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p38 MAPK Down-regulates Fibulin 3 Expression through
Methylation of Gene Regulatory Sequences
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(Background: p38a MAPK regulates migration/invasion.

invasion.
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Results: p38a induces hypermethylation of Fibulin 3 gene regulatory sequences leading to Fibulin 3 down-regulation. This
contributes to regulate migration and invasion in MEFs and HCT116 cells.
Conclusion: p38a down-regulates fibulin 3 expression through promoter methylation to control p38a-mediated migration and

Significance: To understand the function of new p38« targets in migration/invasion and tumorigenesis.
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p38 MAPKSs regulate migration and invasion. However, the
mechanisms involved are only partially known. We had previ-
ously identified fibulin 3, which plays a role in migration, inva-
sion, and tumorigenesis, as a gene regulated by p38ca. We have
characterized in detail how p38 MAPK regulates fibulin 3
expression and its role. We describe here for the first time that
p38a, p38y, and p386 down-regulate fibulin 3 expression. p38«a
has a stronger effect, and it does so through hypermethylation of
CpG sites in the regulatory sequences of the gene. This would be
mediated by the DNA methylase, DNMT3A, which is down-reg-
ulated in cells lacking p38ca, but once re-introduced represses
Fibulin 3 expression. p38a through HuR stabilizes dnmt3a
mRNA leading to an increase in DNMT3A protein levels. More-
over, by knocking-down fibulin 3, we have found that Fibulin 3
inhibits migration and invasion in MEFs by mechanisms involv-
ing p38a/PB inhibition. Hence, p38a pro-migratory/invasive
effect might be, at least in part, mediated by fibulin 3 down-
regulation in MEFs. In contrast, in HCT116 cells, Fibulin 3 pro-
motes migration and invasion through a mechanism dependent
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on p38a and/or p38p activation. Furthermore, Fibulin 3 pro-
motes in vitro and in vivo tumor growth of HCT116 cells
through a mechanism dependent on p38«, which surprisingly
acts as a potentinducer of tumor growth. At the same time, p38«a
limits fibulin 3 expression, which might represent a negative
feed-back loop.

p38 MAPKs® are a subfamily of MAPKSs activated by several
stimuli, which are involved in the regulation of the main cellular
functions, including migration and invasion (1-2). There are
four isoforms of p38 MAPKs: p38«a, p38f3, p38y, and p385,
which can have both overlapping and specific functions (1).
p38a and p383 show a high grade of homology and are ubiqui-
tously expressed, while p38y and p386 have more restricted
expression patterns and some specialized functions (2).

p38a is essential for embryonic development (3—4), being
expressed at high levels (5). It regulates different cellular func-
tions. For example, it can inhibit proliferation (6 —8) and adhe-
sion (9) and promote differentiation (7, 10), apoptosis (11-13),
migration (14), and invasion (15-16). In addition, it can also
activate proliferation (17-18) or survival (19-21). In fact, it is
now clear that p38« can play dual roles depending on the stim-
ulus, cellular context, or other additional factors (8). This is also
true for cancer, where p38a behaves as either a tumor suppres-
sor or promoter depending on the type of cancer and the tumor
stage (8). In a number of tumors, p38« inhibits tumor initiation
because of its role in cell cycle arrest and in the induction of
apoptosis (13). However, at later stages, it can promote survival
(19-20), migration, and invasion leading to metastasis (8, 16).

®>The abbreviations used are: MAPKs, mitogen-activated protein kinase;
ECM, extracellular matrix;, DNMT, DNA methylase; MMPs, matrix
metalloproteases.
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Role of p38-mediated Fibulin 3 Silencing

According to this, in several tumor cells lines p38a mediates
migration and invasion through regulation of cell motility,
MMP expression, and/or activity (16, 22—23).

The function of p38+y and p386 in cancer has not been well
characterized. It has been recently shown that they can play a
tumor suppressor role inhibiting cell migration, MMP2 secre-
tion and tumor growth in MEFs (24). In contrast, p385-null
mice are more resistant to skin tumor development (25) and
colon cancer development is impaired in p38-y/8-deficient mice
(26).

Fibulins are a family of extracellular matrix (ECM) proteins
(27-28). They are secreted glycoproteins characterized by the
presence of a shared globular domain at the C terminus called
“fibulin-like” domain (27-29). This domain is preceded by a
series of epidermal growth factor (EGF)-like domains. These
proteins play relevant roles in the assembly and stabilization of
supramolecular ECM complexes and as a consequence they
regulate essential cellular functions such as adhesion, migra-
tion, or proliferation, being involved in tissue organogenesis,
vasculogenesis, fibrogenesis, and tumorigenesis (27-28, 30). In
particular, Fibulin 3 (also referred to as EFEMP-1) is expressed
in different tissues and it can play a dual role in cancer (30). In
some tumors, such as glioma, it is overexpressed, promoting
cell migration and invasion (31-32). Similarly, in pancreatic
adenocarcinoma Fibulin 3 is up-regulated, which is associated
with metastatic tumor growth (33). In contrast, fibulin 3 was
shown to be down-regulated in non-small lung carcinoma,
breast cancer, or coloncarcinoma, where it might behave as a
tumor suppressor (34 -37). In particular, in non-small lung car-
cinoma it has been recently demonstrated that Fibulin 3 inhib-
its epithelial to mesenchymal transition (EMT) and self-re-
newal of lung cancer stem cells (35).

In some of the tumors, fibulin 3 expression is down-regulated
as a consequence of promoter methylation (34, 37). In fact,
transcriptional regulation of fibulin 3 gene is a relevant mech-
anism controlling its expression through different regulatory
sequences present at the 5'-end (38). However, it remains
unknown the mechanism responsible for this epigenetic regu-
lation of Fibulin 3 expression.

DNA methyltransferases (DNMTs) are responsible for DNA
methylation (39). There are three enzymatically active mam-
malian DNMTs, DNMT1, DNMT3A, and DNMT3B. DNMT1-
induced DNA methylation is associated with DNA replication
(40), while DNMT3A/3B are thought to function as de novo
DNA methyltransferases, and their levels can be regulated,
being of relevance its post-transcriptional regulation (39). In
particular, binding of HuR protein to the 3'-UTR of DNMT3B
mRNA enhances its stability, increasing its protein levels (41).
Microarrays analyses revealed that Fibulin 3 mRNA levels were
up-regulated in p38a~’~ MEFs.° Based on that, together with
the above described functions of Fibulin 3 and p38« in the con-
trol of migration and invasion, it could be hypothesized that
p38a could act through Fibulin 3 to regulate these processes.
Therefore, we explored in detail if p38a MAPK and other p38
isoforms were able to regulate Fibulin 3 expression in non-

6 A. Porras, unpublished results.
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tumor cells (MEFs), the mechanisms involved, and its function.
We also determined whether p38a was also able to regulate
Fibulin 3 expression in the HCT116 colon carcinoma cell line
and its impact on migration, invasion, and tumorigenesis in
these cells.

EXPERIMENTAL PROCEDURES

Cell Culture and Cell Lines—Wtand p38a~'~ mouse embry-
onic fibroblasts (MEFs) have been generated in our laboratory
(21)and p38y~/,p388 ' ~,and p38 8/y '~ MEFsin Dr. Cuen-
da’slaboratory and immortalized by passages. The human colo-
rectal carcinoma HCT116 cell line was obtained from ATCC
(CCL-247) and authenticated by microsatellite markers analy-
sis. HCT116 cells with permanent p38« knock-down (different
clones) were previously generated using a p38a shRNA inserted
in pSuper.retro.puro vector (12) and were maintained with 2
pg/ml puromycine (Sigma-Aldrich P8833). As a control, cells
transfected with the empty vector were also generated. MEFs
were grown in DMEM medium and HCT116 cells in McCoy’s
(Invitrogen) medium supplemented with 10% fetal bovine
serum (FBS) plus antibiotics at 37 °C, 5% CO, in a humidified
atmosphere. p38a and/or p38B were inhibited with SB203580
(Calbiochem; 559389) at 5 uM (for p38a) or 10 um (for p38«
and B). DNA methylation was inhibited with 5-aza-2’-deoxicy-
tidine (Sigma 3656) at 0.5—1 uMm. Transcription was inhibited by
treatment with actinomycin D (Sigma A9415) at 5 ug/ml.

RT-qPCR Analysis—After isolation of total RNA using
RNeasy Mini Kit (Qiagen 74104), 1-5 ug RNA was reverse
transcribed using SuperScript III RT kit (Qiagen, 18080) to gen-
erate cDNA. Then, Real Time PCR was performed using SYBR
green (Roche) and specific primers: for human fibulin 3: for-
ward 5'-TGGCGGCTTCCGTTGTTATCCA-3" and reverse:
5'-TGGGGCAGTTCTCGGCACATS3-'; for mouse fibulin 3:
forward 5'-GAATGTGATGCCAGCAACC-3' and reverse 5'-
TCACAGTTGAGTCTGTCACTGC-3’; for mouse dnmt3a:
forward 5'-CGGCAGAATAGCCAAGTTCA-3’ and reverse
5'-GGGAAGCCAAACACCCTTT C-3’ and to normalize (en-
dogenous control) primers for: human GAPDH: forward
5'-CATCGAAGGTGGAAGAGTGG-3' and reverse: 5'-CATCA-
AGAAGGTGGTGAAGC-3’; and mouse GAPDH: forward:
5'-CATCAAGAAGGTGGTGAAGC-3' and reverse: 5'-CAT-
CGAAGGTGGAAGAGTTGG-3'. Quantification was performed
through calculation of RQ (274", Ct (threshold cycle) for a
gene minus Ct for GAPDH = ACt and then, this is referred to
wt control values (sample ACt-wt ACt = AACt) to calculate RQ
value.

Pyrosequencing—Genomic DNA was extracted from 24h
serum-deprived MEFs using the alkaline lysis method and
modified by sodium bisulfite using BisulFlash DNA Modifica-
tion Kit (EPIGENTEK, P-1026). The DNA region —28853253/
—28853452 was amplified by PCR using the PyroMark PCR kit
(Qiagen 978703) using the following primers: forward: 5'-CCTC-
CTGTGGCTGCTGCTGCAG-3'; reverse (biotinylated): 5'-
CACTTTGACATGTCTCTTCTACCTCCA-3'. PCR cycles
were as follows: 30 sec at 95 °C, 30 sec at 52 °C, and 30 sec at
72 °C (45 cycles). PCR products were converted into single-
stranded DNA. One strand was isolated using streptavidin-
Sepharose beads and was used as a template in the pyrosequen-
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cing PCR reaction using two different primers: 5'-GCTGCCC-
TCCCCTACGCACTCCTT-3' for the analysis of the methyla-
tion status of five CpG sites and 5'-CCCGCAGGTAGGAGC-
CCAAAGC-3' for the analysis of seven additional CpG sites.

Cell Extracts Preparation and Western Blot Analysis—Cells
were lysed in a buffer containing 50 mm Tris*HCI (pH 7.5), 150
mM NaCl, 1% Nonidet P-40, 5 mm EGTA, 5 mm EDTA, 1 mm
phenylmethylsulfonyl fluoride, 10 ug/ml aprotinin, 10 ug/ml
leupeptin, 1 mM NaVO,, and 20 mm NaF and centrifuged (at
13.000 rpm 10 min, 4 °C). Supernatants (total cell extracts) were
stored at —80 °C. Protein concentration was determined by the
Bradford method.

Western blot analysis was carried out as previously described
(9) using total cell extracts or mediums from serum-deprived
cells (to analyze Fibulin 3 secretion). Proteins were separated by
electrophoresis using Anderson gels (or SDS-page gels) and
transferred to nitrocellulose membranes that were probed with
the following antibodies against: P-p38MAPK (9211) P-ERKs
(9101), P-Ser 473 Akt (9271) and DNMT3A (2160) from Cell
Signaling Technology, p38a MAPK (sc-535), Fibulin 3 (sc-
99177), HuR (sc-20694) from Santa Cruz Biotechnology, 3-ac-
tin (Sigma A5441).

Fibulin 3 and HuR Knock-down—Permanent fibulin 3 knock-
down in MEFs was performed by infection with mouse fibulin 3
shRNAs Lentiviral Particles (75000 infectious units) containing
a mixture of different shRNAs (Santa Cruz Biotechnology
sc-44625-V) in the presence of 10 ug/ml Polybrene (Santa Cruz
Biotechnology sc-134220) or a control shRNA for non-silenced
cells. Similarly, permanent HuR knock-down in wt MEFs was
performed by transfection of a mixture of plasmids containing
different mouse HuR shRNAs (Santa Cruz Biotechnology
sc-35620-sh) using Metafectene-Pro (Biontex T040-0.2) as
previously described (21). Then, cells were selected with 1
pg/ml puromycin.

Permanent fibulin 3 knock-down in HCT116 cells was car-
ried out using a human fibulin 3 shRNA (OriGene Technolo-
gies, TR30018) inserted in the pGFP-B-RS vector. Cells were
transfected using Metafectene-Pro (Biontex T040-0.2). Differ-
ent clones were selected with blasticidin (2 pg/ml, Invitrogen
R210-01) and used for the experiments. As a control, cells
transfected with the empty vector were also generated. Tran-
sient fibulin 3 knock-down was also performed using a second
human fibulin 3 shRNA (Sigma NM-004105). Cell assays were
initiated 48 h after transfection.

Re-expression of p38a and DNMT3A—To re-express p38a
MAPK or DNMTS3A in p38a—/— MEFs, transient transfec-
tions were performed using Metafectene-Pro (Biontex T040-
0.2) and the following constructs: (i) p38a cDNA cloned into
the EcoRI site of the pEFmlink expression vector (4); (ii)
dnmt3a inserted in the pcDNA3 vector, as previously described
(21). Cell assays were performed 48 —72 h after transfection.

Wound Healing Assays—Confluent cells were pre-treated
with mitomycin C (25 pg/ml, Sigma-Aldrich M0503) for 30
min to inhibit cell growth. Then, a straight scratch was per-
formed and the medium replaced by a fresh one without serum
(for MEFs) or with 2% FBS (XHGF for HCT116 cells). Cells
were maintained for 12-72 h at 37 °C and 5% CO,. Migration
was followed by a phase-contrast microscope (Eclipse TE300

SASBMB

FEBRUARY 13,2015+VOLUME 290-NUMBER 7

Role of p38-mediated Fibulin 3 Silencing

Nikon coupled to a digital camera) at different time points.
Photographs were taken to quantify (using TScratch program)
the percentage of wound healing closure at the different times.

Invasion Assays—Invasion through matrigel was assayed
using matrigel (444 pg/cm?) (BD Biosciences, 356234)-coated
transwells (8 um filter, BD 353097). Cells (50,000) were seeded
in the upper chamber in a serum-free medium. In the lower
chamber, FBS (10%) or HGF (40 ng/ml) was added to the
medium to act as a chemoattractant. Then, cells were left in
the incubator for 24 h at 37 °C. Medium and matrigel from the
upper chamber were removed, and cells present in the lower
chamber were fixed with 4% paraformaldehyde and stained
with crystal violet 0.2% p/v (Sigma-Aldrich C-0775). Cells were
counted using a phase-contrast microscope.

Zymography—To determine MMP-2 and MMP-9 activities,
80% confluent cells were serum-deprived for 24 —48 h and the
culture medium was used for an electrophoresis in 8% SDS-
polyacrylamide gels polymerized in the presence of 0.1% gelatin
under non-reducing conditions. Gels were washed with 2.5%
Triton X-100 (30 min) to remove SDS, rinsed with substrate
buffer (0.2 M NaCl, 5 mm CaCl,, 1% Triton X-100, 0.02% NaN3,
50 mm Tris pH 7.5) and incubated in this buffer at 37 °C over-
night to allow protein renaturation and MMP activation. To
visualize gelatin degradation, the gel was stained with Coomas-
sie Brilliant Blue (Bio-Rad, 161-0400).

Focus Formation Assays—To measure anchorage-dependent
growth, 300 cells (MEFs or HCT116 cells) were seeded in a
10-cm dish. After 10-13 days for MEFs or 8-10 days for
HCT116 cells, foci were stained with a 0.2% crystal violet solu-
tion. The total number of foci was quantified using Image J
program and their size using OpenCFU program. The size of
colonies was measured as volume applying the equation
4/37r3, where r is the radius of foci.

Growth in Soft Agar—To measure anchorage-independent
growth, cells were cultured in 24-well dishes containing two
agar layers. Cells (3 X 10°) were resuspended in 0.7% agar (BD,
214530) diluted in complete medium (2X) and poured onto a
0.5% layer of agar (diluted in medium). Fresh medium was
added to the top layer every 3 days. After 2 weeks, colonies were
stained with 0.005% crystal violet and counted using a dissect-
ing microscope.

Xenografts Assays—HCT116 cells (10° cells/100 ul) were
resuspended in McCoy’s medium and injected subcutaneously
into the flank of eight-week-old male nude mice (Harlan Labo-
ratories). Tumor growth was monitored twice a week for 6
weeks. Tumor volume was calculated by the formula ((L/2) X
(W/2)) X ar, where L and W are the longest and the shortest
diameter in millimeters, respectively. All animal experiments
were carried out in compliance with the institutions guidelines.

Statistical Analysis—Data are represented as the mean val-
ues = S.E. The comparisons were done between two experi-
mental groups. An unpaired Student’s ¢ test was used.

RESULTS

p38 MAPKs Down-regulate Fibulin 3 Expression—Using
Affymetrix gene Chips, we identified several mRNAs that were
up-regulated in p38a knock-out MEFs growing with serum as
compared with wt (data not shown). Among them, fibulin 3
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FIGURE 1. p38 MAPKSs are negative regulators of Fibulin 3 expression. Cells (MEFs wt, p38a~'~, p38y~/~, p385~/~, and p38 /6~ or HCT116 cells
(non-silenced (—) and p38a knock-down (shp38a))) were maintained in the absence of serum for 24 h and then, total RNA or proteins were isolated. A and B,
analysis by RT-gPCR of fibulin 3 mRNA levels in MEFs. Results represent the mean = S.E. of RQ values (n = 3-8).***,p < 0.001 as compared with wt cells. B, effect
of SB203580 (5 M) in wt (left histogram) and p38a~'~ (right histogram) MEFs. ***, p < 0.001, SB203580 treated wt MEFs as compared with untreated wt cells.
C-E, Western blot analysis of Fibulin 3 protein levels in the culture medium (secreted) or in cell extracts as indicated. B-actin was used to normalize cell extracts
and p38a as a control of its expression. Histograms show the mean = S.E. of the densitometric analyses of the blots normalized with B-actin. *, p < 0.05; **,p <
0.01;***,p < 0.001 as compared with wt cells. D, effect of SB203580 (5 um) in wtand p38a~/~ MEFs. E, effect of p38a re-expression in p38a~/~ MEFs. F, analysis
by RT-gPCR of fibulin 3 mRNA levels in HCT116 cells. Results represent the mean = S.E. of RQ values (n = 5). **, p < 0.005 as compared with non-silenced cells.
G and H, Western blot analysis of Fibulin3 protein levels in the culture medium or in cell extracts as indicated, normalized with B-actin. p38a was used as a
control of its expression. H, effect of SB203580 (5 um) in Fibulin 3 secretion to the culture medium referred to total protein levels.

mRNA levels were highly up-regulated. This was validated and
quantified by RT-qPCR (Fig. 1A4) using different MEFs cell lines
(wt and p38a /7). To further demonstrate that these changes
in fibulin 3 expression were dependent on p38a MAPK, the
effect of the selective p38a/f inhibitor SB203580 was deter-
mined. As shown in Fig. 1B, treatment of wt MEFs with
SB203580 led to an up-regulation of fibulin 3 mRNA, while it
had no effect on p38a~’~ cells, even when using a higher
SB203580 concentration (data not shown). This indicates that
p38a, but not p38p, is responsible for fibulin 3 regulation. We
also analyzed if other p38MAPKSs isoforms could also regulate
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fibulin 3 expression. Results from Fig. 14 show increased levels
of fibulin 3 mRNA in MEFs lacking p38+y, p386 or both as com-
pared with wt cells, although lower than in p38a~’~ MEFs.
Therefore, we decided to focus our studies on the analysis of the
function of p38a in the regulation of Fibulin 3 expression.
According to mRNA data, we found increased levels of the
secreted and intracellular Fibulin 3 protein in MEFs deficient in
p38a (Fig. 1, C and D). Similarly, treatment of wt MEFs with
SB203580 led to the up-regulation of secreted Fibulin 3 protein
levels (Fig. 1D). Moreover, transient re-expression of p38« into
p38a~ '~ MEFs abolished Fibulin 3 up-regulation (Fig. 1E). All
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p38a was used as a control of its expression. G, changes in Fibulin 3 protein levels upon DNMT3A expressionin p38a

/~ MEFsandin p38aknock-down HCT116

cells. Western blot analysis of DNMT3A (in cell extracts) secreted Fibulin 3 normalized with B-actin.

these data indicate that p38 MAPKSs, mainly p38«;, are negative
regulators of fibulin 3 expression.

As fibulin 3 expression is deregulated in different tumors,
including colorectal cancer (30, 37), we tested whether p38«a
could down-regulate fibulin 3 expression in the colon-carci-
noma HCT116 cell line. Fig. 1F shows an increase in fibulin 3
mRNA levels in HCT116 cells with permanent p38a knock-
down. Similarly, the levels of the secreted and intracellular
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Fibulin 3 protein were higher in p38a knock-down cells (Fig.
1G). Moreover, inhibition of p38a with SB203580, as an alter-
native experimental approach, also increased Fibulin 3 secre-
tion in cells expressing p38« (Fig. 1H). Therefore, p38a is also a
negative regulator of fibulin 3 in HCT116 cells.

p38a MAPK Induces the Hyper-methylation of Regulatory
Sequences of Fibulin 3 Gene—Fibulin 3 expression can be
repressed through promoter methylation in some tumors (34,

JOURNAL OF BIOLOGICAL CHEMISTRY 4387
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37) leading to changes in their invasive capacity (34). So, we
wondered whether p38a might down-regulate fibulin 3
through promoter methylation. To analyze it, we first studied
the effect of the DNA methylation inhibitor, 5-aza-2'-deoxicy-
tidine (5A2dC). As shown in Fig. 24, fibulin 3 mRNA levels
highly increased in wt MEFs treated with 5A2dC, while they
remained unchanged in p38a~’~ MEFs. Accordingly, 5A2dC
treatment induced an increase in the levels of the secreted Fibu-
lin 3 protein both, in wt MEFs (Fig. 2B) and in non-silenced
HCT116 cells (Fig. 2C), while it had no effect, either in p38«a
knock-out MEFs (Fig. 2B) or knock-down HCT116 cells (Fig.
2C). These results suggest that p38a might down-regulate fibu-
lin 3 expression through a mechanism dependent on DNA
methylation. To demonstrate it, we analyzed methylation sta-
tus of fibulin 3 gene regulatory sequences in wt and p38«a
knock-out MEFs. In particular, the methylation levels of twelve
CpG islands sites present in the 5’-untranslated region (UTR)
of fibulin 3 gene (1210bp upstream of the ATG translation start
site) were determined by pyrosequencing. The average methyl-
ation percentage of 10 out of 12 CpG sites was higher in wt as
compared with p38a~/~ MEFs (Fig. 2, D and E). These results
strongly indicate that p38a represses fibulin 3 expression
through hypermethylation of 5'-UTR regulatory sequences.

DNA methylation results from the activity of DNMTs (39).
DNMT3A/3B protein levels can be regulated, being relevant its
post-transcriptional regulation (39). In particular, binding of
HuR protein to the 3'-UTR of DNMT3B mRNA enhances
its stability, increasing its protein levels in colorectal RKO cells
(41). p38a MAPK can phosphorylate HuR, which enhances
its binding to certain mRNAs such as p21mRNA, increasing its
protein levels (42). This raised the possibility that p38a MAPK
could be regulating DNMT3A/3B protein levels through a
HuR-dependent mechanism. So, we analyzed DNMT3A pro-
tein levels in wt and p38a~’~ MEFs and in non-silenced and
p38a knock-down HCT116 cells. We found a significant
decrease in DNMT3A protein levels in both, p38a~/~ MEFs
and p38a knock-down HCT116 cells, as compared with cells
expressing p38a (Fig. 2F). These results indicate that p38«
MAPK positively regulates DNMT3A protein levels, which
inversely correlates with Fibulin 3 levels, suggesting that
DNMT3A would be responsible for the hypermethylation of
fibulin 3 gene regulatory sequences and the subsequent down-
regulation of Fibulin 3. To prove it, DNMT3A was re-intro-
duced in p38a deficient MEFs and in p38a knock-down
HCT116 cells by transfection of a dnmt3a construct, which led
to a strong decrease in Fibulin 3 levels (Fig. 2G).

Additionally, we analyzed how p38a controls DNMT3A pro-
tein levels. We found higher levels of dnmt3a mRNA in wt than
in p38a~/~ MEFs (Fig. 3A). Upon inhibition of transcription
with actinomycin D, those levels highly decreased in p38a~/~
MEFs at 2h and to a significant less extent in wt cells (Fig. 3B),
which suggests that dnmt3a mRNA is stabilized by p38a. As
HuR could be involved in dnmt3a mRNA stabilization, we first
measured total HuR protein levels and found them down-reg-
ulated in p38a~/~ MEFs and p38a knock-down HCT116 cells
(Fig. 3C). Moreover, HuR knock-down decreased DNMT3A
protein levels in wt MEFs (Fig. 3D). Therefore, our results dem-
onstrate that p38a acting through HuR stabilizes dnmt3a
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FIGURE 3. DNMT3A is regulated by a p38a-HuR dependent pathway. MEFs
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with wt cells. B, effect of transcription inhibition by Act D on dnmt3a mRNA levels.
G, effect of p38a expression on HuUR protein levels analyzed by Western blot. D,
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mRNA, leading to increased DNMT3A protein levels, which in
turn would down-regulate Fibulin 3 via hypermethylation of
regulatory sequences of the gene.

Fibulin-3 Knock-down Increases Migration and Invasion of
MEFs—Fibulin 3 has been shown to play a role in migration and
invasion in several tumors, either promoting or inhibiting cell
invasiveness depending on the tumor type (30). p38a can medi-
ate cell migration and invasion (8, 16), so it would be possible
that p38a, through down-regulation of fibulin 3, could favor
cell migration and invasion. To analyze it, fibulin 3 was perma-
nently knocked-down in MEFs (Fig. 44). As expected, wound
healing assays revealed a faster migration of wt MEFs as com-
pared with p38a~ /" cells (Fig. 4B). Fibulin 3 knock-down
highly increased migration of p38a ™'~ MEFs up to the levels of
wt cells, while no significant changes were observed in wt MEFs
(Fig. 4B). Moreover, fibulin 3 knock-down promoted invasion
through matrigel of p38a knock-out MEFs, so that the number
of invading cells was similar to the one found in wt MEFs (Fig.
4C). Although wound healing assays did not reveal any signifi-
cant change in cell migration in wt MEFs upon fibulin 3 knock-
down, invasion through matrigel was slightly increased (Fig.
4C). These results indicate that fibulin 3 acts as an inhibitor of
cell migration and invasion in MEFs as it happens in certain
tumors, such as non-small lung carcinoma (34 -35). However,
this effect was stronger in p38a’/ ~ MEFs, where the levels of
secreted Fibulin 3 are much more higher. Moreover, the p38«a
pro-migratory/invasive effect might be, at least in part, medi-
ated by Fibulin 3 down-regulation in MEFs.

As MMPs are relevant for extracellular matrix degradation dur-
ing cell migration/invasion (43—44), we evaluated whether the
increased invasion observed in fibulin 3 knock-down MEFs was
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FIGURE 4. Fibulin 3 knock-down enhances migration and invasion of MEFs. A, Western blot analysis of Fibulin 3 protein levels in the culture medium from MEFs
(wt and p38a /", with (shFib3) or without fibulin 3 knock-down) maintained in the absence of serum for the last 24 h. p38« was used as a control. Fibulin 3
quantification referred to total protein levels is shown. B, wound healing assay. Cells were maintained in the absence of serum and allowed to migrate. Representative
images from phase contrast microscope after 0 and 12 h of migration. Histograms show the mean = S.E. of the percentage of wound closure at 8and 12 h.*, p < 0.05; **,
p < 0.01. Cand E, invasion through matrigel using FBS (10%) as a chemoattractant, either in the absence (C) or presence (E) of the MMP inhibitor, marimastat (marim).
Representative images of invading cells after staining with crystal violet (phase contrast microscope). Histograms show the mean value = S.E. of the number of invading cells
(n=3).*,p<0.05;**,p < 0.01.D,zymographic analysis of MMP2/9 activities using gelatin as the substrate and FBS as a control. Representative zymogram. Histograms show
the mean = S.E. of the densitometric analyses of gelatinase areas expressed as fold increase of the control value (n = 6).*, p < 0.05; ***, p < 0.001.

due to changes in MMPs levels and/or in their activities. We did
not find significant changes in the levels of MMP2, -7, -9, -10, -11,
and -13 mRNAs that could explain invasion results (data not
shown). Thus, we next evaluated MMP2 and MMP9 activities. As
observed in Fig. 4D, MMP2 and -9 activities were lower in
p38a /" than in wt MEFs and MMP9 activity increased in p38a
knock-out MEFs upon fibulin 3 knock-down, which could be
responsible for their enhanced invasion. However, MMP2/9
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activities were decreased in fibulin 3 knock-down wt MEFs
(Figs. 4D and 5D), which did not correlate with its enhanced
invasive capacity. Therefore, we determined the effect on cell
invasion of a broad spectrum MMP inhibitor, marimastat. We
found that it impaired invasion in all cell lines (Fig. 4E). This
suggests that other MMPs, different from MMP2 and -9, might
be responsible for the increased invasion of fibulin 3 knock-
down wt MEFs.
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FIGURE 5. Analysis of the function of p38«/f in migration and invasion of fibulin 3 knock-down MEFs. A, Western blot analysis of P-Akt, P-ERKs, and P-p38
MAPK levels normalized with B-actin. p38a was used as a control of its expression. P-p38/B-actin ratio derived from the densitometric analysis is shown
(arbitrary units). B, effect of p38a/B inhibition by SB203580 (10 umM) on wound healing closure. Histograms show the mean value * S.E. of the percentage of
wound closure at 8h. **, p < 0.01; ***, p < 0.001. C, effect of p38a/ inhibition by SB203580 (10 um) on invasion through matrigel. FBS (10%) was used as a
chemoattractant. Histograms show the mean value * S.E. of the number of invading cells (n = 3). *, p < 0.05; **, p < 0.01. D, zymographic analysis of MMP2/9
activities using gelatin as the substrate. Representative zymogram. Histograms show the mean =+ S.E. of the densitometric analyses of gelatinase areas
expressed as fold increase of the control value (n = 3).* p < 0.05; **, p < 0.01; ***, p < 0.001. E, effect of p388 knock-down on P-p38 MAPK levels analyzed by
Western blot analysis and normalized with B-actin. p38a was used as a control of its expression. F, effect of p383 knock-down on wound healing closure.
Histograms show the mean value = S.E. of the percentage of wound closure at 8 h (n = 3). **, p < 0.01.

We also evaluated the impact of fibulin 3 knock-down in some  increase in P-ERKs and P-p38 MAPKs levels was induced by fibu-

of the signaling pathways regulating cell migration and invasion lin 3 knock-down, mainly in cells stimulated with serum. More-
such as p38 MAPKs, PI3K/Akt and ERKs. As shown in Fig. 54,an  over, upon fibulin 3 knock-down p38a MAPK phosphorylation
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was enhanced in wt MEFs, while in p38a ™’ cells there was a

strong increase in the phosphorylation of another p38 MAPK iso-
form (potentially, p38B) with a lower mobility (Fig. 5A4). To deter-
mine the relevance of the hyper-activation of these p38 MAPKs,
we evaluated the effect of the treatment with SB203580 on migra-
tion and invasion. As shown in Fig. 5, Band C, inhibition of p38a/8
impaired migration and invasion of fibulin 3 knock-down cells and
wt MEFs. This partially correlates with the decrease in MMP9
activity upon treatment with SB203580 (Fig. 5D). Moreover, tran-
sient knock-down of p388 in fibulin 3 knock-down p38a '~
MEFs abolished p38 hyperactivation (Fig. 5E), as well as migration
in wound healing assays (Fig. 5F). All these data indicate that the
enhanced activation of p38«a in wt and p388 in p38a /™ cells
induced by fibulin 3 knock-down is necessary for migration and
invasion of these cells.

As fibulin 3 knock-down increases the invasive capacity of
MEFs, mainly that of p38a ™'~ cells, we further analyzed the
behavior of these cells. They grew faster than wt and p38a '~
MEFs (data not shown). In addition, anchorage-dependent
growth assays revealed an enhanced foci formation upon fibu-
lin 3 knock-down (wt and p38a”~/~ MEFs) (Fig. 6, A and B). In
contrast, as shown in Fig. 6C, foci size was only increased in
p38a knock-out cells (with or without fibulin 3 knock-down).
All these data indicate that contact inhibition is lost in fibulin 3
knock-down cells. This suggests that these cells could have suf-
fered a process of transformation as impaired contact inhibi-
tion is considered a hallmark of cell transformation (45). How-
ever, fibulin 3 knock-down MEFs were unable to grow in soft
agar or to induce tumors in xenograft assays (data not shown),
which suggests that fibulin 3 knock-down is not sufficient to
induce transformation, but it may collaborate with other genes
as it happens in lung carcinoma (34 -35).

Fibulin 3 Knock-down Inhibits Migration and Invasion of
HCT116 Cells—In colorectal cancer, a down-regulation of fibu-
lin 3 gene expression by promoter methylation was shown to
occur in advanced stages, which correlated with the induction
of metastasis (37). We have shown here that fibulin 3 expres-
sion is repressed in non-silenced HCT116 cells as compared
with p38a knock-down cells and this can be prevented by DNA
demethylation. So, we evaluated the function of Fibulin 3 in
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migration and invasion in HCT116 cells through gene silencing
(Fig. 7A). As shown in Fig. 7B, non-silenced HCT116 cells
migrated faster than p38a knock-down cells, either in the
absence or presence of HGF. Fibulin 3 knock-down impaired
migration of non-silenced cells and slightly reduced that of
p38a knock-down cells. This was confirmed using another
shRNA against fibulin 3 (sh2Fib3 in Fig. 7, C and D). Similarly,
fibulin 3 silencing blocked basal and HGF-induced invasion
through matrigel (Fig. 84). Accordingly, MMP2 and 9 activities
were lower in fibulin 3 knock-down cells (Fig. 8B), which cor-
related with its reduced invasive capacity. To evaluate the rele-
vance of MMPs in the invasion capacity of fibulin 3 knock-
down HCT116 cells, the effect of the MMP inhibitor,
marimastat, was assessed. As shown in Fig. 8C, HGF-induced
invasion was impaired by marimastat treatment. Therefore, the
changes in the activity of MMPs might mediate the pro-inva-
sive effect of fibulin 3 in HCT116 cells.

It should be noticed that although Fibulin 3 levels were lower
in non-silenced cells, as compared with p38a knock-down cells,
its knock-down inhibited both migration and invasion. In fact,
Fibulin 3 appears to be a positive regulator of cell migration and
invasion in non-silenced and p38a knock-down HCT116 cells,
but this effect is more prominent when p38a« is expressed. This
correlates with the levels of p38a/B phosphorylation (Fig. 8D).
Thus, in non-silenced HCT116 cells, HGF induced the activa-
tion of p38a MAPK and another isoform with a lower mobility
(probably p38B), which was the only one activated in p38«a
knock-down cells (Fig. 8D). This p38 MAPKs activation was
highly reduced in fibulin 3 knock-down cells, which might account
for the decreased migration. In fact, inhibition of p38a/B with
SB203580 had a similar effect to that of fibulin 3 knock-down (data
not shown). ERKs and Akt activation was also decreased in fibulin
3 knock-down cells (data not shown), but its relevance in the
migration of these cells appears to be unclear.

Together these results indicate that Fibulin 3 promotes
migration and invasion of HCT116 cells through a mechanism
that requires p38a and/or p380 activation. At the same time,
p38a limits Fibulin 3 expression, which could represent a neg-
ative feed-back loop. So, we next wanted to determine the func-
tion of Fibulin 3 in the regulation of the tumorigenic capacity of
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FIGURE 7. Effect of fibulin 3 knock-down on migration of HCT116 cells. HCT116 cells with a permanent (shFib3) or transient (sh2Fib3) fibulin 3 knock-down
using two different human fibulin 3 shRNAs were used. A and C, Western blot analysis of Fibulin 3 protein levels in the culture medium from HCT116 cells
(non-silenced (—) and p38a knock-down (shp38a), with (shFib3 (in A) and sh2Fib3 (in C)) or without fibulin 3 knock-down) normalized with B-actin (in cell
extracts) and its quantification. p38a was used as a control of its expression. B and D, wound healing assay. Cells were pretreated with mitomycin and
maintained with 2% serum, with or without 40 ng/ml of HGF (control), as indicated. Left panels, representative images from phase contrast microscope at 0 and
72 h (in B) or at 0 and 48 h (in D) of migration. Right panels, histograms showing the mean value =+ S.E. of the percentage of wound closure at 24, 48,and 72 h
(in B) or at 48 h (in D) with or without HGF (n = 4), as indicated. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

these cells. As shown in Fig. 9A (left panel), fibulin 3 knock- more prominent in non-silenced HCT116 cells. In addition, the
down significantly reduced the number of foci in both non- foci size was smaller (Fig. 9A, right panel). The number of foci
silenced and p38a knock-down cells, although the effect was was also reduced by p38a knock-down, but differences were
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invading cells after staining with crystal violet (phase contrast microscope). Right panel, histograms show the mean value = S.E. of the number of
invading cells expressed as fold increase of control values (n = 3).*,p < 0.05; **, p < 0.01. B, zymographic analysis of MMP2/9 activities using gelatin as
the substrate and FBS as a control. Left panel, representative zymogram. Right panel, histograms show the mean = S.E. of the densitometric analyses of
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0.05; ***,p < 0.001.D, Western blot analysis of P-p38 MAPK and p38« levels
times) normalized with B-actin.

not statistically significant. This effect of fibulin 3 knock-down
was confirmed using another shRNA (sh2Fib3, Fig. 9B). To fur-
ther understand the function of Fibulin 3 in the tumorigenic
capacity of HCT116 cells, xenografts assays in nude mice were
performed. As shown in Fig. 9C, non-silenced HCT116 cells led
to tumor formation 14 days after injection and the tumor size
progressively increased over time. Tumors sizes were signifi-
cantly decreased by fibulin 3 knock-down in non-silenced cells,
but not in p38a knock-down cells, where the size of the tumors
was highly reduced, independently of fibulin 3 silencing (Fig.
9C). All this indicates that Fibulin 3 promotes tumor growth in
HCT116 cells through a mechanism dependent on p38a.

SASBMB

FEBRUARY 13,2015+VOLUME 290-NUMBER 7

in cell extracts from HCT116 cells (untreated or treated with HGF for different

Moreover, in these cells, p38« is a potent promoter of tumor
growth. Nevertheless, to further confirm the role of Fibulin 3
and p38a in tumorigenesis, soft agar assays were performed
using also SB203580 to inhibit p38a/B. As shown in Fig. 9D,
SB203580 treatment and, either fibulin 3 or p38«a knock-down,
highly reduced anchorage independent cell growth, but only in
cells expressing p38a. Accordingly, SB203580 had no further
effect when fibulin 3 or p38a were knocked-down. These data
are in agreement with data derived from xenografts assays,
although the effect of p38a knock-down is lower, probably due
to differences in the microenviroment and/or the influence of
the angiogenic processes.
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number expressed as the percentage of that from non-silenced cells. *, p < 0.05; **, p < 0.01; ***, p < 0.001 as compared with non-silenced cells.

DISCUSSION

Data presented here uncover Fibulin 3 as a new target of p38
MAPK, which participates in the regulation of migration and
invasion in MEFs and HCT116 cells. p38«, p38+y, and p38& reg-
ulate Fibulin 3 expression, but the effect of p38a is more dra-
matic, so it has been characterized. We described for the first
time that p38a down-regulates Fibulin 3 expression through
hyper-methylation of fibulin 3 gene regulatory sequences, lead-
ing to changes in migration and invasion. Moreover, p38«a
would do so through the up-regulation of DNMT3A protein
levels. According to this, re-introduction of DNMT3A in
p38a~ '~ MEFs and p38a knock-down HCT116 cells down-
regulates Fibulin 3. The up-regulation of DNMT3A by p38 is in
agreement with the previously shown p38-mediated increase in
methyltransferase activity in response to anandamide (46).
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As previously mentioned, it is known that dnmt3b mRNA,
highly homologous to dnmt3a mRNA, is stabilized by the bind-
ing of HuR protein to its 3'-UTR (41). Therefore, we hypothe-
sized that p38a would stabilize dnmt3a mRNA through HuR
phosphorylation, as it happens with p21 mRNA (42). In that
case, p38a MAPK would phosphorylate HuR, leading to cyto-
plasmic accumulation of HuR and enhancement of its binding
to the 3’-UTR of the mRNA. Similarly, p38 MAPK mediated
cytoplasmic accumulation of HuR stabilizes survival motor
neuron mRNA (47). Other studies also support this hypothesis,
but they involve the participation of additional proteins. For
example, p38 MAPK via MK2 regulates the stability of other
mRNAs such as TNF mRNA through regulation of HuR and
tristetraprolin (TTP) (48). MK2 phosphorylates TTP, decreas-
ing its affinity to the AU-rich element and its ability to replace
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FIGURE 10. p38 MAPK down-regulates fibulin 3 expression leading to regulation of migration/invasion and tumor growth. Model showing that p38«,
v and 8 decrease fibulin 3 transcription, leading to low levels of secreted fibulin 3. p38a-HuR-mediated DNMT3A up-regulation might be responsible for
hypermethylation of regulatory sequences of fibulin 3 gene and its silencing. In MEFs, Fibulin 3 negatively regulates migration and invasion through p38a/
p38Binhibition. In HCT116 cells, Fibulin 3 promotes migration/invasion and tumor growth through p38a« activation, although p388 could contribute to it. At

the same time, p38a« limits fibulin 3 expression as a negative feed-back loop.

HuR, which allows HuR-mediated initiation of TNF mRNA
translation. Hyperphosphorylation of TTP via p38 MAPK is
also involved in the up-regulation of IL-8 and VEGF in malig-
nant gliomas (49). In this line, our results support the involve-
ment of HuR in the p38a-mediated up-regulation of DNMT3A
through dnmt3a mRNA stabilization. Accordingly, HuR
knock-down highly decreases DNMT3A protein levels in wt
MEFs.

It is important to highlight the relevance of fibulin 3 gene
silencing induced by hypermethylation of its regulatory
sequences in cancer (34, 37). This down-regulation of fibulin 3
is associated with poor prognosis in some tumors such as non-
small cell lung cancinoma (34 —35). However, the mechanisms
controlling fibulin 3 gene hypermethylation remain unknown.
Therefore, the finding of p38a MAPK as a novel regulator of
this process in normal (MEFs) and tumor cells opens new per-
spectives to fully characterize how fibulin 3 expression is con-
trolled under physiological conditions and in cancer.

Although p38a MAPK down-regulates Fibulin 3 in both
MEFs and HCT116 cells, the role played by Fibulin 3 in the
control of migration and invasion is different in the two cell
types. This agrees with previous data from the literature. For
example, in glioma and pancreatic adenocarcinoma, Fibulin 3 is
overexpressed, promoting migration and invasion (31-33). In
contrast, in non-small cell lung cancer cell lines, Fibulin 3 is a
negative regulator of invasiveness, so in those cell lines where
fibulin 3 is silenced by promoter methylation, cells became
highly invasive and expressed higher levels of MMP2 and 7 (34).
Wnt/B-catenin pathway activation also contributes to invasion
(50). Fibulin 3 down-regulation also promotes epithelial to
mesenchymal transition and self-renewal of lung cancer stem
cells (35). On the other hand, although Fibulin 3 down-regula-
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tion in colorectal cancer was previously correlated with lymph
node metastasis and poor survival (37), in the HCT116 colon
carcinoma cell line we have demonstrated that fibulin 3 silenc-
ing decreases migration, invasion, and tumor growth.

MMPs appear to play a role in both, MEFs and HCT116 cells.
In particular, there is a good correlation between MMP2/9
activities and the invasive capacity of HCT116 cells, suggesting
their involvement, which was supported by the impairment of
invasion by a broad spectrum MMP inhibitor. Moreover, p38«a
is a positive regulator of these MMPs, as described in other
tumor cell lines (16).

Curiously, in the two cell models that we have studied, Fibu-
lin 3 regulates p38a and/or p38f activity, but in an opposite
way, and their effects appear to be dependent on this regulation.
In MEFs, Fibulin 3 down-regulates p38a and p38f3 activation,
which would limit migration and invasion. In contrast, in
HCT116 cells, Fibulin 3 enhances p38a/B activation, favoring
cell migration/invasion. So, the low level of Fibulin 3 produced
by HCT116 cells expressing p38« is enough to promote migra-
tion and invasion through p38a. In the A549 lung carcinoma
cell line, p38 is also activated by Fibulin 3, but its function has
not been characterized (51).

Although there is not a straightforward explanation to the
distinct regulation of p38 activation by Fibulin 3 in MEFs and
HCT116 cells, there are a great number of differences between
these two cell models that might account for this discrepancy.
MEFs are non-tumoral embryonic mesenchymal cells from a
murine origin, while HCT116 cells are epithelial tumor cells
from a human origin. These differences can support an oppo-
site response mainly based on the following reasons: (i) epithe-
lial and mesenchymal cells express different proteins (i.e.
E-cadherin and N-cadherin, respectively) and (ii) HCT116, as
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other tumor cells, present several genetic alterations. Thus, it
should be highlighted that the colon carcinoma HCT116 cell
line bears a mutation in codon 13 of the ras gene, which leads to
the up-regulation of a number of signaling pathways such as
Ras/ERKs, PI3K/Akt or even p38 MAPKs. In addition, TGF-B1
and B2 are expressed by these cells, which would dysregulate
additional pathways and gene expression.

It is also noticeable the role played by p38«a promoting tumor
growth of HCT116 cells in vitro and in vivo. This is in contrast
with its pro-apoptotic function, previously identified in
HCT116 cells treated with cisplatin (12) and with its tumor
suppressor role in other tumor cell lines (8). However, in agree-
ment with our results, increased levels of phosphorylated p38«a
have been also correlated with malignancy in various cancers
(8) such as head and neck carcinoma (52), where p38« pro-
motes tumor growth ix vitro and in vivo. In addition, in a mouse
model of colitis-associated tumor induction, p38« deficiency
decreases cell proliferation and survival of colon tumors (53).
Furthermore, the role of Fibulin 3 favoring tumor growth of
non-silenced HCT116 cells also supports this pro-tumorigenic
function of p38« and it correlates with p38« activation levels.

In conclusion, we have described for the first time that p38«
down-regulates fibulin 3 expression through hypermethylation
of regulatory sequences of the gene. p38a might do so through
the p38a-HuR-mediated up-regulation of DNMT3A. Depend-
ing on the cellular context, Fibulin 3 acts as either a positive or
a negative regulator of migration and invasion (Fig. 10) through
mechanisms involving p38a/f. In addition, Fibulin 3 also pro-
motes tumor growth of HCT116 cells through a mechanism
dependent on p38«, which acts as a potent promoter of tumor
growth. At the same time, p38«a limits fibulin 3 expression,
which could represent a negative feed-back loop (Fig. 10).

Acknowledgment—We thank Dr. Mario F. Fraga for providing us with
a DNMT3A construct.

REFERENCES

1. Nebreda, A. R, and Porras, A. (2000) p38MAP kinases: beyond the stress
response. Trends Biochem. Sci. 25, 257260

2. Cuenda, A., and Rousseau, S. (2007) p38 MAP-kinases pathway regula-
tion, function and role in human diseases. Biochim. Biophys. Acta 1773,
1358 -1375

3. Adams, R. H,, Porras, A., Alonso, G., Jones, M., Vintersten, K., Panelli, S.,
Valladares, A., Pérez, L., Klein, R., and Nebreda, A. R. (2000) Essential role
of p38a MAP Kinase in placental but not embryonic cardiovascular de-
velopment. Mol. Cell 6,109-116

4. Tamura, K., Sudo, T., Senftleben, U., Dadak, A. M., Johnson, R., and Karin,
M. (2000) Requirement for p38« in erythropoietin expression: a role for
stress kinases in erythropoiesis. Cel/ 102, 221-231

5. Cuadrado, A., and Nebreda, A. R. (2010) Mechanisms and functions of
p38 MAPK signalling. Biochem. J. 429, 403—417

6. Hui, L., Bakiri, L., Mairhorfer, A., Schweifer, N., Haslinger, C., Kenner, L.,
Komnenovic, V., Scheuch, H., Beug, H., and Wagner, E. F. (2007) p38«
suppresses normal and cancer cell proliferation by antagonizing the JNK-
c-Jun pathway. Nat. Genet. 39, 741-749

7. Ventura,]. ], Tenbaum, S., Perdiguero, E., Huth, M., Guerra, C., Barbacid,
M., Pasparakis, M., and Nebreda, A. R. (2007) p38a MAP kinase is essen-
tial in lung stem and progenitor cell proliferation and differentiation. Nat.
Genet. 39, 750-758

8. Wagner, E. F.,,and Nebreda, A. R. (2009) Signal integration by JNK and p38
MAPK pathways in cancer development. Nat. Rev. Cancer 9, 537-549

4396 JOURNAL OF BIOLOGICAL CHEMISTRY

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Zuluaga, S., Gutiérrez-Uzquiza, A., Bragado, P., Alvarez-Barrientos, A.,

Benito, M., Nebreda, A. R., and Porras, A. (2007) p38a MAPK can posi-
tively or negatively regulate Rac-1 activity depending on the presence of
serum. FEBS Lett. 581, 3819-3825

Perdiguero, E., Ruiz-Bonilla, V., Gresh, L., Hui, L., Ballestar, E., Sousa-
Victor, P., Baeza-Raja, B., Jardi, M., Bosch-Comas, A., Esteller, M., Caelles,
C., Serrano, A. L., Wagner, E. F., and Mufioz-Cénoves, P. (2007) Genetic
analysis of p38 MAP kinases in myogenesis: fundamental role of p38a in
abrogating myoblast proliferation. EMBO J. 26, 1245-1256

Porras, A., Zuluaga, S., Black, E., Valladares, A., Alvarez, A. M., Ambro-
sino, C., Benito, M., and Nebreda, A. R. (2004) p38a MAP kinase sensitizes
cells to apoptosis induced by different stimuli. Mol. Biol. Cell 15, 922-933
Bragado, P., Armesilla, A, Silva, A., and Porras, A. (2007) Apoptosis by
cisplatin requires p53 mediated p38ce MAPK activation through ROS gen-
eration. Apoptosis 12, 1733-1742

Dolado, I, Swat, A., Ajenjo, N., De Vita, G., Cuadrado, A., and Nebreda,
A.R.(2007) p38alpha MAP kinase as a sensor of reactive oxygen species in
tumorigenesis. Cancer Cell 11, 191-205

Rousseau, S., Dolado, I., Beardmore, V., Shpiro, N., Marquez, R., Nebreda,
A. R, Arthur, J. S, Case, L. M., Tessier-Lavigne, M., Gaestel, M., Cuenda,
A., and Cohen, P. (2006) CXCL12 and Cba trigger cell migration via a
PAK1/2-p38cc MAPK-MAPKAP-K2-HSP27 pathway. Cell Signal. 18,
1897-1905

Behren, A, Miihlen, S., Acuna Sanhueza, G. A., Schwager, C., Plinkert,
P.K., Huber, P. E., Abdollahi, A., and Simon, C. (2010) Phenotype-assisted
transcriptome analysis identifies FOXM1 downstream from Ras-MKK3-
p38 to regulate in vitro cellular invasion. Oncogene 29, 1519 -1530

del Barco Barrantes, I, and Nebreda, A. R. (2012) Roles of p38 MAPKs in
invasion and metastasis. Biochem. Soc. Trans. 40, 79 — 84

Platanias, L. C. (2003) Map kinase signaling pathways and hematologic
malignancies. Blood 101, 4667—4679

Ricote, M., Garcia-Tufidn, I, Bethencourt, F., Fraile, B., Onsurbe, P., Pa-
niagua, R., and Royuela, M. (2006) The p38 transduction pathway in pros-
tatic neoplasia. J. Pathol. 208, 401-407

Aguirre-Ghiso, J. A. (2007) Models, mechanisms and clinical evidence for
cancer dormancy. Nat. Rev. Cancer 7, 834 — 846

Schewe, D. M., and Aguirre-Ghiso, J. A. (2008) ATF6alpha-Rheb-mTOR
signaling promotes survival of dormant tumor cells in vivo. Proc. Nati.
Acad. Sci. U.S.A. 105, 10519 -10524

Gutiérrez-Uzquiza, A., Arechederra, M., Bragado, P., Aguirre-Ghiso, J. A.,
and Porras, A. (2012) p38[alpha]mediates cell survival in response to oxi-
dative stress via induction of antioxidant genes. Effect on the p70S6K
pathway. /. Biol. Chem. 287, 2632—2642

Johansson, N., Ala-aho, R., Uitto, V., Grénman, R., Fusenig, N. E., Lopez-
Otin, C., and Kéhéri, V. M. (2000) Expression of collagenase-3 (MMP-13)
and collagenase-1 (MMP-1) by transformed keratinocytes is dependent
on the activity of p38 mitogen-activated protein kinase. . Cell Sci. 113,
227-235

Gomes, L. R,, Terra, L. F., Wailemann, R. A., Labriola, L., and Sogayar,
M. C. (2012) TGF-B1 modulates the homeostasis between MMPs and
MMP inhibitors through p38 MAPK and ERK1/2 in highly invasive breast
cancer cells. BMC Cancer 12, 26 —40

Cerezo-Guisado, M. I, del Reino, P., Remy, G., Kuma, Y., Arthur, J. S,,
Gallego-Ortega, D., and Cuenda, A. (2011) Evidence of p38+y and p385
involvement in cell transformation processes. Carcinogenesis 32,
1093-1099

Schindler, E. M., Hindes, A., Gribben, E. L., Burns, C.J.,, Yin, Y., Lin, M. H,,
Owen, R.]., Longmore, G. D., Kissling, G. E., Arthur, ]. S., and Efimova, T.
(2009) p38delta Mitogen-activated protein kinase is essential for skin tu-
mor development in mice. Cancer Res. 69, 4648 —4655

Del Reino, P., Alsina-Beauchamp, D., Escés, A., Cerezo-Guisado, M. L,
Risco, A., Aparicio, N., Zur, R., Ferndndez-Estévez, M., Collantes, E., Mon-
tans, J., and Cuenda, A. (2014) Pro-oncogenic role of alternative p38 mi-
togen-activated protein kinases p38+y and p388, linking inflammation and
cancer in colitis-associated colon cancer. Cancer Res. 74, 6150 — 6160
Timpl, R, Sasaki, T., Kostka, G., and Chu, M. L. (2003) Fibulins: a versatile
family of extracellular matrix proteins. Nat. Rev. Mol. Cell Biol. 4,
479 —489

SASBMB

VOLUME 290-NUMBER 7+-FEBRUARY 13,2015



28.
29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

FEBRUARY 13,2015+VOLUME 290-NUMBER 7

de Vega, S., Iwamoto, T., and Yamada, Y. (2009) Fibulins: multiple roles in
matrix structures and tissue functions. Cell Mol. Life Sci. 66, 1890 -1902
Gallagher, W. M., Currid, C. A., and Whelan, L. C. (2005) Fibulins and
cancer: friend or foe? Trends Mol. Med. 11, 336 —340

Obaya, A. ], Rua, S., Moncada-Pazos, A., and Cal, S. (2012) The dual role
of fibulins in tumorigenesis. Cancer Lett. 325, 132—138

Hu, B., Thirtamara-Rajamani, K. K., Sim, H., and Viapiano, M. S. (2009)
Fibulin-3 is uniquely upregulated in malignant gliomas and promotes tu-
mor cell motility and invasion. Mol. Cancer Res. 7, 1756 —1770

Hu, B., Nandhu, M. S, Sim, H., Agudelo-Garcia, P. A., Saldivar, J. C,,
Dolan, C. E., Mora, M. E., Nuovo, G. J., Cole, S. E., and Viapiano, M. S.
(2012) Fibulin-3 promotes glioma growth and resistance through a novel
paracrine regulation of Notch signaling. Cancer Res. 72, 3873-3885
Seeliger, H., Camaj, P., Ischenko, L., Kleespies, A., De Toni, E. N, Thieme,
S.E., Blum, H., Assmann, G., Jauch, K. W., and Bruns, C. J. (2009) EFEMP1
expression promotes in vivo tumor growth in human pancreatic adeno-
carcinoma. Mol. Cancer Res. 7, 189 -198

Kim, E. ], Lee, S. Y., Woo, M. K,, Choi, S. L, Kim, T. R, Kim, M. J., Kim,
K. C,, Cho, E. W, and Kim, I. G. (2012) Fibulin-3 promoter methylation
alters the invasive behavior of non-small cell lung cancer cell lines via
MMP-7 and MMP-2 regulation. Int. J. Oncol. 40, 402—408

Kim,I. G, Kim, S. Y., Choi, S. L, Lee, J. H., Kim, K. C., and Cho, E. W. (2013)
Fibulin-3-mediated inhibition of epithelial-to-mesenchymal transition
and self-renewal of ALDH+ lung cancer stem cells through IGF1R signal-
ing. Oncogene 1-10

Sadr-Nabavi, A, Ramser, J., Volkmann, J., Naehrig, ]., Wiesmann, F., Betz,
B., Hellebrand, H., Engert, S., Seitz, S., Kreutzfeld, R., Sasaki, T., Arnold, N.,
Schmutzler, R., Kiechle, M., Niederacher, D., Harbeck, N., Dahl, E., and
Meindl, A. (2009) Decreased expression of angiogenesis antagonist
EFEMP1 in sporadic breast cancer is caused by aberrant promoter meth-
ylation and points to an impact of EFEMP1 as molecular biomarker. Int. J.
Cancer 124, 1727-1735

Tong, J. D, Jiao, N. L., Wang, Y. X., Zhang, Y. W., and Han, F. (2011)
Downregulation of fibulin-3 gene by promoter methylation in colorectal
cancer predicts adverse prognosis. Neoplasma 58, 441—448

Blackburn, J., Tarttelin, E. E., Gregory-Evans, C. Y., Moosajee, M., and
Gregory-Evans, K. (2003) Transcriptional regulation and expression of the
dominant drusen gene FBLN3 (EFEMP1) in mammalian retina. /nvest.
Ophthalmol. Vis. Sci. 44, 4613—4621

Denis, H., Ndlovu, M. N,, and Fuks, F. (2011) Regulation of mammalian
DNA methyltransferases: a route to new mechanisms. EMBO Rep. 12,
647—-656

Miremadi, A., Oestergaard, M. Z., Pharoah, P. D., and Caldas, C. (2007)
Cancer genetics of epigenetic genes. Hum. Mol. Genet. 16, R28 —R49

SASBMB

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Role of p38-mediated Fibulin 3 Silencing

Lépez de Silanes, I, Gorospe, M., Taniguchi, H., Abdelmohsen, K., Srikan-
tan, S., Alaminos, M., Berdasco, M., Urdinguio, R. G., Fraga, M. F., Jacinto,
F. V., and Esteller, M. (2009) The RNA-binding protein HuR regulates
DNA methylation through stabilization of DNMT3b mRNA. Nucleic Ac-
ids Res. 37, 2658 -2671

Lafarga, V., and Cuadrado, A., Lépez de Silanes, L., Bengoechea, R., Fer-
nandez-Capetillo, O. and Nebreda, A. R. (2009) p38 Mitogen-activated
protein kinase- and HuR-dependent stabilization of p21(Cipl) mRNA
mediates the G(1)/S checkpoint. Mol. Cell Biol. 29, 4341-4351
Kessenbrock, K., Plaks, V., and Werb, Z. (2010) Matrix metalloprotei-
nases: regulators of the tumor microenvironment. Cell 141, 52— 67
Mason, S. D.,and Joyce, J. A. (2011) Proteolytic networks in cancer. Trends
Cell Biol. 21, 228 -237

Hanahan, D., and Weinberg, R. A. (2000) The hallmarks of cancer. Cell
100, 57-70

Paradisi, A., Pasquariello, N., Barcaroli, D., Maccarrone, M. (2008) Anan-
damide regulates keratinocyte differentiation by inducing DNA methyla-
tion in a CB1 receptor-dependent manner. J. Biol. Chem. 283, 6005— 6012
Farooq, F., Balabanian, S., Liu, X., Holcik, M., and MacKenzie, A. (2009)
p38 Mitogen-activated protein kinase stabilizes SMN mRNA through
RNA binding protein HuR. Hum. Mol. Genet. 18, 4035—4045

Tiedje, C., Ronkina, N., Tehrani, M., Dhamija, S., Laass, K., Holtmann, H.,
Kotlyarov, A., and Gaestel, M. (2012) The p38/MK2-driven exchange be-
tween tristetraprolin and HuR regulates AU-rich element-dependent
translation. PLoS Genet. 8, €1002977—¢e1002994

Suswam, E.,, Li, Y., Zhang, X., Gillespie, G. Y., Li, X, Shacka, J. J., Lu, L.,
Zheng, L., and King, P. H. (2008) Tristetraprolin down-regulates interleu-
kin-8 and vascular endothelial growth factor in malignant glioma cells.
Cancer Res. 68, 674 —682

Chen, X., Meng, J., Yue, W., Yu, ], Yang, J., Yao, Z., and Zhang, L. (2014)
Fibulin-3 suppresses Wnt/B-catenin signaling and lung cancer invasion.
Carcinogenesis 35, 17071716

Xu, S., Yang, Y., Sun, Y. B,, Wang, H. Y., Sun, C. B, and Zhang, X. (2014)
Role of fibulin-3 in lung cancer: in vivo and -in vitro analyses. Oncol. Rep.
31,79-86

Leelahavanichkul, K., Amornphimoltham, P., Molinolo, A. A., Basile, ]. R,
Koontongkaew, S., and Gutkind, J. S. (2014) A role for p38 MAPK in head
and neck cancer cell growth and tumor-induced angiogenesis and lymp-
hangiogenesis. Mol. Oncol. 8,105-118

Gupta, J., Del Barco Barrantes, L, Igea, A., Sakellariou, S., Pateras, L. S.,
Gorgoulis, V. G., and Nebreda, A. R. (2014) Dual function of p38« in colon
cancer: Suppression of colitis-associated tumor initiation, but require-
ment for cancer cell survival. Cancer Cell. 25, 484 —-500

JOURNAL OF BIOLOGICAL CHEMISTRY 4397



	p38 MAPK Down-regulates Fibulin 3 Expression through Methylation of Gene Regulatory Sequences*
	EXPERIMENTAL PROCEDURES
	RESULTS
	DISCUSSION
	REFERENCES


