two of these mutations on M/SAPK signal-
ling and cell proliferation. Although the exact role of these mutations in tumorigenesis awaits
further analysis, our observations suggest that the MK3P28S and MK3E105A affect cell prolifera-
tion and M/SAPK cell signalling via distinct mechanisms compared to MK3WT. Expression of
both MK3 mutants correlates with a relatively higher pERK level compared to MK3WT or MK3
kinase mutants (KM or CA). Although both novel mutants enhance P38 signalling (level and
phosphorylation), and prolonged expression of the MK3E105A form correlates with relatively
high P16INK4A expression, neither of the two missense mutants exerts a proliferative disadvan-
tage relative to empty vector control transduced TIG3 cells. The MK3E105A mutant was origi-
nally identified in an endometrial carcinoma (EC); of note endometrial cancers show a
relatively high mean MK3 expression level among cancer types [32]. The MK3P28S mutant was
found in a glioblastoma, a rather heterogeneous cancer type in respect to MK3 expression. Al-
though any statement on the effect of these mutations on MK3 activity would be speculative at
this point, it is conceivable that such MK3 mutants result in altered subcellular MK3 interac-
tions that tilt the balance toward mitogenic and/or survival signalling. With respect to the
MK3P28S variant an obvious caveat is its low expression level in the current study. In depth ex-
amination of their biochemical properties, their interactome and their general effect on cell bi-
ology in the absence of wild type MK3 would prove useful to fully understand the possible
implications of these potential oncogenic MK3 mutations.

The highly homologous MK2 and MK3 proteins have acquired divergent cellular-context
dependent functions [2,54]. MK5 (PRAK), although required for RASV12-mediated OIS, is by
itself not capable of inducing senescence and is not required for damage-induced responses
[55]. We find that MK3 overexpression induces a phenotype reminiscent of oncogene-induced
senescence (OIS), as evidenced by accumulation of DNA damage, activation of a DNA damage
response, an intraS-phase arrest accompanied by enhanced TP53/P21CIP1/WAF1 expression,
and ultimately P16INK4 and SA-bGal expression and morphological alterations typical of senes-
cent cells. Conversely, MK3 depletion provides a selective growth advantage for cancer cell
lines, which fits with enhanced mitogenic signalling through MEK/ERK, and is consistent with
loss of TSG function [14]. Although the consequences of MK3 modulation on proliferative life
span are likely secondary to abnormal signalling and altered checkpoint activity, combined our
findings suggest that both MK3 gain- or loss-of-function may contribute to tumorigenesis de-
pending on cellular and/or genetic context.
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Functional interactions between MK3 and PRC1 in checkpoint control
The MK3-induced proliferative arrest in normal fibroblasts can be overcome by BMI1 co-ex-
pression, and clearly correlates with down-regulation of CDKN2A/P16INK4A expression, sug-
gesting that MK3 and PRC1 cooperatively control proliferative lifespan. The finding that BMI1
only bypasses the effects of MK3 overexpression, not of MK3 depletion in normal cells, sug-
gests that PRC1-dysfunction (i.e. complex disruption, inactivation) is unlikely to provide a
common PRC1-dependent mechanistic explanation for the proliferative arrest under MK3
gain or loss-of-function. Instead these findings support the involvement of additional,
PRC1-independent mechanisms in MK3-mediated checkpoint and replicative lifespan control.
We did not observe a bypass-effect of EZH2 overexpression in TIG3/MK3WTOE cells in this
study. EZH2 is implicated in CDNK2A/INK4A repression, in stem-cell regulation and senes-
cence [26,31,56–60]. Although published studies and our observations show reduced local
H3K27me3 marking at the CDNK2A locus, globally enhanced H3K27me3-chromatin associa-
tion appears to correlate to physiological stress (e.g. replication, hypoxia, oxidation stress; un-
published observations JWV). Given the concurrent drop in EZH2 levels and the fact that it
fails to bypass MK3-induced senescence, this, by inference, implicates other regulators, among
which likely H3K27me3 demethylases, in senescence responses [61]. Regulation of gene ex-
pression by histone methyl transferases like EZH2 and demethylases is known to involve regu-
latory non-coding RNAs, functional association with DNMTs and reciprocal functional
interactions with TP53 and/or P16INK4A [28,62–65]. The exact role of EZH2 in bypassing se-
nescence is as yet not clear and may depend on tumor cell type [64,66]. As transcriptional regu-
latory interdependency among PRC genes has been reported [9], whether or not the reduced
PRC1 levels observed in this study represent a hallmark of senescence remains to be estab-
lished. The combined data herein further supports a functional interaction between PRC1 and
MK3. The PRC1 oncoprotein BMI1 may thus control human cell proliferation and differentia-
tion in ways not solely dependent on INK4A, but for instance by repression of proto-oncogenes
[67]. In keeping with this idea, BMI1/RAS oncogenic collaboration and RAF1-induced senes-
cence also involve p16INK4A–independent mechanisms [68,69].

Conclusion
In summary, our findings suggest that MK3 controls cell proliferation via multiple pathways,
including M/SPAKs, TSGs including TP53, P21cip1/waf1, CDKN2A/INK4A and PRC1. The ef-
fect of gain or loss of MK3 function is context dependent and is likely to be influenced by the
large variation of genetic events (heterozygous and homozygous deletions, loss of heterozygo-
city) involving chromosome 3p and other chromosomes in cancer. Our findings provide a
starting point for systematic evaluation of these effects in different cancer types. The finding
that MK3-overexpression apparently reactivates dormant checkpoints in cancer cells is an im-
portant observation, as it holds the promise of identification of novel therapeutic targets and
stresses the relevance of personalized anti-cancer approaches.

Methods

Cell lines and cell culture
Human U-2OS osteosarcoma cells [70] expressing the murine ecotropic receptor were kindly
provided by D. Shvarts (Utrecht Medical Center, Utrecht, The Netherlands), HeLa cervical car-
cinoma cells [71] by M. Koritzinsky (MAASTRO, Maastricht, The Netherlands). Normal
human fibroblasts BJ [72] and TIG3 [73] were obtained through collaboration; normal human
TIG3 fibroblasts expressing the murine ecotropic receptor: courtesy D. Peeper (Netherlands
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Cancer Institute, Amsterdam, The Netherlands). Cells were cultured under standard condi-
tions in medium supplemented with 10% fetal calf serum and antibiotics (100 units/ml penicil-
lin and 100 μg/ml streptomycin; Gibco). Serum starvation: 0.05% FCS (cancer cell lines) and
0.1% (human fibroblasts) for 48 hrs. Mitogenic stimulation: supplementation of 15% FCS and
100ng/ml tetradecanoyl phorbol acetate (TPA; Sigma-Aldrich, St. Louis, MO, USA) for the
indicated duration.

cDNAs and expression systems
MK3KM andMK3CA mutant cDNAs were produced by S. Ludwig (Münster, GE). TheMK3P28S

andMK3E105A mutants were generated using the QuickChange site-directed mutagenesis
method (Agilent Technologies Netherlands B.V.) and sequence verified. Retroviral expression
vectors were used to maximize the percentage of expressing cells and to minimize integration
effects [74,75]. Retroviral vectors (pBABE-PURO, pBMN-LZRS.ires.GFP, pBMN-LZRS.ires.
NEO) expressing murine Bmi1 and humanMK3 have been described [8]. Expression vectors
encoding the murine ecotropic receptor or hTERT and human HA-tagged EZH2 were kindly
provided by R. Bernards (Amsterdam, The Netherlands) and T. Jenuwein (Freiburg, Ger-
many), respectively. Criteria used for shRNA-sequence design and the retroviral expression
system were as described before [76]. Targeting sequences are listed in S1 Table. Transduced
cells were selected for 1 week on 4–16 μg/ml puromycin (Sigma).

Proliferation Assays
Growth curves were standardized: to compare cell genotypes, all viral transductions (i.e. vari-
ous expression vectors within one experiment) were performed at the same time; all cells were
seeded at equal density (± 20.000 cells/cm2) in 12-multiwell plates (Greiner Bio-one) the pre-
ceding evening and allowed to adhere overnight, before the first time point was fixed (t = 0)
and followed over time. Cells were collected at the indicated time point cells, washed twice with
phosphate-buffered saline and fixed for 10 minutes with 3.7% formaldehyde at room tempera-
ture. Next, cells were rinsed 5 times with demineralized water. Cells were stained with 0.1%
Chrystal violet for 30 minutes or overnight, and washed 5 times with demineralized water.
Chrystal violet was extracted with 10% acetic acid and absorbance was measured spectrophoto-
metrically at 590 nm (Benchmark, Biorad). Data points are based on triplicate measurements
within one experiment. Data (cell counts at t = 2 to t = 8) were normalized to cell counts at
t = 0 for each transduced cell culture individually. Statistical significance (p<0.05) was deter-
mined by two-tailed Student’s t-test and presented relative to the empty vector control. All ex-
periments, including transductions and selections, were repeated at least three times using
fresh or frozen viral stocks.

BrdU-pulse labeling & DNA profiling
TIG3 cells were pulse-labelled with 10 μMBrdU (Sigma) for 45 min. DNA of labelled methanol-
fixed cells (-20°C, overnight) was denatured (0.4 mg/ml pepsin (Sigma)/ 0.1 N HCl; 30 min) and
incubated (2 N HCl, 30 min, 37°C); pH was readjusted to 7–8 with 0.1 M sodium borate buffer
pH 8.5. Cells were incubated with 5 μl anti-BrdUMab (IIB5, courtesy B. Schutte, Maastricht,
The Netherlands; 1–1.5 h, RT); washed and incubated with 5 μl FITC-conjugated anti-mouse
Pab (rabbit-anti-mouse FITC, Dako, Glostrup, Denmark; 4°C, overnight) washed, resuspended
and stained (100 μg/ml RNAse, 20 μg/ml PI/ PBS, 2–3 hrs, RT, dark) immediately prior to
FACS-analysis (Becton Dickinson; CellQuest software).
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Immuno-histochemistry, fluorescent in situ hybridization (FISH), cell
staining
Cells were seeded at 5–10% confluence on glass slides, infected at low MOI (± 1:1) and sub-
jected to a selection (i.e. 8 (TIG3) -16 μg (U-2OS) puromycin/ml). Cells were fixed (2% formal-
dehyde/PBS, 10 min RT), permeabilized (0.2% Triton-X100/PBS) or directly fixed and
permeabilized (100% methanol, 20 min, -20°C). Antisera were diluted in blocking buffer (5%
normal goat serum, 5% FCS, 0.02% TritonX100/PBS). Polyclonal (Pab) rabbit antiserum gluta-
thione S-transferase (GST) and monoclonal antiserum (Mab) against MK3 were kindly provid-
ed by S. Ludwig (Münster, Germany), anti-2Py-tag Mab (MMS-115R; Babco, Richmond,
California); anti-p14ARF/p16ß Pab (Ab-1; LabVision corp., Fremont, California), anti-
p16INKA mab (E6H4, MTM CINtec laboratories, Heidelberg, Germany), anti-p21 Pab (C-19;
Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-P53 Mab (DO-7; M7001; DAKO), anti-
γH2AXMab (JBW301, 05–636, Upstate Biotechnology/Millipore), anti-pKAP1S824 Pab
(A300-767A; Bethyl Laboratories, Montgomery, TX, USA). Primary Mabs were detected with
goat anti-mouse TexasRed (TXRD, Southern Biotech, Birmingham, LA, USA), primary Pabs
with goat-anti-rabbit fluorescein isothiocyanate (FITC, Southern Biotech). 4’-6-Diamidino-
2-phenylindole (DAPI) was co-incubated with secondary conjugated antibodies to counter-
stain cell nuclei. For karyotypic analysis of TIG3, U-2OS and HeLa cells (S9 Fig), interphase
FISH analysis was essentially performed as described [77,78]; Urovysion probe mixture (Ab-
bott Molecular) containing probes for the chromosome 3, 7 and 17 centromeric regions and
the 9p21 locus, labelled with SpectrumRed, SpectrumGreen, SpectrumAqua and Spectrum-
Gold, respectively, was used; cells were counter-stained with DAPI. SA-bGal assays were per-
formed as previously described [79].

Chromatin immunoprecipitation (ChIP) assays
TIG3 cells were transduced with pBABE-puro-GST or GST-3pK and selected with 4μg/ml pu-
romycin. Fixation and ChIP procedures were essentially carried out as described before
[14,57]. Briefly, cross-linked fragmented chromatin samples were immuno-precipitated over-
night at 4°C with antibodies against either HA (sc-805; Santa Cruz), H3K27me3 (07–449; Up-
state), an equal mix of anti-CBX8 "LAST" and "GALD" [57], anti-MK3 [4] or anti-PHC1 [80].
Crosslinks were reversed overnight at 65°C followed by a 2 h digestion with RNAse A and pro-
tease K. DNA fragments were recovered using QIAquick PCR purification columns (Qiagen,
Hilden, Germany), according to manufacturers’ instructions. Samples were eluted in 75 μl elu-
tion buffer and then further 1/5 diluted in TE buffer. Immuno-precipitated DNA was quanti-
fied by real-time qPCR. Primer sequences: S1 Table.

Western analysis
Cell lysis: RIPA buffer (5 mM Benzamidine, 5 μg/ml Antipain, 5 μg/ml Leupeptin, 5 μg/ml
Aprotinin, 1 mM Sodium Vanadate, 10 mM Sodium Fluoride, 10 mM Pyrophosphate, 10 mM
ß-Glycerophosphate, 0.5 mM DTT and 1 mM PMSF). Protein concentration: BCA protein
assay kit (Pierce/Thermo Fisher Scientific, Rockford, IL, USA). Proteins were immobilized on
polyvinylidene fluoride (PVDF) membranes, blocked (5% non-fat dry milk/PBS/0.1% Tween-
20), incubated with antibodies (4°C, overnight): beta-Actin Mab (C4, 691001, MP Biomedicals,
Solon, OH, USA), CBX8 (courtesy K.Hansen, Copenhagen, Denmark), Ezh2 Mab (BD4) and
p16 Mab (DCS50; courtesy A. Bracken, BRIC, Copenhagen, Denmark), histone H3 Pab
(Ab1791, Abcam, Cambridge, UK), p21 Pab (C-19; Santa Cruz Biotechnology), TP53 Mab
(DO-7; M7001; DAKO), anti Bmi1 Mab (F6; courtesy M. vanLohiuzen; Amsterdam, The
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Netherlands), anti MK3 Mab (3pK; clone 3p8-1, S.Ludwig, Münster, Germany), MK3 Pab
(2362 3pK; U.Rapp, Würzburg, Germany), H3K27me3 Pab (07–449, Upstate), 2Py-tag Mab
(MMS-115R; Babco), AKT (9272, Cell Signaling, Danvers, MA, USA), EGR1 (sc-110, Santa
Cruz), MK2 Pab (3042, Cell Signaling). Signals were detected on autoradiograms using en-
hanced chemoluminescence (ECL; Pierce).

Quantification of mRNA levels by real-time (rt) PCR
Messenger NA levels were essentially measured as previously described [14]. Briefly, total RNA
was isolated using Tri-Reagent (Sigma). RNA Quantity and quality were measured on the
nanodrop (Witec AG, Luzern, Switserland. RNA (500 ng) was converted into cDNA using the
iScript cDNA synthesis kit (Bio-Rad, Herculus, CA, USA). MyIQ analysis was performed on
10 ng cDNA using the qPCR iQ Custom SYBR Green Supermix (Bio-Rad) and 300 nM primer.
Analysis was performed on an iCycler thermal cycler (Bio-Rad). Cyclophillin A was used for
normalization in all experiments. Primers sequences: S1 Table.

Supporting Information
S1 Fig.MK3 overexpression induces a proliferative arrest in normal human fibroblasts. (A)
Representative BrdU/DNA profile of TIG3 cells expressionMK3WT (MK3WTOE; lower panel)
or control cells (con; upper panel). Cells were analyzed for cell cycle distribution approximately
1 week after retroviral transduction and selection. (B) Quantification of relative S-phase distri-
bution in TIG3/con and TIG3/MK3WTOE cells. S-phase sub-stage was assessed based on BrdU-
incorporation pattern (i.e. global or focal) and DAPI staining-intensity (i.e. dim: early S, bright:
late S; lower panel): Ed: early S/BrdU-dim, Eb: early S/BrdU-bright, M: mid S, L late S (Ld: late
S/BrdU-dim in bottom panel); data are expressed as percentage of the total number of BrdU-
positive cells. Note: the nearly even distribution of BrdU-positive cells over the entire S-phase
and the relatively low BrdU incorporation of a substantial number of TIG3/MK3WTOE nuclei
are both indicative of intra-S phase arrest. (C) Cell morphology of TIG3hTERT/con cells (top
panel) and TIG3hTERT/MK3WTOE cells (bottom panel); phase contrast images.
(TIF)

S2 Fig. Proliferation capacity of MK3-depleted and MK3-kinase mutant TIG3 cells. (A)
Proliferation profiles of TIG3/MK3KMOE and TIG3/MK3CAOE cells at 1 week (left panel) and ±4
weeks post-transduction (right panel). Note: proliferation profiles for all cell genotypes depicted
in graphs S2A Fig and Fig 6B were derived simultaneously: cells were synchronously retrovirally
transduced, selected, expanded and plated to determine proliferation characteristics. Cell counts
at t = 2 through t = 8 were normalized to cell counts at t = 0 for each transduced cell culture indi-
vidually (see Methods section for details); statistical significance was determined by two-tailed
Student’s t-test and is presented relative to the empty vector control (� p< 0.05). (B) Protein ex-
pression profiles of GST-tagged MK3 (GST:MK3), TP53 and p16INK4A (P16) in TIG3 cells at in-
dicated time points post-transduction (corresponding to Fig 2SA); loading controls: b-Actin
(bAct). Note: the Immunoblot analysis depicted is part of the analysis as presented in Fig 6C. (C)
Immunoblot analysis of two different short hairpin-based RNAi vectors targeting MK3 only
(shMK3) or MK2 andMK3 simultaneously (shMK2/3); loading control Tubulin (Tub). (D) Rep-
resentative DNA profiles (BrdU pulse-labeling and S-phase quantification by FACS) of TIG3/
shMK3 cells corresponding to Fig 4B. (E) Quantification of DNA profiles (BrdU pulse-labeling
and S-phase quantification by FACS) in TIG3/shMK3 and TIG3/con cells at approximately
1 week post-transduction.
(TIF)
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S3 Fig. Functional interactions between MK3 and Polycomb Group proteins. (A) Morphol-
ogy of cell cultures corresponding to the chromatin immunoprecipitation (ChIP) experiments
(Fig 3C); phase contrast images (right panels) confirm flat cell phenotype in TIG3/MK3WTOE
cells at the time of harvest. (B) Real-time PCR analysis of EZH2 and INK4A/ARFmRNA levels
in TIG3/MK3WTOE and control cells; bottom: schematic overview of human INK4A/ARF
locus and primers used in this study. Due to overlap in mRNA sequences of p14ARF and
p16INK4A, levels of p16INK4A mRNA could not be directly measured by real time PCR; instead
mRNA levels for p14ARF only, and for p14ARF + p16INK4A were measured; p16INK4A mRNA lev-
els were deduced by subtraction; error bars are provided for p14ARF and for p14ARF +
p16INK4A measurements.
(TIF)

S4 Fig. Functional interaction between MK3 and Polycomb Repressive Complex 1. (A)
Analysis of P16INK4A (P16) levels in control (con), HA-tagged EZH2 (HA:EZH2); 2PY-tagged
BMI1 (BMI1:2PY) and GST-tagged MK3 (GST:MK3)-transduced TIG3 cells in the presence or
absence ofMK3WTOE (GST:MK3); tubulin (tub) and histone H3 (H3) represent fractionation
controls. Cytoplasmic and nuclear fractions were always loaded on the same gel for protein
analysis (corresponding sections are shown separately); nuclear fractions correspond to ap-
proximately 3–4 cytoplasmic equivalents; antibodies used as indicated in figure. (B) Real-time
quantitation of mRNA expression in TIG3 cells; mRNAs as indicated; note that the exon2
primer-set simultaneously detects P14ARF and P16INK4A (cf. S3 Fig) Expression data were nor-
malized to cyclophillin expression; shRNA vectors used are indicated below the graph.
(TIF)

S5 Fig. MK3 expression levels in normal and cancer cell lines. (A) Expression levels of MK3
mRNA based on analysis of nearly 1000 cancer cell lines (source: Broad-Novartis Cancer Cell
Line Encyclopedia; http://www.broadinstitute.org/ccle [32]). (B) MK3 and MK2 protein expres-
sion in normal and cancer cell lines; TIG3: diploid human fibroblast; BJ2: diploid human fibro-
blast; HeLa: cervical carcinoma; U-2OS: osteosarcoma; HCT116, HT29: colorectal carcinoma;
DU145: prostate carcinoma; MCF-7: breast carcinoma; U251, U87, U373 glioblastoma; A549:
alveolar adeno-carcinoma; ECC1, Ishikawa: endometrial carcinoma; RL95-2 cervical
adenosquamous carcinoma.
(TIF)

S6 Fig. Flat cell formation in U-2OS/MK3WTOE cultures. (A) Confirmation of MK3WT ex-
pression in flat U-2OS/MK3WTiresGFP cells (upper left panel; phase contrast) transduced with
a retroviral vector co-expressing GST:MK3 and GFP (lower left panel); right panels: large flat
GFP-positive U-2OS cells stain positive for SA-bGal; arrows demarcate flat cells positive for
GFP (upper panel) and SA-bGal (lower panel). (B) TP53 and P14ARF (P14) co-staining (left
panels) or P14ARF (P14) and P21CIP1/WAF1 (P21) co-staining (right panels) in senescent U-
2OS/MK3WTOE cells; nuclei were counterstained with DAPI.
(TIF)

S7 Fig. Modulation of MK3-levels causes signalling imbalance. (A) Immunoblot analysis of
M/SAPK (ERK, P38, JNK) and phosphorylated (pERK, pP38) levels in TIG3/MK3WTOE
(MK3WTOE) cells versus control cells (con). (B) Immunoblot detection of sustained elevated
P38 levels in TIG3/MK3WTOE cells between 1 and 3 weeks post transduction. (C) Immunoblot
detection of P38 levels in TIG3/MK3WTOE, U-2OS/MK3WTOE and HeLa/MK3WTOE cells. (D)
Immunoblot detection of P38, l TP53, P21cip1/waf1 (P21) and p16INK4A (P16) protein expression
levels; loading controls: b-Actin (bAct). (E) Left: morphological changes in U-2OS/MK3WTOE
cultures under reduced serum conditions (1%); empty vector control cells (con). Right:
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quantitation of serum-deprivation on proliferative capacity of U-2OS/MK3WTOE cells
(squares: 10% FCS; circles: 5% FCS; triangles: 2% FCS; open symbols: control; filled symbols:
MK3OE). Indicated (brackets) is percentage growth reduction relative to control cells at each
serum concentrations.
(TIF)

S8 Fig. Modulation of MK3-levels causes signalling imbalance. (A) Immunoblot analysis of
P38 and phosphorylated P38 (pP38) levels in serum-starved/stimulated TIG3/MK3WTOE
(overexpression of wild type MK3;WT), TIG3/MKKMOE (kinase dead MK3; KM), TIG3/
MK3CAOE (constitutively active MK3; CA), TIG3/MK3P28SOE (potential oncogenic mutation
P28S; P28S) or TIG3/MK3E105AOE (potential oncogenic mutation E105A; E105A); con repre-
sents empty retroviral vector control cells. All cells were synchronously transduced, selected,
serum starved and serum/TPA stimulated. Extracts were prepared at the indicated time points
(time in minutes). Loading control: Tubulin (Tub); “t” (GST:MK3 panel) refers to longer expo-
sure time of autoradiographic film. (B) Immunoblot analysis of P38 and pP38 levels at defined
time points in the same extracts as (A); extracts of all TIG3/MK3-genotypes at defined time
points were loaded on the same blot to facilitate direct quantitative comparison.
(TIF)

S9 Fig. Karyotypic analysis of used cell lines. (A) Representative FISH image of TIG3 (left),
U-2OS (middle) and HeLa cells (right); detection of 9p21 (CDKN2A/INK4A locus, yellow) and
chromosome 17 centromeres (blue); DAPI was used to counterstain nuclei. (B) Upper table de-
picts summary of limited karyotype analysis; lower table depicts full analysis of TIG3 (n = 67;
>98% diploid), U-2OS (n = 102; mixed polyploidy) and HeLa (n = 100;>90% triploidy at all
loci investigated) nuclei for centromeres of chromosome 3, 7 and 17 and 9p21.
(TIF)

S1 Table. Primers used for ChIP and mRNA expression analysis.
(DOCX)
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