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Background: Adverse cardiovascular events are a leading nonmalignant cause of
morbidity and mortality among cancer survivors who have been exposed to ionizing
radiation (IR), but the exact mechanism of the cardiovascular complications induced by
IR remains unclear. In this study we investigated the potential role of the p90RSK-ERK5
module in regulating IR-induced endothelial cell inflammation and apoptosis.
Methods and Results: Whole body radiation of mice with 2 Gy y-ray significantly
increased endothelial VCAM-1 expression; especially in the disturbed flow area in vivo. In
vitro studies showed that IR increased p90RSK activation as well as subsequent ERK5
S496 phosphorylation in cultured human endothelial cells (ECs). A specific p9ORSK
inhibitor, FMK-MEA, significantly inhibited both p90ORSK activation and ERK5 S496
phosphorylation, but it had no effect on IR-induced ERK5 TEY motif phosphorylation,
suggesting that p90ORSK regulates ERK5 transcriptional activity, but not its kinase activity.
In fact, we found that IR-induced NF-kB activation and VCAM-1 expression in ECs were
significantly inhibited by the over-expression of S496 phosphorylation site mutant of ERK5
(ERK5 S496A) compared to overexpression of wild type ERK5. Furthermore, when ECs
were exposed to IR, the number of annexin V positive cells increased, and overexpression
of ERK5 S496A, but not wild type ERKS, significantly inhibited this increase.
Conclusions: Our results demonstrate that IR augmented disturbed flow-induced VCAM-
1 expression in vivo. Endothelial p9ORSK was robustly activated by IR and subsequently
up-regulated ERK5 S496 phosphorylation, inflammation, and apoptosis in ECs. The EC
PO0RSK-ERKS5 signaling axis can be a good target to prevent cardiovascular events
after radiation therapy in cancer patients.
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INTRODUCTION

Radiation therapy (RT) is a critical component of the management
of many malignancies, including primary thoracic malignancies,
breast cancer, and lymphoma, but it is now known that RT causes
various cardiovascular (CV) disorders such as coronary artery
disease, congestive heart failure, and valvular disorders, resulting
in morbidity and mortality among cancer survivors. For example,
in survivors of Hodgkin lymphoma, RT to the chest area increases
the risk of CV disease by up to 7-fold based on multivariate
analyses controlling for other risk factors (1), and heart disease
is the leading cause of non-oncologic death (2). Likewise, RT has
been associated with significantly increased mortality due to CV
disease in breast cancer survivors (3-5). In patients with locally
advanced non-small cell lung cancer, the 2 year incidence of grade
>3 CV toxicity after RT is 11% according to a combined analysis
of 4 prospective studies (6), and deaths related to excess heart
exposure may offset any benefit of increasing the radiation dose
to control the disease (7). Thus, the cardiotoxic effects of RT are a
serious concern. The cardiovascular effects of RT may be amplified
in patients who also receive cardiotoxic chemotherapeutic agents,
such as anthracyclines and trastuzumab. Although the role of IR
in EC inflammation has been reported (8, 9), the exact molecular
mechanisms remain unclear.

Shear stress is imposed directly on the luminal surface of blood
vessels covered by a thin monolayer of ECs. There are two types
of flow, which can differentially affect EC structure and function
by regulating different cellular mechanosignaling pathways. Each
of the mechanosignaling mechanisms will then activate shear
stress response promoter elements and transcription factors in
ECs residing in areas exposed to the two different types of flow
and determine the cellular phenotype (10-13). For example,
atherosclerosis (AS) lesions are rare in areas exposed to laminar
flow. It is known that steady laminar flow (s-flow:10-20 dyne/
cm?) induces anti-inflammatory signaling and anti-atherogenic
gene expression in cultured ECs (14, 15). S-flow suppresses the
expression of inflammatory chemokines and adhesion molecules
(VCAM-1, ICAM-1, and E-selectin) while maintaining the
production of athero-protective factors such as nitric oxide (NO)
and EC nitric oxide synthase (eNOS) (16-19). ERK5, a member
of the mitogen-activated protein kinase family, is unique in that
it is not only a kinase but also a transcriptional co-activator with
a unique C-terminus transactivation domain (20, 21). It has been
suggested that Kriippel-like factor 2 (KLF2) plays a crucial role
in s-flow-induced anti-inflammatory effects via ERK5 activation
(20,22). Atherosclerotic plaques localize to areas of disturbed flow
(d-flow) found in regions where vessels curve acutely, bifurcate,
or branch. D-flow is pro-atherogenic; induces inflammation,
apoptosis, and proliferation of ECs and reduces vascular reactivity.
P90RSK is a unique serine/threonine kinase with two distinct
functional kinase domains (23) that has been well-characterized
by our group for its role in heart failure (24, 25). Our group has
reported that d-flow induces phosphorylation of p90RSK, which
then allows p90RSK to bind the C-terminus region of ERK5 (amino
acids 571-807). This binding enables p90RSK to phosphorylate
ERKS5 at S496 (26) and inhibits the transcriptional activity of
ERKS5 (26). This inhibition ablates the promotor activity of KLF2

and eNOS activity. These series of molecular events lead to EC
inflammation and dysfunction.

In this study, we found that IR enhanced EC inflammation,
especially in the disturbed flow area compared to the laminar flow
area in vivo. We also found that IR increased p90RSK activation
and subsequent ERK5 S496 phosphorylation. Overexpression of an
ERK5 S496A mutant, but not wild type ERKS5, in ECs significantly
inhibited the expression of NF-kB and VCAM-1 and apoptosis. To
our knowledge, this is the first report that shows the crucial role
of p90RSK-mediated ERK5 S496 phosphorylation in regulating
IR-induced EC inflammation and apoptosis. The endothelial
P90RSK-ERKS5 axis can be a good target to prevent cardiovascular
events after radiation therapy in cancer patients. In addition,
since endothelial inflammation is a hallmark of radio-resistance,
IR-induced activation of the endothelial p9ORSK-ERKS5 signaling
cascade may contribute to radiation sensitivity of cancers.

METHODS

Antibodies and Reagents

Antibodies were purchased from the following vendors: anti-
P90RSK1 (C-21, #SC-231) and anti-VCAM-1 (SC-8304) from
Santa Cruz Biotechnology (Dallas, TX); anti-phospho-p90RSK
(Ser380, #9341), anti-phospho-ERK5 (Thr218/Tyr220, #3371L),
and anti-ERKS5 (#3372) from Cell Signaling (Danvers, MA); anti-
tubulin (T-5168) from Sigma (St. Louis, MO); anti-VE-cadherin
(#555289) from BD Transduction Laboratory (San Diego, CA);
and anti-phopho-specific ERK5 S496 antibody (#A02812) from
Boster Bio (Pleasanton, CA).

Generation of Plasmids

Plasmids containing wild type (WT) p90RSK (WT-p90RSK) and
dominant negative (kinase dead) p90RSK (DN-p90RSK) were
generated as previously described (26). Gal4-ERK5 was created
by inserting mouse ERKS5 isolated from pcDNA3.1-ERKS5 into the
BamH1 and Not!1 sites of the pBIND vector (Invitrogen, Carlsbad,
CA). An adenovirus vector containing constitutively active (CA)-
MEK5a was subcloned into the pENTR vector (Invitrogen)
using specific enzyme sites, and then a recombinase reaction was
performed to get a pDEST-based vector following manufacture’s
instruction (#K4930-00, ViraPower Adenoviral Expression System,
Promega, Madison, WI). All constructs were verified by DNA
sequencing by using vector specific primers.

Irradiation

Cells and mice were irradiated on the Cesium-137 Research-
Irradiator “Mark-I Model M68A” (J. L. Shepherd and Associates,
San Fernando, CA). The unit consists of sealed pencil-like (37
cm long) Radio-Active Source Cesium-137 producing 662 keV
Gamma radiation. The Petri dishes were placed on an Acrylic stand,
10.8 cm above the upper floor-plate, to ensure dose-uniformity
within 5% (95% iso-dose circle). C57BL/6 mice were placed in the
cylindrical container (inner Diameter 20.2 cm, height 13.4 cm).
Thin black plastic-strips were arranged to create wedge-shaped
partitions for 8 mice. A round top-cover of clear plastic with a
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wedged-cut was used to place and retrieve mice one at a time. The
mice-loaded container was placed on an Acrylic stand 30.1 cm
above the axis of pencil-like Cesium-Source. A dose of 2 Gy was
delivered in this geometry. The mice container diameter (20.2 cm)
ensured dose-uniformity within 5% (the 95% iso-dose circle has a
diameter of 24 cm). In-air dose-rate at the irradiation height was
measured with an ion-chamber employing the Task-Group Report
61 of the AAPM (American Association of Physicists in Medicine).
The chamber had been calibrated by the M. D. Andersons ADCL
(Acredited Dosimetry Calibration-Laboratory). The chamber-
calibration is traceable to NIST (National Institute of Standards
and Technology). Experimental procedures were approved by the
Institutional Care and Use Committee (IACUC) at Texas A&M
Institute of Biosciences and Technology and the University of Texas
MD Anderson Cancer Center.

En Face Staining of Mouse Aortas

C57Bl/6 male mice were used for this study. The disturbed flow
(d-flow) and undisturbed laminar blood flow (I-flow) areas in the
mouse aorta were identified based on generally accepted anatomical
locations where such flow patterns are known to occur (27-29).
We performed en face staining and confocal imaging as described
in our previous reports (26, 28). Experimental procedures were
approved by the Institutional Care and Use Committee (IACUC)
at Texas A&M Institute of Biosciences and Technology and the
University of Texas MD Anderson Cancer Center.

Transient Over-Expressions

For protein overexpression, ECs were transfected with Flag-
tagged ERK5 WT, and ERK5-S496A mutant using GIBCO Opti-
MEM reduced serum medium (cat. no. 31985070; Thermo Fisher
Scientific, Waltham, MA) containing Plus and Lipofectamine
reagents (cat. no. 11514015 and 18324020, respectively; Life
Technologies, Carlsbad, CA) as we described previously (26).

PathDetect in Vivo Signal Transduction
Pathway Reporting System

NF-kB activity was assayed using the PathDetect Signal
Transduction Pathway trans-Reporting Systems (Stratagene, San
Diego, CA) as we described previously (30).

Western Blotting

We applied an equal amount of proteins from control and treatment
samples into each well of SDS-PAGE gels and performed Western
blotting using specific antibodies for the indicated molecules in the
figure as we described previously (31). Nitrocellulose membranes
were incubated with primary antibodies diluted 500-1,000 times
overnight at 4°C. After blocking with 3% BSA for one hour, the
membranes were incubated with HRP-conjugated appropriate
(goat anti-mouse or anti-rabbit) secondary antibodies diluted
4,000-5,000 times. Blots were developed using an ECL reagent,
imaged using Film Processor SRX-101A (Konika Minolta Medical
Graphics, Tokyo, Japan), and signal intensities quantified by
densitometry using Image] software as we described (26).

Cell Culture and Transfection

We purchased primary human aortic endothelial cells (HAECs)
from Invitrogen (Cat no-C0065C) and were grown in complete
Endothelial Cell Medium (ECM, Sciencell Research Laboratories,
Carlsbad, CA) supplemented with endothelial growth factors along
with 5% FBS and 1% penicillin/streptomycin. Human umbilical vein
ECs (HUVEC:s) were obtained from collagenase digested umbilical
cord veins (32) and collected in M200 medium supplemented
with LSGS (Cascade Biologics Inc., Portland, OR) and 2% fetal
bovine serum (FBS) (Atlanta Biologicals Inc., Lawrenceville, GA)
as we described previously (26). HUVECs were cultured on 0.2%
gelatin pre-coated dishes. All the cells were maintained at 37°C
in a humidified atmosphere of 5% CO2. For transient expression
experiments, 70 to 80% confluent cells were transfected with cDNA
using Opti-MEM containing Plus-Lipofectamine as we previously
described (33). After 4 h of transfection, Opti-MEM was replaced
with the complete M200 medium.

EC Apoptosis and VCAM-1 Expression

After transfection with flag-tagged ERK5 wild type or the S496A
mutant, ECs were exposed to d-flow (24 h) and harvested by
incubating with EDTA (10 mM in PBS). Cells were stained
with annexin V-fluorescein isothiocyanate (Annexin V-FITC
Apoptosis Detection Kit, cat. no. ab14085, Abcam, Cambridge,
MA) according to manufacturer’s instructions. Annexin
V-positive cells were quantified using a BD Accuri C6 Flow
Cytometer and the FlowJo software program. For detecting
VCAM-1 expression, each sample was divided into 2 parts: one
part was probed with an Alexa fluor ® 488-conjugated mouse
monoclonal antibody against human VCAM-1 (RD systems
FAB5649G) while the other was probed with Alexa fluor ©®
488-conjugated isotype-matched control mouse IgG2a (RD
systems: #IC003G). Both were subjected a BD Accuri C6 Flow
Cytometer and assayed according to manufacturer’s instructions.

Statistics

Differences between two independent groups were determined
using the Student ¢-test (two-tailed) and, when applicable, one-
way ANOVA followed by Bonferroni post hoc testing for multiple
group comparisons using GraphPad Prism (GraphPad Software,
SanDiego) was employed. When groups exhibited unequal
variances, Welch’s ANOVA was used to perform multiple group
comparisons. P values less than 0.05 were considered statistically
significant and are indicated by asterisks in the figures. P values
<0.01 are indicated by two asterisks.

RESULTS

IR Induced EC Inflammation, Especially in
Disturbed Flow Area in Vivo

Mancuso et al. have reported that atherosclerotic lesion formation
in irradiated athero-prone ApoE™~ mice was accelerated,
especially in the d-flow area (34). Therefore, to determine the
role of IR in EC inflammation iz vivo, aortas from male C57BL/6
mice exposed to IR (0-2 Gy) were isolated 19 h after IR, and
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FIGURE 1 | IR enhanced d-flow-induced VCAM-1 expression. En face preparations of the aortic arch after 19 h of IR O (control) and 2 Gy-treated mice were
tripple-stained with anti-Ve-cadherin (Ve-Cad as an EC marker), DAPI, and anti-VCAM-1. Representative confocal images from three independent experiments are

en face preparations were stained with anti-VCAM-1. 2 Gy of
whole-body radiation did not have any significant detrimental
life threating effects on mice. As we have reported previously,
we found that VCAM-1 expression was higher in the d-flow
area compared with the laminar flow (1-flow) area. Interestingly,
we found that IR treatment significantly enhanced VCAM-1
expression only in the area exposed to d-flow, and we could
not find any significant increase in VCAM-1 expression after
IR treatment in the l-flow area (Figure 1). These data suggest
the interplay between d-flow and IR in EC inflammation and
support the idea that IR initially affects EC inflammation at the
athero-prone area.

IR Increased ERK5 S496 Phosphorylation
via p90RSK Activation

Previously, we have reported the key role of p90RSK activation
in regulating ERK5 S496 phosphorylation (26). We found
that p90RSK activation was dose-dependently increased by
IR (Figure 2A). In addition, IR (2Gy) significantly increased
phosphorylation of ERK5 $496, but we found no change in
ERK5 TEY motif phosphorylation after IR (Figure 2B,C),
which is directly related to ERK5 kinase activation. In addition,
we also found that the pre-treatment of cells with a p90RSK
specific inhibitor, FMK-MEA, significantly inhibited ERK5
S496 phosphorylation, but not TEY motif phosphorylation

(Figure 2B,C). These data support the critical role of p90RSK
activation in regulating IR-induced ERK5 $496 phosphorylation.

EC Inflammation Was Regulated by ERK5
S496 Phosphorylation

To determine the role of ERK5 S496 phosphorylation in EC
inflammation, we overexpressed either wild type ERK5 or the
ERK5 S496A mutant in ECs and examined whether IR can
increase NF-kB activation and VCAM-1 expression (Figure 3).
We found that IR significantly increased both NF-kB and
VCAM-1 expression in cells overexpressing wild type ERKS5 but
that these increases were not observed in cells overexpressing
the ERK5 S496A mutant.

IR-Induced EC Apoptosis Was Inhibited by
Overexpression of ERK5 S496A Mutant

The anti-apoptotic role of ERK5 has been reported (33).
Therefore, we examined the role of ERK5 S496 phosphorylation
in IR-induced EC apoptosis. A significant increase of annexin V
expression after IR was observed, and overexpression of ERK5
S496A mutant significantly inhibited IR-induced apoptosis
(Figure4). These results are consistent with the crucial role played
by ERKS5 S496 phosphorylation in IR-induced EC apoptosis. All
the data obtained in this study indicate that IR causes ERK5 S496
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FIGURE 2 | IR-induced p90RSK activation lead to ERK5 S496
phosphorylation, but not ERK5 TEY motif phosphorylation. (A) HUVECs were
treated with IR by the indicated doses, and 30 min after IR, ECs were
collected and p90ORSK activity was detected by Western blotting with
anti-p-p90RSK and anti-p90RSK antibodies. Representative images from
three independent experiments are shown. (B) HAECs were pre-treated with
FMK-MEA (5 uM) for 30 min and treated by IR (2 Gy) for the indicated times.
ECs were collected, and total p90RSK, p90RSK phosphorylation, ERKS
S496 phosphorylation, ERK5 TEY motif phosphorylation, and total ERK5S
were detected by Western blotting with anti-p90RSK, anti-phospho-p90RSK
(S380), anti-phospho-ERKS5 (S496), anti-phospho-ERK5 (TEY motif), and
anti-ERKS5. Representative images from three independent experiments are
shown. (C) Quantification of IR-induced p90RSK activation (S380
phosphorylation; top), ERK5 S496 phosphorylation (middle), and ERKS
activation (TEY motif phosphorylation; bottom) is shown after normalization by
total protein levels. Data represent mean + SEM (n = 3).
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FIGURE 3 | ERK5 S496 phosphorylation is critical for IR-induced EC
inflammation. HUVECs were co-transfected with the NF-kB-Luc luciferase
reporter vector and the pRL-CMV vector (renilla luciferase activity, internal
control) together with the expression vector encoding the flag-tagged ERK5
wild type (WT) or the S496A mutant. Transfected cells were then exposed to
gamma radiation (2 Gy) and harvested after 24 h. (A) NF-kB activation was
quantified by measuring relative luciferase activity using a dual-luciferase
reporter system. Shown are relative Iuciferase activity, presented as firefly
luciferase/renilla luciferase activity ratio. (n = 6) (B) VCAM1 expression was
determined by measuring percentage of positive VCAM1-staining cells using
the BD Accuri C6 Flow Cytometer system using the FL1 533/30 nm filter. (n =
5)

phosphorylation and that this phosphorylation plays a major
role in inducing EC inflammation and apoptosis.

DISCUSSION

In this study, we found the crucial role of p90RSK-mediated
ERK5 $496 phosphorylation in IR-induced EC inflammation
and apoptosis. Although it has been well established that
IR can induce inflammation, the details of mechanistic
insights into this inflammatory response are lacking. We
found that p90RSK activity was very sensitive to radiation.
This IR-induced p90RSK activation led to increased ERK5
S496 phosphorylation. Previously, we have reported that
ERK5 $496 phosphorylation decreased ERK5 transcriptional
activity and subsequently inhibited KLF2/4 expression, which
can up-regulate NF-kB activation and inflammatory gene
expression (26). In the current study first we found that a
P90RSK specific inhibitor, FMK-MEA, significantly inhibited
IR-induced NF-kB activation and subsequent VCAM-1
expression as well as EC apoptosis. Next, to determine the
role of p90RSK-mediated ERK5 S496 phosphorylation in
IR-induced EC inflammation and apoptosis, we generated
adenovirus containing ERK5 S496A mutant and found that
overexpression of ERK5 S496A mutant inhibited not only
IR-induced inflammatory responses but also apoptosis in
endothelial cells. Taken together, these data support the critical
role of p90RSK-mediated ERK5 S496 phosphorylation in EC
inflammation and apoptosis. The IR-induced EC apoptosis
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FIGURE 4 | ERK5 S496 phosphorylation is critical for IR-induced apoptosis.
HUVECSs were transfected with the expression vector encoding the
flag-tagged ERKS5 wild type (WT) or the S496A mutant. Transfected cells were
then exposed to gamma radiation (2 Gy), and harvested after 60 h. Cell
apoptosis was determined by measuring percentage of Annexin V- positive
cells (Abcam’s Annexin V-FITC Apoptosis Detection Kit) using the BD Accuri
C6 Flow Cytometer system with the FL1 533/30 nm filter. Shown are mean

+ SEM, n = 3-6.

appears to take place via a new signaling pathway, which is
responsible for mediating IR-induced EC dysfunction that
leads to atherosclerotic plaque formation.

As shown in Figure 1, we found that IR increased EC
inflammation in vivo. Interestingly, we found that the extent of
increase of VCAM-1 expression by IR was more evident in the
disturbed flow area than in the laminar flow area. Previously,
we have reported that disturbed flow, but not laminar flow,
increased p90RSK activation (35). Importantly, we also reported
that p90RSK expression in the disturbed flow area was higher
than that in the laminar flow area (35). Therefore, disturbed flow
area is more sensitive to IR, which may explain why VCAM-1
expression is considerably higher in the disturbed flow region
than in the laminar flow area. Our studies have raised several new
areas of investigation. First, it is important to find out in what
way p90RSK is involved in IR-induced VCAM-1 expression. For
determining the exact molecular mechanism of IR-induced EC
dysfunction in vivo, it is crucial to understand what determines
the differential IR responses in ECs exposed to two different
types of flow and how the signaling pathway(s) activated by IR
and those activated by different flow types interact.

The crucial role of reactive oxidative species (ROS) induced
by IR in regulating cancer development and the surrounding
microenvironment has been reported (36). Since we have reported
that p90RSK is a redox-sensitive kinase (37), it is possible that
endothelial pP9ORSK activation is up-regulated by IR-induced ROS.
IR can generate ROS via radiolytic hydrolysis and mitochondrial
dysfunction (36). Hydrolysis results in decomposition of water
by ionizing radiation to hydrogen peroxide, superoxide, hydroxyl
radicals and singlet oxygen. These radicals can, in turn, react
with organic molecules to generate secondary radicals. These
primary and secondary radicals can cause protein oxidation,
lipid peroxidation and oxidative DNA damage all of which can
be potentially lethal to cells (38). IR can also decrease electron
transport chain complex 1 activity and produce ROS persistently
(39). It is well known that these ROS production mechanisms
can cause EC dysfunction and consequently enhance plaque
formation (40, 41). Of note, IR-induced ROS production can
generate inflammatory tumor micro-environments and decrease
the effectiveness of radiotherapy (36). Therefore, determining
the molecular mechanisms of IR-induced EC inflammation is
crucial for understanding not only the process of atherosclerosis
and cardiovascular events in cancer survivors but also radio-
resistance. Further investigation is necessary to clarify these
issues.

In this study, we focused on the direct effects of IR on ECs, but it
is possible that the contents in tumor cells such as electrolytes and
DNA are released after cancer treatment, which then indirectly
causes metabolic disturbance and cardiovascular toxicity (42).
Not only cancer treatment itself but also the contents of tumor
cells after tumor lysis will be important to determine the whole
picture of EC activation after IR.

ETHICS STATEMENT

Experimental procedures were approved by the Institutional
Care and Use Committee (IACUC) at Texas A&M Institute of
Biosciences and Technology and the University of Texas MD
Anderson Cancer Center.

AUTHOR CONTRIBUTIONS

HV and N-TL performed experiments, interpreted data and wrote
the manuscript. SK, KK, YE YT, JM, TT performed experiments
and interpreted data. PS performed radiation study and interpreted
data. MH, AKS, SM, SK, KF and J-IA interpreted data, wrote and
edited the manuscript.

FUNDING

This work was partially supported by funding from the National
Institutes of Health to J.A. (HL-130193, HL-123346, and
HL-118462) and N.-T.L. (HL-134740).

Frontiers in Cardiovascular Medicine | www.frontiersin.org

March 2018 | Volume 5 | Article 23


https://www.frontiersin.org/journals/Cardiovascular_Medicine#articles
http://www.frontiersin.org/journals/Cardiovascular_Medicine
https://www.frontiersin.org

Vu et al.

Endothelial ERK5 S496 Phosphorylation and IR

REFERENCES

1.

w

wu

~

el

10.

1

—

12.

13.

14.

15.

16.

17.

18.

Aleman BM, van den Belt-Dusebout AW, de Bruin ML, van 't Veer MB,
Baaijens MH, de Boer JP, et al. Late cardiotoxicity after treatment for
Hodgkin lymphoma. Blood (2007) 109(5):1878-86. doi: 10.1182/blood-
2006-07-034405

.Ng AK. Current survivorship recommendations for patients with Hodgkin

lymphoma: focus on late effects. Blood (2014) 124(23):3373-9. doi: 10.1182/
blood-2014-05-579193

. Darby SC, Ewertz M, Mcgale P, Bennet AM, Blom-Goldman U, Brennum

D, et al. Risk of ischemic heart disease in women after radiotherapy
for breast cancer. N Engl ] Med (2013) 368(11):987-98. doi: 10.1056/
NEJMoal209825

. Darby SC, Mcgale P, Taylor CW, Peto R. Long-term mortality from heart

disease and lung cancer after radiotherapy for early breast cancer: prospective
cohort study of about 300,000 women in US SEER cancer registries. Lancet
Oncol (2005) 6(8):557-65. doi: 10.1016/S1470-2045(05)70251-5

. Giordano SH, Kuo YF, Freeman JL, Buchholz TA, Hortobagyi GN, Goodwin

JS. Risk of cardiac death after adjuvant radiotherapy for breast cancer. J Natl
Cancer Inst (2005) 97(6):419-24. doi: 10.1093/jnci/dji067

. Dess RT, Sun Y, Matuszak MM, Sun G, Soni PD, Bazzi L, et al. Cardiac events

after radiation therapy: combined analysis of prospective multicenter trials for
locally advanced non-small-cell lung cancer. ] Clin Oncol (2017) 35(13):1395—
402. doi: 10.1200/JC0O.2016.71.6142

. Bradley JD, Paulus R, Komaki R, Masters G, Blumenschein G, Schild S, et al.

Standard-dose versus high-dose conformal radiotherapy with concurrent and
consolidation carboplatin plus paclitaxel with or without cetuximab for patients
with stage IIIA or IIIB non-small-cell lung cancer (RTOG 0617): a randomised,
two-by-two factorial phase 3 study. Lancet Oncol (2015) 16(2):187-99. doi:
10.1016/S1470-2045(14)71207-0

. Hallahan D, Kuchibhotla J, Wyble C. Cell adhesion molecules mediate

radiation-induced leukocyte adhesion to the vascular endothelium. Cancer Res
(1996) 56(22):5150-5.

. Lin CP, Lynch MC, Kochevar IE. Reactive oxidizing species produced near the

plasma membrane induce apoptosis in bovine aorta endothelial cells. Exp Cell
Res (2000) 259(2):351-9. doi: 10.1006/excr.2000.4979
Urbich C, Stein M, Reisinger K, Kaufmann R, Dimmeler S, Gille J. Fluid shear
stress-induced transcriptional activation of the vascular endothelial growth
factor receptor-2 gene requires Spl-dependent DNA binding. FEBS Lett (2003)
535(1-3):87-93. doi: 10.1016/S0014-5793(02)03879-6

. Huddleson JP, Srinivasan S, Ahmad N, Lingrel JB. Fluid shear stress induces

endothelial KLF2 gene expression through a defined promoter region. Biol
Chem (2004) 385(8):723-9. doi: 10.1515/BC.2004.088

Nagel T, Resnick N, Dewey CF, Gimbrone MA. Vascular endothelial cells
respond to spatial gradients in fluid shear stress by enhanced activation of
transcription factors. Arterioscler Thromb Vasc Biol (1999) 19(8):1825-34. doi:
10.1161/01.ATV.19.8.1825

Davis ME, Cai H, Mccann L, Fukai T, Harrison DG. Role of c-Src in regulation
of endothelial nitric oxide synthase expression during exercise training.
Am ] Physiol Heart Circ Physiol (2003) 284(4):H1449-53. doi: 10.1152/
ajpheart.00918.2002

Topper N, CaiJ, Qiu Y, Anderson KR, Xu YY, Deeds JD, et al. Vascular MADs:
two novel MAD-related genes selectively inducible by flow in human vascular
endothelium. Proc Natl Acad Sci USA (1997) 94(17):9314-9. doi: 10.1073/
pnas.94.17.9314

Traub O, Berk BC. Laminar shear stress: mechanisms by which endothelial
cells transduce an atheroprotective force. Arterioscler Thromb Vasc Biol (1998)
18(5):677-85. doi: 10.1161/01.ATV.18.5.677

Garcia-Villalba R, Beltran D, Espin JC, Selma MV, Tomds-Barberan FA. Time
course production of urolithins from ellagic acid by human gut microbiota. ]
Agric Food Chem (2013) 61(37):8797-806. doi: 10.1021/jf402498b

Espin JC, Larrosa M, Garcia-Conesa MT, Tomas-Barberdan E Biological
significance of urolithins, the gut microbial ellagic Acid-derived metabolites: the
evidence so far. Evid Based Complement Alternat Med (2013) 2013:270418:1-
15. doi: 10.1155/2013/270418

Giménez-Bastida JA, Gonzélez-Sarrias A, Larrosa M, Tomds-Barberan E, Espin
JC, Garcia-Conesa MT. Ellagitannin metabolites, urolithin A glucuronide
and its aglycone urolithin A, ameliorate TNF-a-induced inflammation and

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—

32.

33.

34.

35.

associated molecular markers in human aortic endothelial cells. Mol Nutr Food
Res (2012) 56(5):784-96. doi: 10.1002/mnfr.201100677

. Espin JC, Gonzalez-Barrio R, Cerdé B, Lopez-Bote C, Rey A, Tomas-Barberan

FA. Iberian pig as a model to clarify obscure points in the bioavailability
and metabolism of ellagitannins in humans. ] Agric Food Chem (2007)
55(25):10476-85. doi: 10.1021/jf0723864

Akaike M, Che W, Marmarosh NL, Ohta S, Osawa M, Ding B, et al. The
hinge-helix 1 region of peroxisome proliferator-activated receptor gammal
(PPARgammal) mediates interaction with extracellular signal-regulated
kinase 5 and PPARgammal transcriptional activation: involvement in flow-
induced PPARgamma activation in endothelial cells. Mol Cell Biol (2004)
24(19):8691-704. doi: 10.1128/MCB.24.19.8691-8704.2004

Kasler HG, Victoria ], Duramad O, Winoto A. ERKS5 is a novel type of
mitogen-activated protein kinase containing a transcriptional activation
domain. Mol Cell Biol (2000) 20(22):8382-9. doi: 10.1128/MCB.20.22.8382-
8389.2000

Parmar KM, Larman HB, Dai G, Zhang Y, Wang ET, Moorthy SN, et al.
Integration of flow-dependent endothelial phenotypes by Kruppel-like factor
2.] Clin Invest (2006) 116(1):49-58. doi: 10.1172/JCI24787

Frodin M, Gammeltoft S. Role and regulation of 90 kDa ribosomal S6 kinase
(RSK) in signal transduction. Mol Cell Endocrinol (1999) 151(1-2):65-77. doi:
10.1016/50303-7207(99)00061-1

Takeishi Y, Huang Q, Abe J, Che W, Lee JD, Kawakatsu H, et al. Activation
of mitogen-activated protein kinases and p90 ribosomal S6 kinase in failing
human hearts with dilated cardiomyopathy. Cardiovasc Res (2002) 53(1):131-
7. doi: 10.1016/S0008-6363(01)00438-2

Itoh S, Ding B, Shishido T, Lerner-Marmarosh N, Wang N, Maekawa N, et al.
Role of p90 ribosomal S6 kinase-mediated prorenin-converting enzyme in
ischemic and diabetic myocardium. Circulation (2006) 113(14):1787-98. doi:
10.1161/CIRCULATIONAHA.105.578278

Le NT, Heo KS, Takei Y, Lee H, Woo CH, Chang E, et al. A crucial role for
P90RSK-mediated reduction of ERK5 transcriptional activity in endothelial
dysfunction and atherosclerosis. Circulation (2013) 127(4):486-99. doi:
10.1161/CIRCULATIONAHA.112.116988

Heo KS, Chang E, Le NT, Cushman H, Yeh ET, Fujiwara K, et al
De-SUMOylation enzyme of sentrin/SUMO-specific protease 2 regulates
disturbed flow-induced SUMOylation of ERK5 and p53 that leads to
endothelial dysfunction and atherosclerosis. Circ Res (2013) 112(6):911-23.
doi: 10.1161/CIRCRESAHA.111.300179

Heo KS, Fujiwara K, Abe J. Disturbed-flow-mediated vascular reactive oxygen
species induce endothelial dysfunction. Circ J (2011) 75(12):2722-30. doi:
10.1253/circj.CJ-11-1124

Heo KS, Berk BC, Abe J, Abe JI. Disturbed flow-induced endothelial
proatherogenic signaling via regulating post-translational modifications and
epigenetic events. Antioxid Redox Signal (2016) 25(7):435-50. doi: 10.1089/
ars.2015.6556

Woo CH, Massett MP, Shishido T, Itoh S, Ding B, Mcclain C, et al. ERK5
activation inhibits inflammatory responses via peroxisome proliferator-
activated receptor delta (PPARdelta) stimulation. ] Biol Chem (2006)
281(43):32164-74. doi: 10.1074/jbc.M602369200

. Abe J, Takahashi M, Ishida M, Lee JD, Berk BC. c-Src is required for oxidative

stress-mediated activation of big mitogen-activated protein kinase 1. J Biol
Chem (1997) 272(33):20389-94. doi: 10.1074/jbc.272.33.20389

Takahashi M, Berk BC. Mitogen-activated protein kinase (ERK1/2)
activation by shear stress and adhesion in endothelial cells. Essential role
for a herbimycin-sensitive kinase. J Clin Invest (1996) 98(11):2623-31. doi:
10.1172/JCI119083

Pi X, Yan C, Berk BC. Big mitogen-activated protein kinase (BMK1)/ERK5
protects endothelial cells from apoptosis. Circ Res (2004) 94(3):362-9. doi:
10.1161/01.RES.0000112406.27800.6F

Mancuso M, Pasquali E, Braga-Tanaka I, Tanaka S, Pannicelli A, Giardullo P,
et al. Acceleration of atherogenesis in ApoE-/- mice exposed to acute or low-
dose-rate ionizing radiation. Oncotarget (2015) 6(31):31263-71. doi: 10.18632/
oncotarget.5075

Heo KS, Le NT, Cushman HJ, Giancursio CJ, Chang E, Woo CH, et al.
Disturbed flow-activated p90RSK kinase accelerates atherosclerosis by
inhibiting SENP2 function. J Clin Invest (2015) 125(3):1299-310. doi:
10.1172/JC176453

Frontiers in Cardiovascular Medicine | www.frontiersin.org

March 2018 | Volume 5 | Article 23


https://www.frontiersin.org/journals/Cardiovascular_Medicine#articles
http://www.frontiersin.org/journals/Cardiovascular_Medicine
https://www.frontiersin.org
http://dx.doi.org/10.1182/blood-2006-07-034405
http://dx.doi.org/10.1182/blood-2006-07-034405
http://dx.doi.org/10.1182/blood-2014-05-579193
http://dx.doi.org/10.1182/blood-2014-05-579193
http://dx.doi.org/10.1056/NEJMoa1209825
http://dx.doi.org/10.1056/NEJMoa1209825
http://dx.doi.org/10.1016/S1470-2045(05)70251-5
http://dx.doi.org/10.1093/jnci/dji067
http://dx.doi.org/10.1200/JCO.2016.71.6142
http://dx.doi.org/10.1016/S1470-2045(14)71207-0
http://dx.doi.org/10.1006/excr.2000.4979
http://dx.doi.org/10.1016/S0014-5793(02)03879-6
http://dx.doi.org/10.1515/BC.2004.088
http://dx.doi.org/10.1161/01.ATV.19.8.1825
http://dx.doi.org/10.1152/ajpheart.00918.2002
http://dx.doi.org/10.1152/ajpheart.00918.2002
http://dx.doi.org/10.1073/pnas.94.17.9314
http://dx.doi.org/10.1073/pnas.94.17.9314
http://dx.doi.org/10.1161/01.ATV.18.5.677
http://dx.doi.org/10.1021/jf402498b
http://dx.doi.org/10.1155/2013/270418
http://dx.doi.org/10.1002/mnfr.201100677
http://dx.doi.org/10.1021/jf0723864
http://dx.doi.org/10.1128/MCB.24.19.8691-8704.2004
http://dx.doi.org/10.1128/MCB.20.22.8382-8389.2000
http://dx.doi.org/10.1128/MCB.20.22.8382-8389.2000
http://dx.doi.org/10.1172/JCI24787
http://dx.doi.org/10.1016/S0303-7207(99)00061-1
http://dx.doi.org/10.1016/S0008-6363(01)00438-2
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.578278
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.116988
http://dx.doi.org/10.1161/CIRCRESAHA.111.300179
http://dx.doi.org/10.1253/circj.CJ-11-1124
http://dx.doi.org/10.1089/ars.2015.6556
http://dx.doi.org/10.1089/ars.2015.6556
http://dx.doi.org/10.1074/jbc.M602369200
http://dx.doi.org/10.1074/jbc.272.33.20389
http://dx.doi.org/10.1172/JCI119083
http://dx.doi.org/10.1161/01.RES.0000112406.27800.6F
http://dx.doi.org/10.18632/oncotarget.5075
http://dx.doi.org/10.18632/oncotarget.5075
http://dx.doi.org/10.1172/JCI76453

Vu et al

Endothelial ERK5 S496 Phosphorylation and IR

36. Miao L, Holley AK, Zhao Y, St Clair WH, St Clair DK. Redox-mediated
and ionizing-radiation-induced inflammatory mediators in prostate cancer
development and treatment. Antioxid Redox Signal (2014) 20(9):1481-500. doi:
10.1089/ars.2013.5637

37. Abe ], Okuda M, Huang Q, Yoshizumi M, Berk BC. Reactive oxygen species
activate p90 ribosomal S6 kinase via Fyn and Ras. J Biol Chem (2000)
275(3):1739-48. doi: 10.1074/jbc.275.3.1739

38. Kang MA, So EY, Simons AL, Spitz DR, Ouchi T. DNA damage induces reactive
oxygen species generation through the H2AX-Nox1/Racl pathway. Cell Death
Dis (2012) 3:e249. doi: 10.1038/cddis.2011.134

39. Yoshida T, Goto S, Kawakatsu M, Urata Y, Li TS. Mitochondrial
dysfunction, a probable cause of persistent oxidative stress after
exposure to ionizing radiation. Free Radic Res (2012) 46(2):147-53. doi:
10.3109/10715762.2011.645207

40. Frey RS, Ushio-Fukai M, Malik AB. NADPH oxidase-dependent signaling
in endothelial cells: role in physiology and pathophysiology. Antioxid Redox
Signal (2009) 11(4):791-810. doi: 10.1089/ars.2008.2220

41. Schramm A, Matusik P, Osmenda G, Guzik TJ. Targeting NADPH oxidases
in vascular pharmacology. Vascul Pharmacol (2012) 56(5-6):216-31. doi:
10.1016/j.vph.2012.02.012

42. Howard SC, Jones DP, Pui CH. The tumor lysis syndrome. N Engl ] Med (2011)
364(19):1844-54. doi: 10.1056/NEJMra0904569

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Vu, Kotla, Ko, Fujii, Tao, Medina, Thomas, Hada, Sood, Singh, Milgrom,
Krishnan, Fujiwara, Le and Abe. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or repro-
duction in other forums is permitted, provided the original author(s) and the copyright
owner are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

March 2018 | Volume 5 | Article 23


https://www.frontiersin.org/journals/Cardiovascular_Medicine#articles
http://www.frontiersin.org/journals/Cardiovascular_Medicine
https://www.frontiersin.org
http://dx.doi.org/10.1089/ars.2013.5637
http://dx.doi.org/10.1074/jbc.275.3.1739
http://dx.doi.org/10.1038/cddis.2011.134
http://dx.doi.org/10.3109/10715762.2011.645207
http://dx.doi.org/10.1089/ars.2008.2220
http://dx.doi.org/10.1016/j.vph.2012.02.012
http://dx.doi.org/10.1056/NEJMra0904569
http://creativecommons.org/licenses/by/4.0/

	Ionizing Radiation Induces Endothelial Inflammation and Apoptosis via p90RSK-Mediated ERK5 S496 Phosphorylation
	Introduction
	Methods
	Antibodies and Reagents
	Generation of Plasmids
	Irradiation

	En Face Staining of Mouse Aortas
	Transient Over-Expressions
	PathDetect in Vivo Signal Transduction Pathway Reporting System
	Western Blotting
	Cell Culture and Transfection
	EC Apoptosis and VCAM-1 Expression
	Statistics

	Results
	IR Induced EC Inflammation, Especially in Disturbed Flow Area ﻿in Vivo﻿
	IR Increased ERK5 S496 Phosphorylation via p90RSK Activation
	EC Inflammation Was Regulated by ERK5 S496 Phosphorylation
	IR-Induced EC Apoptosis Was Inhibited by Overexpression of ERK5 S496A Mutant

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	References


