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Abstract

Background: The circadian clock is the basis for biological time keeping in eukaryotic organisms. The clock
mechanism relies on biochemical signaling pathways to detect environmental stimuli and to regulate the
expression of clock-controlled genes throughout the body. MAPK signaling pathways function in both circadian
input and output pathways in mammals depending on the tissue; however, little is known about the role of p38
MAPK, an established tumor suppressor, in the mammalian circadian system. Increased expression and activity of
p38 MAPK is correlated with poor prognosis in cancer, including glioblastoma multiforme; however, the toxicity of
p38 MAPK inhibitors limits their clinical use. Here, we test if timed application of the specific p38 MAPK inhibitor
VX-745 reduces glioma cell invasive properties in vitro.

Methods: The levels and rhythmic accumulation of active phosphorylated p38 MAPK in different cell lines were
determined by western blots. Rhythmic luciferase activity from clock gene luciferase reporter cells lines was used to
test the effect of p38 MAPK inhibition on clock properties as determined using the damped sine fit and
Levenberg—Marquardt algorithm. Nonlinear regression and Akaike’s information criteria were used to establish
rhythmicity. Boyden chamber assays were used to measure glioma cell invasiveness following time-of-day-specific
treatment with VX-745. Significant differences were established using t-tests.

Results: We demonstrate the activity of p38 MAPK cycles under control of the clock in mouse fibroblast and SCN
cell lines. The levels of phosphorylated p38 MAPK were significantly reduced in clock-deficient cells, indicating that
the circadian clock plays an important role in activation of this pathway. Inhibition of p38 MAPK activity with VX-
745 led to cell-type-specific period changes in the molecular clock. In addition, phosphorylated p38 MAPK levels
were rhythmic in HA glial cells, and high and arrhythmic in invasive IM3 glioma cells. We show that inhibition of
p38 MAPK activity in IM3 cells at the time of day when the levels are normally low in HA cells under control of the
circadian clock, significantly reduced IM3 invasiveness.

Conclusions: Glioma treatment with p38 MAPK inhibitors may be more effective and less toxic if administered at
the appropriate time of the day.
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Background

Nearly all mammalian cells contain a 24-h molecular cir-
cadian clock. Clocks in peripheral tissues are synchro-
nized and aligned with environmental cycles through
hormonal or neuronal signals arising from the master
clock in the suprachiasmatic nucleus (SCN) [1]. The
SCN receives light input directly from the eye to
synchronize the clock with the daily light/dark cycle [2].
In mice, the basic mechanism of the molecular clock in
the SCN and peripheral tissues involves a
transcription-translation feedback loop initiated by the
basic helix-loop-helix (bHLH) domain-containing tran-
scription factor BMALL [3-5]. During the activation
phase of the cycle, BMAL1 dimerizes with either
bHLH-containing CLOCK or NPAS2, and then binds to
E-boxes in the promoters of the period (Per) and crypto-
chrome (Cry) genes. During the repression phase of the
cycle, PER and CRY proteins repress the activity of
BMAL/CLOCK. Following degradation of PER and CRY,
newly synthesized BMAL/CLOCK complexes reinitiate
the cycle the next day. In addition, BMAL/CLOCK acti-
vates the expression of ROR and Rev-erba, which bind
to ROR elements in the promoter of Bmall to regulate
its expression [6].

The clock mechanism is tightly linked to cell physi-
ology and proliferation through the circadian and photic
regulation of mitogen activated protein kinase (MAPK)
pathway activity [7]. For example, extracellular
signal-regulated kinase (ERK) MAPK activity, which pro-
motes cell growth, differentiation, and/or mitosis, cycles
in the SCN of mice under control of the circadian clock
[8, 9], and ERK MAPK functions in light input to the
clock [8, 10, 11]. C-Jun N-terminal kinase (JNK), in-
volved in cell proliferation and apoptosis, also functions
in mammals as an input to the clock in the SCN, and in
peripheral tissues [12]. Furthermore, clock control of
ERK MAPKs is conserved. In Neurospora crassa, clock
regulation of the activity of ERK MAPK leads to the
rhythmic expression of downstream clock-controlled
genes [13], and in Drosophila, rhythms of ERK MAPK
activity are necessary for behavioral rhythms [14].

The p38 MAPK pathway plays a major role in apop-
tosis, differentiation, proliferation, development, and
other stress responses, and similar to ERK and JNK, evi-
dence for a connection between the circadian clock and
p38 MAPK exists. In N. crassa, the p38 MAPK OS-2 is
rhythmically activated and functions as an output of the
clock to prepare the organism for daily changes in os-
motic stress [9, 15, 16]. In the chick pineal, p38 MAPK
functions in circadian input to the clock [17]. Finally,
p38 MAPK activity displays a circadian oscillation in the
hamster SCN [9], and in 24 h light:dark cycles, rhythms
of p38 MAPK activation in the chick pineal gland and
mouse heart have been reported [18, 19]. However,
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clock-control of p38 MAPK activity in the mouse SCN
cells and peripheral cells has not been investigated.

In mammals, there are four isoforms of p38 MAPK (aq,
B, Y, 8) that show tissue-specific expression; however,
p38a is the most ubiquitously expressed isoform [20].
The p38 MAPK pathway is stimulated by the inflamma-
tory cytokine tumor necrosis factor-a, osmotic stress,
heat shock, DNA damage, and superoxides [20]. Path-
way activation (phosphorylation) leads to signaling of
cell components that regulate proliferation [21] and
apoptosis [22]. As such, p38 MAPK, particularly p38a,
can function as a tumor suppressor [23—-25]. Because in-
creased expression and activity of p38 MAPK also corre-
lates with poor prognosis in several types of cancers [26,
27], including glioblastoma [28—30], p38 MAPK inhibi-
tors have attracted significant attention for use in
chemotherapy [24]. Yet despite their potential, high tox-
icity and off-target effects have severely limited their
therapeutic value [31]. Furthermore, the prospective for
time-of-day treatment effects, based on clock-control of
P38 MAPK activity in normal cells versus increased ac-
tivity in certain cancers, as a way to increase efficacy and
reduce toxicity of the inhibitors has not been explored.

To address these outstanding questions, we examined
the levels and rhythmicity of phosphorylated p38 MAPK
in neural SCN and glial cells, and in peripheral fibro-
blasts cells. We show that p38 MAPK is rhythmically ac-
tivated in all 3 cell types, and that rhythmicity and p38
MAPK levels are dependent on a functional circadian
oscillator in SCN and fibroblast cells. Although the mo-
lecular clock was functional in highly invasive rat glio-
blastoma IM3 cells, the levels of phosphorylated p38
MAPK were high and arrhythmic. Despite the lack of
rhythmicity in p38 MAPK phosphorylation, inhibition of
p38 MAPK activity with VX-745 led to a
time-of-day-specific reduction in the invasive properties
of IM3 cells corresponding to the time when phosphory-
lated p38 MAPK levels are low in glial cells. Together,
these data support the idea that p38 MAPK inhibitors
may be more effective and less toxic if given at the ap-
propriate times of day.

Methods

Cell lines and culture conditions

Experimental analyses were performed in vitro using the
following cell lines: mouse Per2™“ SCN cells and fibro-
blasts, mouse Bmall-dLuc fibroblasts, mouse Perl'®/
Per2% SCN cells and fibroblasts, human astroglia (HA),
and C6 and IM3 rat glioma cells. SCN cell lines were de-
rived from fetal SCN of mPer2™* [32] and wild type
(129/SV) or Per1'¥/ Per2'¥ mice [33], and immortalized
with the adenovirus E1A gene [34]. Fibroblast cell lines
were derived from the skin of mPer2™", wild type (129/
SV) or Perl'™/ Per2'¥ neonatal mice fibroblasts and
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isolated fibroblasts were immortalized with the adeno-
virus E1A gene. Mouse Bmall-dLuc fibroblasts were
provided by Dr. Andrew Liu (University of Mempbhis,
Memphis, TN [35]. The rat glioma cell line C6 was ob-
tained from the American Type Culture Collection
(ATCC, Manassas, VA, USA) and the invasive IM3 line
was derived from a sub-population of parental cells iso-
lated through three successive selection procedures re-
quiring their invasion to the bottom chamber of a
Boyden-type manifold [36]. The HA line (Human Astro-
cytes #1800) was obtained from ScienCell Research La-
boratories (Carlsbad, CA, USA) and consists of human
astrocytes isolated from the cerebral cortex. HA cells,
which are guaranteed to passage 10, were used at pas-
sage 4—6, and were certified to be free of biological
contaminants.

SCN cell lines were maintained on laminin-coated
60 mm cell culture dishes (Corning, Corning, NY) in
Minimum Essential Medium (MEM; Invitrogen, Carls-
bad, CA, #10370-021) supplemented with 10% fetal bo-
vine serum (FBS; Hyclone, Thermo Fischer, Waltham,
MA), glucose (3000 pg/mL), and L-glutamine (292 pg/
mL). Fibroblasts were grown on 60 mm culture dishes in
Dulbeco’s Modified Eagle Medium (DMEM; Invitrogen)
containing 10% FBS (Hyclone), L-glutamine (292 pg/
mL) and glucose (4500 pug/mL). The C6 and IM3 glioma
cell lines were similarly cultured on 60 mm dishes in
DMEM supplemented with 2% FBS and equivalent con-
centrations of L-glutamine and glucose. The HA astro-
cyte line was maintained in 60 mm dishes containing
Astrocyte Medium (AM; ScienCell Research Laborator-
ies, Carlsbad, CA), 2% FBS and growth (AGS)/antibiotic
(penicillin/streptomycin) supplements. All cultures were
maintained 37 °C and 5% CO,, and passaged every 2—
3 days at a 1:3 ratio. To synchronize SCN, fibroblast,
HA, C6 and IM3 cells, cultures were serum shocked as
described [37] with medium containing 50% horse
serum. During time course analyses, Per2"““ and Per1'®/
Per2 cell lines (both SCN cells and fibroblasts) were
cultured in serum-free growth media, whereas HA, C6
and IM3 cells were maintained in growth medium con-
taining 1% FBS and then harvested by trypsinization
(0.05% Trypsin/EDTA (Invitrogen #15400) at 4 h inter-
vals for 48 h. After trypsin inactivation with 10% FBS
(Hyclone, Thermo Fisher Scientific, Waltham, MA), cells
were pelleted by centrifugation, immediately flash frozen
in liquid nitrogen and stored at —80 °C until subsequent
analysis.

Immunoblotting

To extract protein for western blotting, 250 pl of extrac-
tion buffer (20 mM Tris pH 7.5; 137 mM NaCl; 1% Tri-
ton X-100; 10% glycerol; 10 mM NaF;, 10 mM
B-glycero-phosphate; 2 mM EDTA; 1 mM PMSF; 1 mM

Page 3 of 13

sodium ortho-vanadate; 1x HALT Protease Inhibitor
Cocktail (Thermo Scientific, Rockford, IL)) was added to
cell pellets on ice. The pellets were sonicated using a
Branson Sonifier 450 equipped with a microtip for 10 s
at 10% amplitude. Samples were then placed on ice for
15 min before pelleting cell debris at max rpm for 5 min
at 4 °C. An aliquot of protein extract was removed, and
protein amounts were quantitated using the DC Protein
Assay (Bio-Rad; Hercules, CA). Protein (30 pg) was
boiled for 5 min with 1x Laemmli buffer before being
separated via 10% SDS-PAGE. Protein was transferred
from gels to Immobolin-P PVDF membrane (EMD
Millipore, Billerica, MA) and immunoblotted according
to antibody protocols. For detection of phospho-p38
MAPK (o, Pp forms), membranes were probed with
mouse anti-phospho-p38 primary (#9216 Cell Signaling,
Beverly, MA), and anti-mouse-HRP secondary (#170-
6516 BioRad, Hercules, CA) antibodies. For detection of
total p38 MAPK (a, B, Y forms) membranes were
probed with rabbit anti-p38 primary (#9212 Cell Signal-
ing, Beverly, MA), and anti-rabbit-HRP secondary
(#170-6515 BioRad, Hercules, CA) antibodies. For de-
tection of actin, membranes were probed with mouse
anti-actin primary (#A4700 Sigma-Aldrich, St Louis,
MO). Blots were visualized on X-ray film (Phenix, Cand-
ler, NC) with Super Signal West Fempto Chemilumines-
cent Substrate (Thermo Scientific, Rockford, IL).

Real-time analysis of mPER2::LUC bioluminescence

Analysis of bioluminescence from mPer2" SCN cells
and Bmall-dLuc fibroblasts was performed as described
previously [34, 35]. SCN mPer2™““ cultures were placed
in DMEM recording media (Sigma-Aldrich, St. Louis,
MO) containing 10 mM Hepes, 0.03% NaHCO3, N2
supplement (1X; Invitrogen), 4.510 g/L glucose,
25 units/ml penicillin, 25 pg/ml streptomycin and
0.1 mM beetle luciferin (Promega, Madison, WI). Bio-
luminescence recording from Bmall-dLuc fibroblast cul-
tures was performed in DMEM recording medium
containing 1 uM forskolin, 25 mM HEPES, 292 pg/ml
L-glutamine, 100 units/ml penicillin, 100 pg/ml strepto-
mycin and 0.1 mM beetle luciferin (Promega). Individual
cultures were sealed airtight with sterile glass coverslips
(VWR, Radnor, PA), and sterile silicon grease (Dow
Corning, Midland, MI). The temporal patterns of
mPER2:LUC and Bmall-dLuc bioluminescence were
analyzed using an automated 32-channel luminometer
(LumiCycle; Actimetrics, Wilmette, IL, USA) that was
maintained within a standard cell culture incubator at
35 °C. Bioluminescence from individual cultures was
continuously recorded with a photomultiplier tube
(PMT) for ~70 s at intervals of 10 min for 6-8 days.
Due to the transient induction of bioluminescence fol-
lowing the medium change at the initiation of this
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analysis, the first cycle was excluded from data analysis.
Bioluminescence data was analyzed using the Lumicycle
Analysis program (Actimetrics). For each raw data set,
baseline drift was removed by fitting a polynomial curve
with an order equal to one less than the number of re-
corded cycles. Rhythm parameters were determined
from baseline-subtracted data the damped sine fit and
Levenberg—Marquardt algorithm.

RNA extraction and real-time PCR
Total cellular RNA was extracted from individual cul-
tures of HA astroglia, C6 glioma and IM3 glioma using
miRNeasy kit (Qiagen, Inc., Valencia, CA) according to
the manufacturer’s protocols. Total RNA was estimated
using a Nanodrop ND2000 (Thermo Scientific, Rock-
ford, IL). Relative quantification of Bmall and Per2
mRNA abundance in all samples was performed using
SYBR-Green real-time PCR technology (ABI) as de-
scribed previously [38, 39]. To generate single-strand
c¢DNAs, total RNA (1 pg) from individual samples was
reverse transcribed using random hexamers and Super-
script III reverse transcriptase kit (Invitrogen). Real-time
PCR analysis was performed on duplicate aliquots using
the cDNA equivalent of 1 ng of total RNA for each sam-
ple. The PCR cycling conditions were: 1) serial heating
at 50 °C for 2 min and 95 °C for 10 min, 2) amplification
over 40 cycles at 95 °C for 15 s and 60 °C for 1 min, and
3) dissociation at 95 °C for 15 s, 60 °C for 1 min, 95 °C
for 15 s and 60 °C for 15 s. To control for differences in
sample RNA content, cyclophilin A (Ppia) was amplified
with the cDNA equivalent of 1 ng total RNA from the
same samples. Consistent with our previous studies
using this gene in a similar manner [39, 40], Ppia
showed no sign of circadian or ultradian variation. The
comparative CT method was utilized to calculate the
relative abundance for a given clock gene mRNA by
normalization to corresponding Ppia levels in each sam-
ple and to a calibrator consisting of pooled cDNA from
multiple samples.

The following probes and primers were designed using
PrimerExpress software (ABI):

mBmall forward: 5'- CCAAGAAAGTATGGACACA
GACAAA -3';

mBmall reverse: 5'-
GGT -3';

rBmall forward: 5-GCAATCTGAGCTGCCTCGT
T-3
rBmall reverse: 5-CCCGTATTTCCCCGTTCACT-3’
mPer2 forward: 5-ATGCTCGCCATCCACAAGA-3’
mPer2 reverse: 5° -GCGGAATCGAATGGGAGAAT-

GCATTCTTGATCCTTCCTT

3
rPer2 forward: 5-CCCATCCCACACTTGCCTC-3’
rPer2 reverse: 5-CACTGTGCCAGCCGGG-3’

Ppia forward: 5'- TGTGCCAGGGTGGTGACTT -3';
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Ppia reverse: 5'- TCAAATTTCTCTCCGTAGA

TGGACTT -3’

Glioma invasion assay

C6 and IM3 rat glioma cells were propagated on 60 mm
dishes as described earlier and split 1:3 every 2 days. Ap-
proximately 24 h after plating, all cultures were exposed
for 2 h to medium containing 50% horse serum to facili-
tate circadian oscillation synchronization across cultures.
To examine the time-dependent effects of p38 MAPK
inhibition on the invasive phenotype of glioma cells,
IM3 cultures were treated with vehicle (DMSQO) or
20 uM VX-745 (Tocris Bioscience, Bristol, UK) for 6 h
such that the mid-point of the treatment interval oc-
curred at 12 h or 24 h after serum shock (so as to re-
spectively coincide with the peak and trough of p38
MAPK phosphorylation in HA cultures). Cultures of un-
treated parental C6 glioma were collected at similar
times and analyzed in parallel to establish comparative
differences in invasive phenotype. Cell invasion proper-
ties were determined by plating suspensions of 150,000
C6 (untreated) or IM3 (DMSO- or VX-745-treated) gli-
oma cells/ml in serum-free DMEM (500 pl total volume)
in the upper chamber of a Matrigel-coated membrane
insert (24-well insert; pore size, 8 pm; BD Biosciences,
San Jose, CA). DMEM medium containing 10% FBS in
the lower chamber served as the chemoattractant. Cells
were subsequently incubated at 37 °C for 8 h based on
previous optimization of assay conditions [36].
Non-invading cells were removed with cotton swabs.
Those cells that had migrated to the lower side of the
membrane were fixed and stained 1% toluidine blue. For
all C6 and IM3 cultures, invading cells were quantitated
on eight different membranes by counting across a
diameter of each membrane under 20X microscopic
magnification. Statistical comparisons of C6, DMSO
IM3 and VX-745 IM3 groups within each time point
were established by normalizing invasion cell counts in
each culture to the averages of time-matched C6 cells.

Statistical methods

Statistical analysis of rhythmic data from western blots
was performed as described [15]. Briefly, using Prism
software (GraphPad Software, San Diego, CA), compari-
son of rhythmic data to either a line or sine wave with
nonlinear regression and Akaike’s information criteria
established if a rhythm was significantly (p < 0.05) more
similar to a sine wave than a line. The error bars in
graphs represent standard error of the mean (SEM) of at
least three biological replicates. Independent pooled
t-tests were performed to determine the significance of
cell-specific differences and treatment-induced changes
in cell invasion. In each case, differences were consid-
ered significant at p < 0.05.
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Results

To determine if p38 MAPK activity rhythms are con-
served in higher eukaryotes, we used immortalized mur-
ine cell lines as an in vitro model. Cell lines derived
from the SCN and serum-shocked fibroblasts were har-
vested every 4 h over two days. Relative levels of phos-
phorylated p38 MAPK, but not total p38 protein, were
marked by circadian variation in both SCN and fibro-
blast cultures. In SCN cultures, phospho-p38 MAPK
levels oscillated with a period of 25.5+0.9 h and peak
levels at 12 h and 40 h after serum shock (Fig. 1a). In
contrast, levels of total p38 protein were arrhythmic in
SCN cells (Fig. 1a). Fibroblasts also exhibited rhythmic
phospho-p38 MAPK levels with a period of 25.6+ 0.9 h
and peaks at 16 h and 40 h after serum shock (Fig. 1a).
In the same fibroblast cultures, the levels of total p38
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MAPK protein were variable, but arrhythmic over the
time course for sampling (Fig. 1a). Consistent with circa-
dian regulation of the p38 MAPK pathway, the levels of
phospho-p38 MAPK were variable and arrhythmic in
both SCN and fibroblast cell lines derived from
clock-disrupted Per1'¥/ Per2 mutant mice (Fig. 1b).
These data demonstrated that phosphorylation and acti-
vation of p38 MAPK is clock-controlled in SCN and
fibroblast cell cultures.

To examine if the levels of phosphorylated p38 MAPK
are altered in cells lacking a functional clock, phosphory-
lated p38 MAPK and total p38 MAPK levels were ana-
lyzed in WT and Per1'®/ Per2'® fibroblasts. Compared
to WT phosphorylated p38 MAPK levels observed at
28 h post-serum shock, the time of day when
phospho-p38 MAPK is at its rhythmic trough (Fig. 1a),
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Fig. 1 p38 MAPK activity is rhythmic in SCN and fibroblast cultures. a Representative western blots and densitometric analyses of p38 MAPK
activation in WT mouse SCN (n = 3) and fibroblast (n =4) cultures harvested following serum shock at 4-h intervals for 2 days. Western blots
depict immunoreactive signal for phospho-p38 MAPK (pp38), total p38 MAPK (p38) and B-actin in the same samples. Graphs on the right depict
the average immunoreactive signal (pp38 or p38) normalized to B-actin obtained from 3 to 4 independent sets of samples. The pp38 MAPK
(black squares) signal was rhythmic in SCN cells and fibroblasts as confirmed by statistical best fit to a sine wave (p < 0.05; n =3 for SCN cells, and
n =4 for fibroblasts, + SEM). Total p38 protein (gray triangles) was arrhythmic in SCN and fibroblast cultures as confirmed by statistical best fit to
a line (p < 0.05; n=3 for SCN cells, and n =4 for fibroblasts, + SEM). b Representative western blots and densitometry examining p38 MAPK
activation in clock-disrupted Per1'¥/per2 SCN (n = 3) and fibroblast (n= 5) cultures as described in A. The ratios of pp38/B-actin (black circles)
and p38/B-actin (gray triangles) signal were arrhythmic in SCN cells and fibroblasts as confirmed by statistical best fit to a line (p < 0.05; n =3 for
SCN cells, and n =5 for fibroblasts, + SEM). Pictures of full gels are shown in Additional file 1
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phosphorylated p38 MAPK levels in the Peri’®/ Per2'
mutant fibroblasts were significantly lower (Fig. 2). Simi-
lar low levels were observed in mutant fibroblasts at all
times tested (Fig. 2). Alternatively, total p38 MAPK
levels were similar in WT and Per1'%/ Per2'® fibroblasts
at all times of day examined. These data revealed that
functional Perl and Per2 are required for normal regula-
tion of p38 MAPK phosphorylation, and supported clock
activation of p38 MAPK.

In previous studies, application of p38 MAPK inhibi-
tors SB203580 or SB202190 to U20S human osteosar-
coma cells, and rat C6 glioblastoma cells, led to period
lengthening of clock gene rhythms, suggesting that p38
MAPK modulates the activity of core clock components
[41]. However, both of these inhibitors have off-target ef-
fects, including inhibition of CKle previously shown to
modulate the activity of components of the circadian os-
cillator [42—44]. Thus, to determine if the activity of p38
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Fig. 2 p38 MAPK activity is low in clock-disrupted Per1'®/per2'
mutant fibroblasts. Representative western blots of protein extracts
from WT and Per1"/Per2® fibroblasts (from Fig. 1) harvested at the
indicated hour after serum shock probed with anti-phospho-p38
(pp38), anti-total p38 (p38) antibodies, and control anti-B-actin
antibodies. A 2 and 1/10th fraction of WT protein harvested at 28 h
was loaded as a reference. The data are plotted below (n=3; +
SEM). The asterisk denotes a significant decrease in pp38 MAPK
levels (p < 0.05)
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MAPK modulates circadian timekeeping function of
both SCN and peripheral clocks, we examined the ef-
fects of VX-745, a potent and highly specific p38 MAPK
inhibitor [45, 46], on p38 MAPK phosphorylation and
on clock gene oscillations in mouse Per2"“ SCN cells
and Bmall-dLuc fibroblasts. First, VX-745 inhibition of
p38 MAPK phosphorylation was examined near the peak
(hour 16) and trough (hour 4) of its activity (using two
different doses: 10 pM and 20 pM) (Fig. 3). Consistent
with the rhythmic time course data (Fig. 1), the levels of
phospho-p38 MAPK, but not total p38 MAPK, were
higher at hour 16 as compared to hour 4 (Fig. 3). How-
ever, the fold change in phospho-p38 MAPK levels was
greater in Bmall-dLuc fibroblasts (5X) than in Per2:
SCN (1.5X) cells. Treatment of Per2“*“ SCN cultures
with 10 pM or 20 uM VX-745 at hour 4 or 16 had no ef-
fect on the total levels of p38 MAPK, but led to a signifi-
cant reduction (>83%) in phospho-p38 MAPK levels
relative to time-matched controls (Fig. 3a). In Bmall--
dLuc fibroblasts, 10 uM and 20 pM VX-745 also had no
effect on total levels of p38 MAPK, but led to significant
inhibition of p38 MAPK phosphorylation when treat-
ment occurred at hour 16. At hour 4, phospho-p38
MAPK levels were low, and no further reduction oc-
curred upon treatment with 10 or 20 uM VX-745 (Fig.
3b).

To determine if p38 MAPK activity modulates circa-
dian timekeeping, we assayed bioluminescence rhythms
in Per2™* SCN or Bmall-dLuc fibroblast cultures during
treatment with vehicle (DMSO) or VX-745 (Fig. 4). All
DMSO-treated Per2““ SCN and Bmall-dLuc fibroblast
cultures exhibited circadian rhythms of bioluminescence
that persisted for at least 3—4 cycles with circadian pe-
riods of 23.4 h and 25.5 h, respectively. The peak of
SCN PER2:LUC expression occurred at ~36 h after the
initiation of bioluminescence analysis, and the peak of
Bmall-dLuc in fibroblasts occurred at ~24 h following
serum shock, similar to published data [34, 47]. The
period difference observed between the PER2:LUC
rhythms in SCN cells (Fig. 4a) and Bmall-dluc oscilla-
tions in fibroblasts is consistent with our published data
[34, 47] and reflects differences in cell types and clock
gene reporters. In Per2™* SCN cells or Bmall-dLuc fi-
broblasts treated with 10 uM or 20 pM VX-745, rhythms
of bioluminescence persisted for 3—-4 cycles similar to
the control. However, VX-745 had a modulatory effect
on circadian period in both SCN PER2:LUC and fibro-
blast Bmall-dLuc rhythms. In SCN cultures, 10 pM and
20 uM VX-745 treatment significantly decreased the
period of the rhythm in PER2:LUC expression relative
to that observed in DMSO controls (Fig. 4a). The period
of the PER2:LUC bioluminescence rhythms in
VX-745-treated SCN cultures was decreased by 1.9 h
with 10 uM, and by 1.6 h with 20 pM. VX-745 had the
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Fig. 3 VX-745 inhibits p38 MAPK activity in cultured Per2"““ SCN cells and Bmall-dLuc fibroblasts. Representative western blots (top) and
densitometric analyses (bottom) of p38 MAPK activation in Per2"“ SCN (a) and Bmall-dLuc fibroblast (b) cultures treated for 1 h with DMSO
(CON) (n=4) or VX-745-treated (10 uM or 20 uM; n=4) at 4 h or 16 h post-serum shock. Bar graphs depict the ratios of pp38/p38 MAPK
immunoreactive signal. Asterisks denote treatment times in which p38 MAPK phosphorylation in VX-745-treated SCN cells or fibroblasts were
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opposite effect on Bmall-dLuc rhythms in fibroblast cul-
tures, and significantly increased the period of Bmall--
dLuc rhythms by 1.9 h (10 uM) and by 2.2 h (20 pM) in
comparison to DMSO controls (Fig. 4b). These data sup-
port that p38 MAPK has cell type-specific effects on the
molecular clock.

The p38 MAPK plays a role in the invasive phenotype
of glioblastoma multiforme [48]. Therefore, we specu-
lated that clock control of p38 MAPK levels may be al-
tered in glioma cells as compared to normal glial cells,
and that loss of clock control of p38 MAPK may influ-
ence the invasive phenotype. To test this idea, we com-
pared circadian clock control of p38 MAPK activity in
control astroglial (HA) cells to non-invasive rat C6 gli-
oma cells and highly invasive IM3 glioma cells. The
levels of phosphorylated p38 MAPK fluctuated rhyth-
mically with a period of 22.7 + 1.2 h, and with peak ac-
tivity at 12 and 36 h after serum shock (Fig. 5a). In
contrast to the clear oscillatory regulation of p38 MAPK
activity in HA cells, in parental C6 and highly invasive
IM3 glioma cells, phospho-p38 MAPK levels fluctuated,
but were arrhythmic over the time course. Consistent
with the temporal profile of total p38 MAPK in SCN
and fibroblast cell lines (Fig. 1), the levels total p38 pro-
tein were constant in HA, C6 and IM3 cultures (Fig. 5a).
The levels of Bmall and Per2 mRNA were rhythmic in
all 3 cell lines as judged by statistical best fit to a sine
wave. The period of Per2 mRNA rhythms was 26.4+1.6
in HA, 31.3+2.0 in C6, and 24.1+ 1.4 in IM3 cells, and
the period of Bmall mRNA rhythms was 24.5+1.2 in
HA, 20.7 +0.8 in C6, and 29.3+1.6 in IM3 cells. Per2
mRNA expression peaked ~20-24 h after serum shock
(Fig. 5b), whereas peak Bmall mRNA levels occurred at

8-16 and 36-40 h after serum shock. Importantly, the
observed phase difference between the Bmall and Per2
mRNA rhythms in HA, C6 and IM3 cultures is consist-
ent with previous evidence for antiphase relationship be-
tween these clock gene rhythms in cultured rodent SCN
cells and fibroblasts [34, 38, 49, 50]. Although there was
some variation in period in clock gene rhythms between
the different cell types, these data indicated that a func-
tional molecular clock is present and synchronized by
serum shock in all 3 cell types maintained under these
culture conditions.

In the time course experiments, the levels of
phospho-p38 MAPK appeared high in IM3 cells and low
in C6 cells (Fig. 5a). To better determine if phospho-p38
MAPK levels differed in accord with their invasive
phenotype, the 24 h samples from the time courses were
separated on the same gel and probed with antibodies to
detect phospho-p38 MAPK or total p38 MAPK (Fig. 6).
Compared to non-invasive C6 cells, phospho-p38 MAPK
levels increased by ~5-fold in IM3 cells, while total levels
of p38 MAPK were similar in both cell lines. These data
are consistent with p38 MAPK activity impacting cell
invasion [48].

We next wanted to determine if p38 MAPK inhibitors
would show a time of day effect on invasiveness. As ex-
pected, in IM3 cells treated with DMSO at 12 or 24 h
after serum shock, cell invasion was significantly in-
creased (p <0.05) by 2-7 fold relative to time-matched
untreated C6 cultures, and IM3 invasiveness was signifi-
cantly inhibited by VX-745 at 24 h post serum shock (p
<0.05) (Fig. 7), the time when phosphorylated p38
MAPK levels are lowest in control HA cells (Fig. 6).
Moreover, VX-745 treatment at 24 h after serum shock
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Fig. 4 VX-745 shortens the period of clock gene rhythms in cultured Per2"““ SCN cells and Bmali-dLuc fibroblasts. The left panels depict
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n=6) SCN cells and fibroblasts. Asterisks indicate that the period of the SCN PER2:LUC and fibroblast Bmall-dLuc rhythms in VX-745-treated
cultures was significantly different (p < 0.05) from that in DMSO controls

effectively suppressed the distinctive invasive phenotype
of IM3 glioma cultures, such that invading cell counts
were equivalent to those observed in untreated parental
C6 cells. The effects of p38 MAPK inhibition were
time-of-day-dependent, as IM3 invasiveness was not sig-
nificantly reduced when the cells were treated with
VX-745 at 12 h post serum shock (Fig. 7), the time when
phosphorylated p38 MAPK levels are at their peak in
HA cells (Fig. 6). These data raised the intriguing possi-
bility that targeted inhibition of p38 MAPK in glioblast-
oma might reduce brain invasion, and decrease toxicity
to normal cells, if administered at times of day when
phosphorylated p38 MAPK levels are low in normal cells
under control of the circadian clock.

Discussion

Our studies support that rhythms in p38 MAPK activa-
tion are conserved in diverse organisms and cell types.
Here, we show that mouse SCN and fibroblast cell lines,
have an endogenous rhythm in activation that is

dependent on a functional circadian oscillator. Confirm-
ation of clock regulation came from demonstrating that
the rhythms in p38 MAPK activity were abolished in cell
lines derived from the SCN or fibroblasts of Per1’®/
Per2' mice harboring a defective clock [33].

We discovered that Perl and Per2 are required for
normal accumulation of phosphorylated p38 MAPK
levels in SCN and fibroblast cells, suggesting that the
clock activates of p38 MAPK at specific times of the day
in these cells. For cultured SCN cells in our studies, this
clock control of p38 MAPK phosphorylation is consist-
ent with that previously observed in the SCN in vivo [9].
In our SCN cultures, phosphorylated p38 MAPK levels
and PER2:LUC bioluminescence peak at 40 h (Fig. 1)
and 36 h (Fig. 4), respectively, after synchronization by
serum shock. Based on evidence indicating that PER2:-
LUC expression peaks during the mid to late subjective
day (CT6-12) in the mouse SCN [4], we can infer that
the peak of phosphorylated p38 MAPK levels in mouse
Per2"*¢ SCN cells occurs during the late subjective day,
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Fig. 5 Temporal profiles of p38 MAPK activity in astroglial and glioma cell lines. a Representative western blots (left) and densitometric analyses
(right) of p38 MAPK activation in astroglial (HA) and C6 and IM3 glioma cultures harvested following serum shock at 4-h intervals for 2 days as
described in Fig. 1. Graphs on the right depict the average immunoreactive signal of phospho-p38 MAPK (pp38) or total p38 MAPK (p38)
normalized to B-actin obtained from 3 independent sets of samples. The pp38 MAPK (black squares) signal was rhythmic in HA cells as confirmed
by statistical best fit to a sine wave (p < 0.05; + SEM). Ratios of pp38/B-actin in C6 and IM3 glioma cultures and of p38/B-actin (gray triangles)
signal in all 3 cell lines were arrhythmic as confirmed by statistical best fit to a line (p < 0.05; + SEM). b Real-time PCR determinations (mean +
SEM) of the relative levels of Bmall and Per2 mRNA in HA, C6, and IM3 cultures (n = 3) harvested at 4-h intervals for 2 days as described in Fig. 1.
The plotted values correspond to the ratios of Bmall or Per2 mRNA signal normalized to Ppia mRNA levels in which the maximal value for each
gene was set at 100%. Bmall and Per2 mRNA levels were rhythmic in the 3 cell types as confirmed by statistical best fit to a sine wave (p < 0.05;
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similar to the peak of the p38 MAPK phosphorylation
rhythm in hamster SCN tissue. Several studies have
shown that the clock regulates the transcription of
MAPK pathway components and upstream regulators as
a mechanism to generate rhythms in MAPK activation.
For example, evening-specific transcription of SCN cir-
cadian oscillator protein (SCOP) is thought to drive day-
time rhythms in ERK MAPK activation in the SCN [51].
In Neurospora, the 0s-4 gene encoding the MAPKKK of
the p38 MAPK cascade, is a direct target of the positive
component (WCC) of the circadian oscillator [15].
Rhythmic binding of the WCC to the promoter of os-4
drives oscillations in 0s-4 mRNA, which is necessary for
the circadian rhythm of phosphorylated p38 MAPK ac-
cumulation [15]. This mechanism may be conserved in
mammalian cells: RNA-seq experiments in mouse liver
demonstrated that Mkk3/Mkk6, the MAPKK’s upstream
of p38 MAPK, are rhythmically expressed [3, 52]. Mkké
is a direct target of CLOCK/BMALL in the SCN and
peripheral tissues, and Mkk3 is a target of CLOCK/
BMALLI in the kidney [3]. Thus, similar to Neurospora,

circadian transcription of MAPK pathway components
may play an important role in generating self-sustaining
p38 MAPK activity rhythms.

In addition to being regulated by the clock, previous
studies have supported that p38 MAPK alters the prop-
erties of the molecular clock. For example, chronic in-
hibition of p38 MAPK with SB203580 in culture chick
pineal cells lengthened the period of the clock, and a
pulse of inhibitor during the day led to a phase delay of
the rhythm in melatonin [17]. Similarly, in rat-1 fibro-
blast and C6 glioma cells, inhibition of p38 MAPK with
SB203580 lengthened the period of the PER2:LUC re-
porter [41], and inhibition of U20S cells with SB202190
lengthened the period of a Bmall-dLuc reporter [53].
The p38 MAPK inhibitors used in these studies,
S$B203580 or SB202190, are known to have significant
off-target effects on kinases that modulate the circadian
clock, most notably CKle [54, 55]. However, CKle muta-
tions that decrease its activity in hamsters shorten the
period [42], suggesting that the period lengthening ef-
fects of SB203580 and SB202190 may be specific to
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inhibition of p38 MAPK. Consistent with this idea, we
found that application of VX-745 to fibroblast cells re-
duced the levels of phosphorylated p38 MAPK as ex-
pected and lengthened the period of the Bmall-dLuc
clock reporter rhythm. In contrast, VX-745 application
to SCN cells shortened the period of the PER2:LUC re-
porter. These data suggest that p38 MAPK has cell
type-specific effects on the molecular clock, and this re-
sponse is most likely through differences in downstream
effectors of p38 MAPK. Cell type-specific effects on the
clock were also observed with inhibition of JNK using
SP600125. JNK inhibition lengthened the period of a
PER2:LUC reporter in mouse SCN, pineal gland and
lung explants, but abolished rhythmicity in the kidney
[56]. JNK inhibition also lengthened the period of a
Bmall-dLuc or PER2:LUC reporter in rat-1 fibroblasts
[41, 57], and increased JNK activity shortened the period
in rat-1 fibroblasts [56]. One downstream target of p38
MAPK is the transcription factor ATF-2, which forms a
heterodimer with members of the AP-1 family of pro-
teins, including c-Jun [58] and binds to cAMP response
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Fig. 7 Time-dependent inhibition of invasiveness of IM3 glioma cells
by VX-745. Boyden chamber invasion assays were performed on
untreated parental C6 cultures and IM3 glioblastoma cultures that
were treated for 6 h with DMSO or 20 uM VX-745 at two different
times: 12 h or 24 h after serum shock. Plotted values correspond to
the ratio of invasion cell counts in each culture adjusted relative to
the averages of time-matched C6 cells, which were set at 100%.
Data are represented as means (+SEM; n = 8). Relative cell invasion
in DMSO-treated IM3 glioma cultures was significantly greater at
both time points than that observed in parental C6é cells, and in IM3
glioma cultures treated with VX-745 at 24 h after serum shock (¥,
T-test p < 0.05)

J

elements or to AP-1 sequences to activate transcription.
These data raise the possibility that p38 MAPK and JNK
function through JUN, or other downstream AP-1 tar-
gets, to regulate tissue-specific activity of the molecular
clock.

The role of p38 MAPK in inflammation [59] and as a
tumor suppressor [23, 24] has suggested that inhibition
of p38 MAPK might be an attractive candidate treating
inflammatory disease and cancer. However, most p38
MAPK inhibitors have dose-limiting adverse effects in
patients [31]. We speculated that clock-control of p38
MAPK activity may lead to time-of-day-specific differ-
ences in the efficacy of selective inhibitors, and our data
support this idea. First, we demonstrated that p38
MAPK activity cycles in HA glial cells, but is arrhythmic
in glioma cells with a differential elevation of levels in
highly invasive IM3 glioma relative to parental C6 cells.
The difference in levels of phosphorylated p38 MAPK in
C6 versus IM3 glioma cells needs to be explored further,
but may reflect differences in inputs to p38 MAPK path-
way activation in cancer cell types with different tumori-
genic or invasive properties. Despite the constant high
levels of phosphorylated p38 MAPK in IM3 cells, a sig-
nificant time-of-day reduction of cell invasiveness was
observed with application of VX-745 corresponding to
the time of trough levels of phosphorylated p38 MAPK
in HA cells. The constant high level of active p38 MAPK
in IM3 cells over the day likely reflects loss of circadian
rhythmicity in these cells. Loss of p38 MAPK activity
rhythms in IM3 cells could be due to disruption of the
circadian oscillator, or due to loss of coupling between
the oscillator and the p38 MAPK pathway. Consistent
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with a functional molecular oscillator, Per2 and Bmall
mRNA levels accumulate rhythmically in IM3 cells,
similar to control HA cells (Fig. 5b). Consequently, our
data indicate that there is loss of coupling between the
oscillator and the p38 MAPK pathway in IM3 cells.
Time-of-day-specific treatment with VX-745 may re-
store this coupling and support rhythms in p38
MAPK activity and clock-control of invasiveness. Loss
of circadian coupling may a common feature of can-
cer cell lines [60-62], and inducing rhythmicity with
synchronizing agents such as, dexamethasone, forsko-
lin, or heat shock, may restore coupling between the
molecular clock and its outputs, and slow tumor
growth [60]. Of significant interest, dexamethasone is
commonly used in patients to reduce swelling in the
brain surrounding glioblastoma [63], and similar to
VX-745, may improve outcomes if administered at
specific times of the day.

Conclusions

Increased expression and activity of p38 MAPK has been
associated with poor prognosis in certain types of can-
cers [27]. This has led to the development of p38 inhibi-
tors for potential use in chemotherapy [31]. However,
most, if not all, p38 MAPK inhibitors have dose-limiting
adverse effects in patients. We demonstrate that p38
MAPK activity is rhythmic in normal glial cells. In con-
trast, p38 MAPK activity is high at all times of the day
in IM3 glioma cells. We show a significant time-of-day
reduction of cell invasiveness in IM3 cells with applica-
tion of the specific p38 inhibitor VX-745 [43] corre-
sponding to the time of trough levels of phosphorylated
p38 MAPK in normal glial cells. We conclude that the
timing of administration of p38 MAPK inhibitors pro-
vides a promising avenue to pursue in the treatment of
cancer to improve patient outcomes.

Additional files

Additional file 1: Full western blots of gels from Fig. 1. (DOXC 243 kb)
Additional file 2: Full western blots of gels from Fig. 5. (DOXC 200 kb)

Abbreviations

bHLH: Basic helix-loop-helix; ERK: Extracellular signal-regulated kinase;

HA: Human astroglia; JNK: C-Jun N-terminal kinase; MAPK: Mitogen activated
protein kinase; Phospho-p38 MAPK: Phosphorylated p38 MAPK;

SCN: Suprachiasmatic nucleus; SEM: Standard error of the mean

Acknowledgments

The authors thank Sun Woo Koo for assistance with microscopic analysis of
invading cell counts, and Teresa M. Lamb and Stephen Caster for help with
data analysis.

Funding

Funding for this study was provided by NIH ROT GM058529-15 to D. B-P.
The funding body had no role in the design of the study and collection, ana-
lysis and interpretation of data and in writing the manuscript.

Page 11 of 13

Availability of data and materials
All data generated or analyzed during this study are included in this
published article.

Authors’ contributions

CSG, SMK, NK; and NN performed the experiments. CSG, LGT, DJE, and DBP
interpreted the data. CSG, DJE, and DBP wrote the manuscript. All authors
read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Interdisciplinary Program in Genetics, Texas A&M University, College Station
TX, Texas 77843, USA. 7Departmen‘[ of Biology, Texas A&M University, College
Station, Texas, TX 77843, USA. 3Department of Neuroscience and
Experimental Therapeutics, Texas A&M, Health Science Center, College of
Medicine Bryan, Texas, TX 77807-3260, USA. “Center for Biological Clocks
Research, Texas A&M University, College Station, Texas, TX 77843, USA.
*Interdisciplinary Program in Neuroscience, Texas A&M University, College
Station, Texas, TX 77843, USA.

Received: 22 May 2017 Accepted: 8 December 2017
Published online: 10 January 2018

References

1. Mohawk JA, Green CB, Takahashi JS. Central and peripheral circadian clocks
in mammals. Annu Rev Neurosci. 2012;35:445-62.

2. Dibner C, Schibler U, Albrecht U. The mammalian circadian timing system:
organization and coordination of central and peripheral clocks. Annu Rev
Physiol. 2010,72:517-49.

3. Koike N, Yoo SH, Huang HC, Kumar V, Lee C, Kim TK, Takahashi JS.
Transcriptional architecture and chromatin landscape of the core circadian
clock in mammals. Science. 2012,338:349-54.

4. Ko CH, Takahashi JS. Molecular components of the mammalian circadian
clock. Hum Mol Genet. 2006;15:271-7.

5. Lande-Diner L, Boyault C, Kim JY, Weitz CJ. A positive feedback loop links
circadian clock factor CLOCK-BMALT to the basic transcriptional machinery.
Proc Natl Acad Sci U S A. 2013;110:16021-6.

6. Guillaumond F, Dardente H, Giguere V, Cermakian N. Differential control of
Bmal1 circadian transcription by REV-ERB and ROR nuclear receptors. J Biol
Rhythm. 2005;20:391-403.

7. Goldsmith CS, Bell-Pedersen D. Diverse roles for MAPK signaling in circadian
clocks. Adv Genet. 2013;84:1-39.

8. Obrietan K, Impey S, Storm DR. Light and circadian rhythmicity regulate MAP
kinase activation in the suprachiasmatic nuclei. Nat Neurosci. 1998;1:693-700.

9. Pizzio GA, Hainich EC, Ferreyra GA, Coso OA, Golombek DA. Circadian and
photic regulation of ERK, JNK and p38 in the hamster SCN. Neuroreport.
2003;14:1417-9.

10.  Akashi M, Nishida E. Involvement of the MAP kinase cascade in resetting of
the mammalian circadian clock. Genes Dev. 2000;14:645-9.

11. Cermakian N, Pando MP, Thompson CL, Pinchak AB, Selby CP, Gutierrez L,
Wells DE, Cahill GM, Sancar A, Sassone-Corsi P. Light induction of a
vertebrate clock gene involves signaling through blue-light receptors and
MAP kinases. Curr Biol. 2002;12:844-8.

12. Yoshitane H, Honma S, Imamura K, Nakajima H, Nishide SY, Ono D, Kiyota H,
Shinozaki N, Matsuki H, Wada N, et al. JNK regulates the photic response of
the mammalian circadian clock. EMBO Rep. 2012;13:455-61.

13. Bennett LD, Beremand P, Thomas TL, Bell-Pedersen D. Circadian activation
of the mitogen-activated protein kinase MAK-1 facilitates rhythms in clock-
controlled genes in Neurospora crassa. Eukaryot Cell. 2013;12:59-69.


https://doi.org/10.1186/s12885-017-3896-y
https://doi.org/10.1186/s12885-017-3896-y

Goldsmith et al. BMC Cancer

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

(2018) 18:43

Williams JA, Su HS, Bernards A, Field J, Sehgal A. A circadian output in
drosophila mediated by neurofibromatosis-1 and Ras/MAPK. Science. 2001;
293:2251-6.

Lamb TM, Goldsmith CS, Bennett L, Finch KE, Bell-Pedersen D. Direct
transcriptional control of a p38 MAPK pathway by the circadian clock in
Neurospora crassa. PLoS One. 2011;6:e27149.

Vitalini MW, de Paula RM, Goldsmith CS, Jones CA, Borkovich KA, Bell-
Pedersen D. Circadian rhythmicity mediated by temporal regulation of the
activity of p38 MAPK. Proc Natl Acad Sci U S A. 2007;104:18223-8.

Hayashi Y, Sanada K, Hirota T, Shimizu F, Fukada Y. p38 mitogen-activated
protein kinase regulates oscillation of chick pineal circadian clock. J Biol
Chem. 2003;278:25166-71.

Chik CL, Mackova M, Price D, Ho AK. Adrenergic regulation and diurnal
rhythm of p38 mitogen-activated protein kinase phosphorylation in the rat
pineal gland. Endocrinology. 2004;145:5194-201.

Ko ML, Shi L, Tsai JY, Young ME, Neuendorff N, Earnest DJ, Ko GY. Cardiac-
specific mutation of clock alters the quantitative measurements of physical
activities without changing behavioral circadian rhythms. J Biol Rhythm.
2011;26:412-22.

Zarubin T, Han J. Activation and signaling of the p38 MAP kinase pathway.
Cell Res. 2005;15:11-8.

Wagner EF, Nebreda AR. Signal integration by JNK and p38 MAPK pathways
in cancer development. Nature rev. Cancer. 2009;9:537-49.

Bulavin DV, Saito S, Hollander MC, Sakaguchi K, Anderson CW, Appella E,
Fornace AJ Jr. Phosphorylation of human p53 by p38 kinase coordinates N-
terminal phosphorylation and apoptosis in response to UV radiation. EMBO
J.1999;18:6845-54.

Han J, Sun P. The pathways to tumor suppression via route p38. Trends
Biochem Sci. 2007;32:364-71.

Loesch M, Chen G. The p38 MAPK stress pathway as a tumor suppressor or
more? Front. Bioscience. 2008;13:3581-93.

del Barco BI, Nebreda AR. Roles of p38 MAPKSs in invasion and metastasis.
Biochem Soc Trans. 2012;40:79-84.

Handra-Luca A, Lesty C, Hammel P, Sauvanet A, Rebours V, Martin A, Fagard
R, Flejou JF, Faivre S, Bedossa P, et al. Biological and prognostic relevance of
mitogen-activated protein kinases in pancreatic adenocarcinoma. Pancreas.
2012:41:416-21.

Lee JC, Kumar S, Griswold DE, Underwood DC, Votta BJ, Adams JL.
Inhibition of p38 MAP kinase as a therapeutic strategy.
Immunopharmacology. 2000;47:185-201.

Yang K, Liu' Y, Liu Z, Liu J, Liu X, Chen X, Li C, Zeng Y. p38y overexpression
in gliomas and its role in proliferation and apoptosis. Sci Rep 2013;3:2089.
Demuth T, Reavie LB, Rennert JL, Nakada M, Nakada S, Hoelzinger DB, Beaudry
CE, Henrichs AN, Anderson EM, Berens ME. MAP-ing glioma invasion: mitogen-
activated protein kinase kinase 3 and p38 drive glioma invasion and
progression and predict patient survival. Mol Cancer Ther. 2007,6:1212-22.
Sooman L, Lennartsson J, Gullbo J, Bergqvist M, Tsakonas G, Johansson F,
Edqvist PH, Ponten F, Jaiswal A, Navani S, et al. Vandetanib combined with
a p38 MAPK inhibitor synergistically reduces glioblastoma cell survival. Med
Oncol. 2013;30:638.

Hammaker D, Firestein GS. "Go upstream, young man": lessons learned from
the p38 saga. Ann Rheum Dis. 2010,69(Suppl 1):i77-82.

Yoo SH, Yamazaki S, Lowrey PL, Shimomura K, Ko CH, Buhr ED, Siepka SM,
Hong HK, Oh WJ, Yoo OJ, et al. PERIOD2:LUCIFERASE real-time reporting of
circadian dynamics reveals persistent circadian oscillations in mouse
peripheral tissues. Proc Natl Acad Sci U S A. 2004;101:5339-46.

Bae K, Jin X, Maywood ES, Hastings MH, Reppert SM, Weaver DR. Differential
functions of mPer1, mPer2, and mPer3 in the SCN circadian clock. Neuron.
2001;30:525-36.

Farnell YF, Shende VR, Neuendorff N, Allen GC, Earnest DJ. Immortalized cell
lines for real-time analysis of circadian pacemaker and peripheral oscillator
properties. Eur J Neurosci. 2011;33:1533-40.

Ramanathan C, Khan SK, Kathale ND, Xu H, Liu AC. Monitoring cell-
autonomous circadian clock rhythms of gene expression using luciferase
bioluminescence reporters. J Vis Exp. 2012,67:4234.

Koo S, Martin GS, Schulz KJ, Ronck M, Toussaint LG. Serial selection for
invasiveness increases expression of miR-143/miR-145 in glioblastoma cell
lines. BMC Cancer. 2012;12:143.

Allen G, Rappe J, Earnest DJ, Cassone VM. Oscillating on borrowed time:
diffusible signals from immortalized suprachiasmatic nucleus cells regulate
circadian rhythmicity in cultured fibroblasts. J Neurosci. 2001;21:7937-43.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 12 of 13

Balsalobre A, Damiola F, Schibler UA. Serum shock induces circadian gene
expression in mammalian tissue culture cells. Cell. 1998,93:929-37.

Farnell YZ, Allen GC, Nahm SS, Neuendorff N, West JR, Chen WJ, Earnest DJ.
Neonatal alcohol exposure differentially alters clock gene oscillations within
the suprachiasmatic nucleus, cerebellum, and liver of adult rats. Alcohol Clin
Exp Res. 2008;32:544-52.

Nahm SS, Farnell YZ, Griffith W, Earnest DJ. Circadian regulation and
function of voltage-dependent calcium channels in the suprachiasmatic
nucleus. J Neurosci. 2005,25:9304-8.

Yagita K, Yamanaka I, Koinuma S, Shigeyoshi Y, Uchiyama Y. Mini screening
of kinase inhibitors affecting period-length of mammalian cellular circadian
clock. Acta Histochem Cytochem. 2009;42:89-93.

Lowrey PL, Shimomura K, Antoch MP, Yamazaki S, Zemenides PD, Ralph MR,
Menaker M, Takahashi JS. Positional syntenic cloning and functional
characterization of the mammalian circadian mutation tau. Science. 2000;
288:483-92.

Kloss B, Price JL, Saez L, Blau J, Rothenfluh A, Wesley CS, Young MW. The
drosophila clock gene double-time encodes a protein closely related to
human casein kinase | epsilon. Cell. 1998,94:97-107.

Price JL, Blau J, Rothenfluh A, Abodeely M, Kloss B, Young MW. double-time
is a novel drosophila clock gene that regulates PERIOD protein
accumulation. Cell. 1998,94:83-95.

Natarajan SR, Doherty JB. p38 MAP kinase inhibitors: evolution of imidazole-
based and pyrido-pyrimidin-2-one lead classes. Curr Top Med Chem. 2005;5:
987-1003.

Natarajan SR, Wisnoski DD, Singh SB, Stelmach JE, O'Neill EA, Schwartz CD,
Thompson CM, Fitzgerald CE, O'Keefe SJ, Kumar S, et al. p38 MAP kinase
inhibitors. Part 1: design and development of a new class of potent and
highly selective inhibitors based on 3,4-dihydropyrido(3,2-d]pyrimidone
scaffold. Bioorg Med Chem Lett. 2003;13:273-6.

Kim SM, Neuendorff N, Chapkin RS, Earnest DJ. Role of inflammatory
signaling in the differential effects of saturated and poly-unsaturated fatty
acids on peripheral circadian clocks. EBioMedicine. 2016;7:100-11.

Yeung YT, McDonald KL, Grewal T, Munoz L. Interleukins in glioblastoma
pathophysiology: implications for therapy. Br J Pharmacol. 2013;168:591-606.
Yagita K, Tamanini F, van Der Horst GT, Okamura H. Molecular mechanisms
of the biological clock in cultured fibroblasts. Science. 2001;292:278-81.
Menger GJ, Allen GC, Neuendorff N, Nahm SS, Thomas TL, Cassone VM,
Earnest DJ. Circadian profiling of the transcriptome in NIH/3T3 fibroblasts:
comparison with rhythmic gene expression in SCN2.2 cells and the rat SCN.
Physiol Genomics. 2007,29:280-9.

Shimizu K, Okada M, Nagai K, Fukada Y. Suprachiasmatic nucleus circadian
oscillatory protein, a novel binding partner of K-Ras in the membrane rafts,
negatively regulates MAPK pathway. J Biol Chem. 2003;278:14920-5.

Menet JS, Rodriguez J, Abruzzi KC, Rosbash M. Nascent-Seq reveals novel
features of mouse circadian transcriptional regulation. elife. 2012;1:e00011.
Hirota T, Lewis WG, Liu AC, Lee JW, Schultz PG, Kay SA. A chemical
biology approach reveals period shortening of the mammalian circadian
clock by specific inhibition of GSK-3beta. Proc Natl Acad Sci U S A. 2008;
105:20746-51.

Fabian MA, Biggs WH 3rd, Treiber DK, Atteridge CE, Azimioara MD,
Benedetti MG, Carter TA, Ciceri P, Edeen PT, Floyd M, et al. A small
molecule-kinase interaction map for clinical kinase inhibitors. Nat
Biotechnol. 2005;23:329-36.

Hasegawa M, Cahill GM. Regulation of the circadian oscillator in Xenopus
retinal photoreceptors by protein kinases sensitive to the stress-activated
protein kinase inhibitor, SB 203580. J Biol Chem. 2004;279:22738-46.
Chansard M, Molyneux P, Nomura K, Harrington ME. Fukuhara C: c-Jun N-
terminal kinase inhibitor SP600125 modulates the period of mammalian
circadian rhythms. Neurosci. 2007;145:812-23.

Kon N, Sugiyama Y, Yoshitane H, Kameshita I, Fukada Y. Cell-based inhibitor
screening identifies multiple protein kinases important for circadian clock
oscillations. Commun Integr Biol. 2015;8:2982405.

Hai T, Curran T. Cross-family dimerization of transcription factors Fos/Jun
and ATF/CREB alters DNA binding specificity. Proc Natl Acad Sci U S A.
1991,88:3720-4.

Schindler JF, Monahan JB, Smith WG. p38 pathway kinases as anti-
inflammatory drug targets. J Dent Res. 2007,86:800-11.

Kiessling S, Beaulieu-Laroche L, Blum ID, Landgraf D, Welsh DK, Storch KF,
Labrecque N, Cermakian N. Enhancing circadian clock function in cancer
cells inhibits tumor growth. BMC Biol. 2017;15:13.



Goldsmith et al. BMC Cancer

61.

62.

63.

(2018) 18:43

Miyazaki K, Wakabayashi M, Hara Y, Ishida N. Tumor growth suppression

in vivo by overexpression of the circadian component, PER2. Genes Cells.
2010;15:351-8.

Relogio A, Thomas P, Medina-Perez P, Reischl S, Bervoets S, Gloc E, Riemer
P, Mang-Fatehi S, Maier B, Schafer R, et al. Ras-mediated deregulation of the
circadian clock in cancer. PLoS Genet. 2014;10:1004338.

Kostaras X, Cusano F, Kline GA, Roa W, Easaw J, Team APCT. Use of
dexamethasone in patients with high-grade glioma: a clinical practice
guideline. Curr Oncol. 2014;21:E493-503.

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell lines and culture conditions
	Immunoblotting
	Real-time analysis of mPER2::LUC bioluminescence
	RNA extraction and real-time PCR
	Glioma invasion assay
	Statistical methods

	Results
	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgments
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

