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Abstract

Objective—Endothelial cells (ECs) lining arteries respond to laminar shear stress (LSS) by
suppressing pro-inflammatory changes, in part through the activation of MEK5, ERKS5 and
induction of KLF4. We examined if this anti-inflammatory pathway operates in human ECs lining
microvessels, the principal site of inflammatory responses.

Methods—We used immunofluorescence microscopy of human skin to assess ERKS5 activation
and KLF4 expression in human dermal microvascular (HDM)ECs in situ. We applied LSS to or
overexpressed constitutively active MEK5 (MEKS5/CA) in cultured HDMECSs and assessed gene
expression by microarrays and gRT-PCR and protein expression by western blotting. We assessed
effects of MEK5/CA on TNF responses using qRT-PCR, FACS and measurements of HDMEC
monolayer electrical resistance. We used siRNA knockdown to assess the role of ERK5 and KLF4
in these responses.

Results—ERKS5 phosphorylation and KLF4 expression is observed in HDMECs in situ. LSS
activates ERK5 and induces KLF4 in cultured HDMECs. MEK5/CA-transduced HDMECs show
activated ERK5 and increased KLF4, thrombomodulin, eNOS, and ICAM-1 expression. MEK5
induction of KLF4 is mediated by ERK5. MEK5/CA-transduced HDMECs are less responsive to
TNF, an effect partly mediated by KLF4.

Conclusions—MEKS5 activation by LSS inhibits inflammatory responses in microvascular ECs,
in part through ERK5-dependent induction of KLF4.
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INTRODUCTION

The microvasculature is lined by a monolayer of ECs that, under basal conditions, form a
permselective barrier that is not interactive with circulating leukocytes or platelets and that
inhibits coagulation [32]. Tumor necrosis factor (TNF) is the prototypical inflammatory
cytokine and many of its actions in vivo are targeted at the ECs lining post-capillary venules
[31,34,48]. In response to TNF, venular ECs selectively express new gene products that
capture leukocytes, namely E-selectin (CD62E), intercellular adhesion molecule 1 (ICAM-1,
also designated as CD54) and vascular cell adhesion molecule 1 (VCAM-1, also designated
as CD106). TNF also reduces expression of molecules that normally inhibit leukocyte and
platelet activation, such as endothelial nitric oxide synthase (eNOS), and that inhibit
coagulation, such as thrombomodulin (TM). TNF-treated venules also become leaky to large
plasma proteins, such as fibrinogen and fibronectin, which upon extravasation form a
provisional matrix within the tissues necessary to support leukocyte migration and survival.
In cultured human ECs both TNF induction of adhesion molecules and vascular leakiness
depends on new gene transcription and protein synthesis [8] whereas TNF effects on TM
and eNOS are thought to arise from destabilization of mMRNAS encoding these proteins
[27,45]. Cumulatively, these TNF changes result in leukocyte recruitment, thrombosis, and
tissue induration characteristic of the inflammatory response.

The microvasculature is not homogeneous in its response to TNF. Specifically, arteriolar
and capillary ECs within the same microvascular bed are generally much less responsive to
TNF induction of E-selectin and VCAM-1 than are venular ECs although TNF induction of
ICAM-1 does not show this same distinction [21,29]. Venular ECs are also more susceptible
to induction of leakiness. The basis of the differential response to TNF among microvascular
segments is not fully understood. Similar differences in TNF responsiveness have been
observed between arterial (less) and venous ECs (more) [21], and at least part of the
difference between arterial and venous ECs may be attributed to modulation of the ECs by
laminar or oscillatory shear stress which is much higher in arteries than veins [9]. Levels of
shear stress are also higher in arterioles and capillaries than in venules [26,35]. One
mechanism by which shear stress can modulate TNF responsiveness is the activation of
mitogen-activated protein (MAP) kinase pathways. MEKS5 is a MAP kinase kinase that is
constitutively expressed by ECs and is activated by LSS [19]. The principal downstream
target of MEKS is ERKS5, also known as MAPK7 or BMK1 (Big Map Kinase) [15,44].
When ERKS is activated by MEK5-catalyzed dual phosphorylation, it initiates responses
that lead to activation of transcription factors such as MEF2A, MEF2C and MEF2D [16]
which, in turn, leads to synthesis of other transcription factors such as KLF2 [37] and KLF4,
although an obligatory role for ERK5 in the MEKS5-dependent induction of KLF4 has
recently been challenged [41]. MEKS5 has also been implicated in the inhibition of
inflammatory responses in cultured large vessel ECs [19,47] and both KLF2 and KLF4 have
been identified as contributing to these effects through increased transcription of anti-
inflammatory proteins while antagonizing TNF-induced expression of pro-inflammatory
proteins [12,14,18,20,25,36]. In the present study, we address the question of whether the
MEKS5 signaling pathway can be activated by shear stress and play a similar role in human
microvascular ECs.

MATERIALS AND METHODS

Reagents and Antibodies

TNF (also called TNFa) was obtained from R&D Systems (Minneapolis, MN). MEK5
inhibitors (B1X2189 and BIX2188) [38]were provided by Boehringer-Ingelheim
Pharmaceuticals, Inc. (Ridgefield, CT) and JAK Inhibitor 1 was from CalBiochem (San
Diego, CA). Human thrombin was obtained from Sigma (St. Louis, MO). Mouse
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monoclonal antibodies reactive with influenza hemagglutinin (HA), human TM, human
VCAM-1, human KLF2 (H-60) were from Santa Cruz Biotechnology (Santa Cruz, CA),
with human ERKS from Upstate Biotechnologies (Temecula, CA), with human eNOS and
MEKS from BD Biosciences (Franklin Lakes, NJ), with human KLF4 and ICAM-1 from
R&D Systems (Minneapolis, MN) and with ™ actin from Sigma (St Louis, MO). For FACS
analysis, mouse antibodies conjugated with fluorescein isothiocyanate (FITC) and reactive
with human ICAM-1, human E-selectin, or human VCAM-1 (Immunotech), were used.
Unless otherwise specified, all other reagents were from Sigma.

Immunofluorescence Analysis of Human Skin

Normal human skin from de-identified healthy donors was obtained as discarded tissue from
cosmetic plastic surgery procedures under a protocol approved by the Yale Human
Investigations Committee. Tissue was frozen in OCT and sectioned to a thickness of 5 um.
Tissue sections were fixed in 4% paraformaldehyde and incubated in blocking solution (5%
BSA, 1X TBS, 5% Normal Donkey Serum, and 0.1% Triton X-100). Anti-KLF4 antibody
(rabbit) from Santa Cruz (Cat No. SC-20691), anti-pERKS5 antibody (rabbit) from Santa
Cruz (Cat No. SC-16564R) and smooth muscle actin from Dako (Cat No. M0851) were
diluted to final concentration of 1 pg/ml and Ulex Europaeus Agglutinin I Rhodamine from
Vector (Cat No. RL-1062) were diluted to final concentration of 10 ug/ml in blocking
solution. Sections were incubated with species-specific biotin-conjugated secondary
antibodies from Jackson Labs (Cat. No. 705-065-147 & 711-065-152) diluted to a final
concentration of 7 ug/ml in blocking solution.

Streptavidin Alexa Fluor 488 (Invitrogen ; Cat No. S-11223) and Goat anti-mouse Alexa
647 (Invitrogen ; Cat No. A21237) was next incubated with the sections diluted to a final
concentration of 10 pg/ml in blocking solution. Control sections were stained in a similar
manner using rabbit 1gG isotype control from R&D systems (Cat No. AB105C). Peptide
blocking control sections were prepared using either a pERKS epitope (Specific) or KLF4
epitope peptide (Non-specific) from Santa Cruz (Cat No. SC-16564P & SC-12538P,
respectively). The slides were mounted using ProLong Gold Anti-Fade Reagent with DAPI
from Invitrogen (Cat. No. P3931). Sections were viewed and images were generated using a
Zeiss Axiovert fluorescence microscope with a digital camera (Zeiss, Thornwood, NY).
PERKS and KLF4 expression in microvascular ECs in situ was quantified by identifying
UEA | positive microvessels that were contained within or closely associated with epidermal
rete [6,30]. Such vessels are capillaries that contain few perivascular mural cells and positive
staining is readily assigned to ECs. Using antibody isotype control-stained sections of skin,
thresholds were set and the percentage of vessels that displayed antigen-specific
fluorescence above these levels were scored as positive. Data were pooled from three
separate human skin specimens, each from a different donor. No significant differences were
noted among these specimens.

Culture of HDMECs and Application of LSS

HDMEC cultures were prepared under protocols approved by the Yale Human
Investigations Committee under the auspices of the Yale Skin Disease Research Center cell
culture core. HDMECs were harvested from the superficial vascular plexus of the upper
dermal layers of de-identified and discarded normal adult human skin of a single donor.
Except where specified all experiments were conducted using at least three different serially
cultured EC isolates, each from separate donors, to control for donor heterogeneity. ECs
were prepared by digestion of the skin with Dispase (50 U/ml; BD Biosciences) for 30
minutes at 37° C and fine mincing as described previously [8,17]. Released cells were
cultured on 10 pg/ml human plasma fibronectin-coated plastic in EGM2-MV growth
medium (Cambrex; East Rutherford, N.J). Primary adherent cells were resuspended using
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trypsin and immunoselected on a mini-MACS column using anti-CD-31-biotin followed by
streptavidin-magnetic beads (Miltenyi Biotec, Auburn, CA). Unmodified HDMECs were
grown on Superfrost microscope slides coated with 10pg/ml human plasma fibronectin.
Cells were seeded at 5x10° cells per slide and cultured in 500 cm? culture dishes in EGM2-
MV growth medium. For all experiments, unique primary HDMEC cultures were used for
each independent experiment and the cultures were used before passage 6. Cells were grown
on microscope slides and placed in a multislide parallel plate flow chamber (Streamer;
FlexCell International, Hillsborough, NC, USA). EGM2-MV medium was circulated at
600mI/min to produce 12.6 dynes/cm? laminar shear for 24 hours. Matched control (static)
cells were cultured in EGM2-MV for the same period without shear. Sheared and static cells
were collected and analyzed for protein expression by Western blot. Where indicated,
medium conditioned by ECs subjected to LSS or to static conditions was collected after 24
hours and transferred to fresh ECs under static conditions.

Retroviral Construction and HDMEC Transduction

A cDNA encoding constitutively active MEK5 (MEK5/CA) was subcloned from pCDNA3-
MEKS5.7CA-1 [16] (provided by Boehringer-Ingelheim Pharmaceuticals, Inc.) using PCR
primers that included a 9 amino acid influenza hemagglutinin (HA) tag inserted onto the 3’
end of the cDNA. The PCR product was ligated into the LTR region of the retroviral vector
pLZRS immediately downstream of a CMV promoter. Retroviral supernatants were
produced by pLZRS plasmid transfection of Phoenix packaging cells (gift of Dr. Garry
Nolan, Stanford University) grown in DMEM supplemented with 10% FBS, L-glutamine,
and antibiotics followed by selection for positive transfectants in the same media
supplemented with 10 ug/ml puromycin. Drug-free viral culture supernatants were used to
transduce low passage, primary HDMEC cultures as described [8]. Cells were routinely
transduced with neat viral supernatants 4 times for 6 hours. Expression of MEK5/CA and
KLF4 was verified by Western blot analysis (see below).

Western Blotting

Cultured cells to be analyzed by Western blot were lysed with 20mM Tris-HCI, 150mM
NaCl, ImM EDTA, 1mM EGTA, 1% Triton, 2.5mM Na pyrophosphate, 1mM (-
glycerophosphate, 1mM orthovanadate, and 2% SDS (Cell Signaling Technology, Danvers,
MA) supplemented with a protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN).
Ten (10) ng of each lysate was resolved using SDS-PAGE, proteins were transferred to
Immobilon-P PVDF (Millipore, Bedford, MA), and the membranes were blocked in 5%
non-fat milk (Bio-Rad, Hercules, CA). Primary antibodies were diluted in 5% non-fat milk
at 1:1000 and incubated with membranes overnight. Isotype appropriate secondary
horseradish peroxidase (HRP)-conjugated antibodies (Jackson ImmunoResearch) were
incubated for 2 hours and HRP reactivity was detected using Femto West Chemiluminescent
substrate (Thermo Scientific). KLF2 could not be detected by this method and required
further amplification of the signal using biotin-conjugated anti-rabbit secondary antibody
(Jackson Labs) and HRP-conjugated anti-biotin tertiary antibody (Cell Signaling
Technology). Where indicated, densitometric analysis of band intensity was performed
using ImageJ software (http://rsbweb.nih.gov/ij/index.html) and is detailed in the figure
legends.

Microarray Analyses of mRNA Expression

Total RNA was isolated from 8 separate paired (derived from same primary isolate) MEK5/
CA and LacZ transduced HDMEC lines. Cells were grown to confluence in EGM2-MV
growth medium on 75cm? cultureware. RNA was purified with RNeasy RNA purification
system from Qiagen (Valencia, CA) using manufacturers instructions. RNA concentration
and quality was evaluated by spectrophotometric analysis at 260 and 280nM and gel
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electrophoresis. The purified RNA was converted to double-stranded complementary DNA
(cDNA) using an Affymetrix one-cycle cDNA synthesis kit and an oligo-dT primer
containing a T7 RNA polymerase promoter. Biotin-labeled complementary RNA (cRNA)
was then generated from the cDNA samples by performing an in vitro transcription reaction
with T7 RNA polymerase. The resulting labeled cRNA was then fragmented to an average
size of 35 to 200 bases by incubation at 94°C for 35 min. Hybridization (16 hr), washing,
and staining were conducted according to the manufacturer’s specifications. The Affymetrix
GeneChip® Human Genome U133 Plus 2.0 Array was used to identify changes in
messenger RNA (mMRNA) levels in response to transfection. The signal value of each gene
was calculated using the MASS algorithm and normalized using global scaling which set the
average signal intensity of an array to 750. A 2-way analysis of variance (ANOVA) using
Partek Genomics Suite 6.3 (Partek Incorporated, St. Louis, MO), was carried out on the
log(2) transformed data using the gene (MEK5/CA and LacZ control), and each cell line
paired with rounds of transduction as variables (factors) for the analysis. The resulting p-
values were adjusted using the False Discovery Rate (FDR). A total of 670 genes showed
differential expression of 2-fold or more up and down-regulated. A complete list of
differentially expressed genes has been deposited at the public archive, Gene Expression
Omnibus (http://www.ncbi.nlm.nih.gov/geo).

gRT-PCR Analyses of mRNA Expression

Total RNA was isolated from HDMEC cultures using the RNeasy column system (Qiagen)
and was reverse transcribed using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA).
Briefly, cDNA, MgCl,, and primers were added to Platinum SYBR Green gPCR SuperMix
(Invitrogen). Samples were amplified for 35 cycles on a iCycler thermocycler (Bio-Rad):
50°C for 2 min., 95°C for 2 min., 95°C for 15 sec, 62°C for 15 sec, 72°C for 15 sec, 72°C
for 5 min. cDNA input levels for each sample were normalized to levels of B-actin generated
with B-actin-specific primers. Threshold cycles for each sample were compared to control
(untreated) samples after actin normalization. Primer design using PrimerBank
(http://pga.mgh.harvard.edu/primerbank). Primers used in PCR reactions measuring gene
expression and the efficacy of siRNA knockdown in Table 1.

siRNA Knockdown of Specific Proteins

HDMECs were plated on gelatin-coated 12-well plates at 50 % confluence. sSiRNA
complexes of Oligofectamine (Invitrogen) at 20 pg/ml and siRNA (Dharmacon, Lafayette,
CO or Qiagen, Germany) at 50 nM were prepared in Opti-MEM | Reduced Serum Medium
(Invitrogen) and then diluted five-fold in Opti-MEM to yield a final SiRNA concentration of
10 nM. HDMECs cultures were exposed to siRNA complexes for 6 hours at 37 ° C. Fresh
medium was added overnight and cells were re-transfected 24 hours later. Cells were rested
for 24 hours prior to further stimulation with cytokine or inhibitors. sSiRNA sequences used
in this study are described in Table 2.

FACS Analysis of Surface Protein Expression

Confluent HDMEC cultures, either unstimulated or treated with TNF following siRNA
transfection, were collected using trypsin. E-selectin, ICAM-1, or VCAM-1 surface levels
on HDMECs were determined by FACS analysis (FACaliber; BD Biosciences, San Jose,
CA) after immunostaining with saturating concentrations of fluorochrome-labeled antigen-
specific monoclonal antibodies or with isotype-matched control antibodies (see above).
Corrected mean fluorescence intensity (specific MFI-isotype control MFI) was used to
calculate changes in adhesion molecule expression.
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Measurements of HDMEC Monolayer Resistance

Electrical resistance in HDMEC monolayers was monitored by electric cell-substrate
impedance sensor (ECIS) (Applied BioPhysics, Tray, NY) [39]. MEK5/CA and LacZ
HDMEC were cultured on 8W10E+, gold electrode 8-chamber slides coated with 10 pug/ml
fibronectin. Individual wells were seeded with 1 x 10° cells/well in complete EGM2-MV
media that serves as an electrolyte. HDMEC resistance was calculated from daily impedance
readings to determine the point of maximum resistance, at which point monolayers were
stimulated, in triplicate, with increasing doses of human TNF. Real-time changes in
endothelial monolayer resistance were measured by application of a 1 pA constant AC
current at 4000 Hz between a large and small electrode embedded in the chamber slide. The
TNF and thrombin ECgq (Effective Concentration 50), the concentration of agent to produce
a 50% fall in barrier resistance, were determined on LacZ and MEK5/CA HDMEC lines. All
readings were controlled by computer and accompanying ECIS software supplied by
manufacturer (Applied BioPhysics).

Statistical analyses

Significance of differences between groups was tested by an unpaired Ratio t-test or paired,
two-tailed t-test and among more than two groups, by one-way analysis of variance
(ANOVA) followed by the Bonferroni post-test. P values < 0.05 were accepted as
significant. A sigmoid curve non-linear regression curve fit analysis was used to describe the
concentration dependence of TNF- and thrombin-induced changes in ECsy for HDMEC
lines. All results were computed using Prism version 4.0b (GraphPad Software,Inc, La Jolla,
CA).

RESULTS

Analyses of HDMECs in situ

MEKS is activated in cultured human large vessel ECs by shear stress and the
microvasculature is subjected to shear stress in situ. To assess if MEKS is activated in
microvascular ECs in situ, samples of healthy human skin were analyzed by
immunofluorescence microscopy as described in the Materials and Methods. Microvessel
structures stained positively for phospho-ERK5 (pERKD5), an indicator of MEKS5 activity,
and for KLF4, a gene known to be induced in large vessel ECs by arterial shear stress in a
MEKS5-dependent manner. Such staining could be associated with EC and/or with mural
pericytes or smooth muscle cells. We therefore double stained the same sections with Ulex
Europeus Agglutinin I (UEA 1), a lectin that detects the H blood group on human ECs as
well as human epithelia but that is not expressed on vascular mural cells, and with smooth
muscle a-actin (SMA), a marker for pericytes and smooth muscle cells that is absent from
ECs. Within the dermal papillae, we identified positive UEA I staining of capillary ECs that
were minimally and only focally covered by SMA-stained pericytes. pERK5 and KLF-4
both co-localize to these UEA | positive, SMA-negative ECs (Figures 1A and 1B,
respectively). pERKS5 staining was specifically inhibited with a pERKS epitope blocking
peptide, but was unaffected by an irrelevant peptide (data not shown). A similar analysis
was not feasible for KLF4 staining as a blocking peptide used to generate the antibody used
for tissue staining is unavailable. We quantitated the frequency of expression for both
pERKS5 and KLF4 in capillary EC (which we identified by UEA | positivity and inclusion in
or juxtaposition to the epidermal rete) and observed that 84% (of 195) and 63% (of 198)
dermal capillaries, counted in three different human skin specimens, were positive for
pPERKS5 and KLF4, respectively in data pooled from three separate donors. Expression of
pERKS5 and KLF4 was also observed on ECs lining larger microvessels as well as in some
microvessel SMA-positive mural cells located below the level of the epidermal rete, i.e. the
location of the arterioles and venules of the superficial vascular plexus. These data are
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consistent with the idea that MEKS is activated, albeit not exclusively, within ECs of the
microvasculature in human skin.

Effects of LSS on Cultured HDMECs

Microvascular ECs in situ have been calculated to undergo shear stress that is greatest in the
arterioles, intermediate in the capillaries and lowest in the venules [35]. The effects of shear
stress are well characterized in cultured large vessel ECs, but have not been extensively
studied on cultured microvascular ECs. We first subjected cultured HDMECs to levels of
LSS intermediate between that of arteries and of veins, namely 12.6 dynes/cm? for 24 hours
to investigate ERKS5 activation and associated changes in protein expression. Western
blotting showed a shift in position of ERKS5, consistent with its phosphorylation and
activation (Figure 2A) (The antibody used to detect pPERK5 by immunofluorescent staining
was not effective for detection in Western blots). This effect was not a result of stable
soluble factors released by HDMEC exposed to LSS since shear conditioned media was
insufficient to activate ERKS5 (Figure 2A). We also observed strong induction of KLF4
protein in response to LSS but not in response to medium conditioned by cells exposed to
LSS. We further investigated the role of MEKS5 in transducing shear stress stimuli leading to
ERKS5 activation and KLF4 induction by pre-treating EC with MEK5 siRNA to knock down
MEKS protein. ERKS activation, again detected by a shift in the position of ERK5 in
Western blotting, was strongly inhibited and KLF4 induction was substantially inhibited by
MEKS5 knockdown confirming that both ERKS activation and KLF4 induction by shear
stress are MEK5-dependent in human microvascular EC (Figures 2B & 2C). KLF2, which is
strongly induced in large vessel EC by LSS, was detected in some, but not all instances,
under the conditions of shear stress applied in this experiment and detection of KLF2
required an additional amplification of the signal not required to detect KLF4. However,
when shear-induced KLF2 was detected, induction was inhibited by MEK5 knockdown in
the same manner as KLF4 (Figure 2B). These experiments show that microvascular ECs,
like large vessel ECs, are responsive to shear stress and that MEK5 and ERKS5 are activated
in this setting, leading to significant KLF4 induction and a variable and lesser degree of
KLF2 induction.

Development and Characterization of HDMECs Expressing a Constitutively Active Form of
Human MEKS5

To examine more directly the effects of MEKS signaling in microvascular ECs independent
of other changes that may be induced by shear stress, HDMECs were transduced with
retroviral vectors encoding either HA-tagged, constitutively active MEK5 (MEKS5/CA
HDMECS) or, as a transduction control, LacZ (LacZ HDMECs). Western blotting with an
HA-specific antibody demonstrated that HA-tagged MEKS5/CA was expressed in MEK5/CA
HDMECs and, as expected, was absent from control LacZ transduced HDMECs (Figure
3A). MEK5/CA overexpression appeared functional since ERK5 was strongly
phosphorylated and displayed the band shift characteristic of phosphorylated MAPKs
(Figure 3A). This change was not observed in control LacZ HDMECs. We confirmed that
ERKS activation was induced through MEKS5 because two separate MEK5-selective kinase
inhibitors, designated BIX2189 and BI1X2188 [38], led to a dose-dependent ERK5 band-shift
diminution, indicating ERKS5 inactivation. JAK Inhibitor 1, used as a specificity control, had
no effect on ERKS status (Figure 3B).

Microarray mRNA Expression profiling of MEK5/CA vs. Control Transduced HDMECs

To more fully characterize the downstream effects of MEKS5 activity, we conducted a global
gene expression profiling analysis on MEK5/CA HDMECs using microarray technology. A
total of 8 separate paired mMRNA samples were prepared from LacZ HDMEC and MEK5/CA
HDMEC lines from 5 independently transduced cultures. Included were 3 duplicate cell line
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pairs that differed by having been subjected to either 3 or 4 rounds of retroviral transduction.
In all cases enhanced MEKS5 expression in MEKS5/CA cells was confirmed by gRT-PCR
using MEKS5-specific primers and the rates of induction were between 8.5 and 48 fold (data
not shown). All transcripts displaying analysis of variance (ANOVA) p-Values <0.05 (see
Methods) and Fold Changes greater than 2, or less than —2, were considered statistically
valid. We screened our validated list of genes preliminarily on the basis of EC association
using the Pubmed Biomedical database (www.ncbi.nlm.nih.gov/sites/entrez). A secondary
screen was then performed on the basis of biological function, including Inflammation,
Vascular Permeability, Hemodynamic Shear Stress, and Coagulation and Thrombolysis and
a selected list of genes is presented in Table 3. A complete list of differentially expressed
genes has been deposited at the online searchable public archive, Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/geo/).

To confirm the results of the microarray analysis we selected 7 mRNAs for analysis by gRT-
PCR based upon their known relevance to EC regulation and function. These were KLF2,
KLF4, TM, eNOS, CD132, ESAM, and STATS®, of which all 7 transcripts were elevated in
MEK5/CA HDMECs compared to LacZ HDMECs (Figure 4A). We then extended our
microarray analysis of mMRNA to examine protein levels by Western blotting. Both KLF4
and TM were strongly induced in all MEK5/CA HDMEC lines tested (Figure 4B) and
eNQOS, present at low levels in LacZ HDMECs, was also substantially increased in MEKS5/
CA cells (Figure 4B). KLF2 protein, absent in LacZ HDMECs, was induced in three
separate lines following MEK5/CA transduction, but could be detected only after signal
amplification (Figure 4C).

To confirm the role of MEK5 and ERKS in the pathway leading to KLF4 induction and
maintenance in HDMEC, we treated MEK5/CA HDMEC, with MEKS5, ERK5, ERK1/2 or
control siRNA. Control siRNA and ERK1/2 treated HDMEC showed no change in ERK5
phosphorylation status and maintained a high level of KLF4 protein following transfection
(Figure 4D). In contrast, MEKS5 knockdown, which limited phosphorylation and activation
of the downstream substrate, ERKS5, lead to a significant reduction of KLF4 levels. In
addition, ERK5 knockdown also lead to lower KLF4 levels, suggesting that MEKS5 utilizes
primarily ERKS5, and not ERK1/2, to transduce signals that lead to KLF4 induction in
HDMEC.

Alteration of TNF-induced Adhesion Molecule Expression in MEK5/CA HDMECs

TNF is a major endogenous mediator of inflammation and acts principally by changing the
expression of genes in microvascular ECs to create a state that promotes leukocyte adhesion
and activation, activates the coagulation system, and produces vascular leakiness. These
responses to TNF are antagonized by arterial levels of shear stress, in part through MEKS5/
ERKS5 activation. We tested our MEK5/CA HDMECSs to determine if MEKS activation
could modulate the expression levels of EC surface adhesion molecules on unstimulated
MEKS5/CA-transduced HDMECs by direct immunofluorescent staining and FACS analysis.
Expression of E-selectin and VCAM-1 were essentially absent in both MEK5/CA HDMECs
and LacZ transduced control HDMECs, but ICAM-1 was substantially increased in MEK5/
CA expressing cells and displayed an electrophoretic mobility shift as determined by
Western blot (data not shown). The basis of this difference is unknown.

We next measured the induction of cell surface E-selectin, ICAM-1, and VCAM-1 in TNF-
treated MEK5/CA and LacZ HDMECs. Compared to control LacZ HDMECs, both E-
Selectin and VCAM-1 expression levels were suppressed in MEK5/CA HDMECs,
exhibiting 69% and 64% of control cells, respectively (Figure 5). In contrast, ICAM-1 cell
surface expression was elevated on TNF-treated MEK5/CA cells to 143% of that on LacZ
HDMEC controls.
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To confirm that MEKS signalling was responsible for the altered response to TNF we used
MEKS5-specific sSiIRNA to ablate MEKS5 activity and measured TNF-induced adhesion
molecule expression in LacZ and MEK5/CA HDMECs. MEKS5 knockdown effectively
reversed TNF-induced adhesion molecule expression profiles. Specifically TNF-induced E-
selectin was increased by 51% following MEK5 knockdown compared with a control
SiRNA while VCAM-1 was increased by 75% (Table 4). Conversely, MEK5 siRNA
knockdown in TNF-treated MEK5/CA HDMEC:s led to a 23% reduction (or diminished
induction) of ICAM-1 expression. These results support the conclusion that MEK5
activation can regulate both basal and TNF-responsive adhesion molecule expression in
HDMEGCs.

Role of KLF4 in Altered Gene Expression in MEK5/CA HDMECs

To determine the extent to which KLF4 was a mediator of MEK5-induced responses in
HDMECs, we compared the effects of MEK5 and KLF4 knockdown using siRNA and
Western blot analysis (Figures 6A & 6B). Knockdown of MEKS5 protein (including MEK5/
CA) in MEK5/CA cells resulted in a 67% reduction of KLF4 expression (Figures 6A & 6C)
and a 35% reduction of eNOS (Figures 6A & 6C) as determined by densitometric analysis of
band intensity. Knockdown of KLF4 was more effective using a KLF4-specific sSiRNA and
this treatment also led to a reduction of eNOS, but not to the same extent as did MEK5
knockdown, 21% vs 35% inhibition, respectively (Figure 6C). We also observed a decrease
in TM expression following either MEKS5 or KLF4 knockdown (Figure 6B), but MEK5
knockdown had a more pronounced negative effect on TM expression than did KLF4,
60.3% vs. 38%, respectively (Figure 6C).

We next examined the role of KLF-4 in the modulation of TNF responses in HDMECs.
Using FACS analysis to quantify adhesion molecule expression, we found that TNF-induced
E-selectin was increased by 50% and VCAM-1 by 23% following KLF4 knockdown (Table
4), confirming a role for KLF4 in E-selectin and VCAM-1 suppression in microvascular
ECs. ICAM-1 levels did not decrease following KLF4 knockdown in the same manner as
they did following MEKS ablation, suggesting that KLF4 was not involved in this part of the
response. VCAM-1 expression, previously shown to be suppressed in MEK5/CA
overexpressing cells by Western blotting (data not shown), was strongly induced following
MEKS5 knockdown in TNF-treated MEK5/CA. KLF4 knockdown also resulted in higher
VCAM-1 expression, but again, to a lesser extent than for MEKS knockdown (Table 4).
Taken together, these results suggest a role for KLF4 in regulating (suppressing) E-selectin
and VCAM-1 in TNF-treated HDMECs and inducing eNOS and TM in MEKS5/CA cells.
However, the greater overall effect of MEK5 knockdown than of KLF4 knockdown on
eNOS, TM, and VCAM-1, further suggests that additional elements other than KLF4
contribute to the regulation of these important EC regulatory molecules in MEK5/CA
transduced cells.

Role of MEK5 /CA Overexpression on TNF-Induced Vascular Leak

A critical function of the microvasculature is to control permselectivity across capillaries
and to permit macromolecule extravasation across venules at sites of inflammation. In a
final series of experiments, we examined the effects of MEKS5 overexpression on EC barrier
formation and its regulation by TNF. We compared the basal levels of monolayer electrical
resistance, a measure of barrier integrity, in both MEK5/CA and LacZ HDMEC monolayers.
Analysis of 3 separate cell lines revealed that MEK5/CA cells consistently produced less
basal barrier resistance (2234 +/— 89 Ohms (measured at 4000 Hz)) when compared to LacZ
HDMECs (3179 +/— 356 Ohms) (Figure 7A). The level of basal barrier resistance was
significantly increased by either MEK5 or KLF4 knockdown using MEKS5- or KLF4-
specific sSiRNA in MEK5/CA HDMEC monolayers, although MEKS5 knockdown had a
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somewhat larger effect (Figure 7B). Neither siRNA knockdown of MEKS5 or KLF4 had any
significant effect on basal barrier resistance in LacZ control HDMEC (data not shown).
These results were consistent whether a control SiRNA or an Oligofectamine (lipid) alone
(without sSiRNA) comparison was used (data not shown). These results suggest that KLF4,
alone or in combination with MEKS5 signaling, plays a key role in regulating basal barrier
function in microvascular EC.

We next compared the effects of TNF on the barrier functions of MEK5/CA and LacZ
HDMECs (Figure 7C). Because basal barrier functions were different and this could affect
the magnitude of the change, we determined the dose of TNF required to produce a 50% fall
in resistance (Effective Concentration 50; ECsgg). In three separate trials, using three
different transduced cell lines, control LacZ HDMECs displayed an average ECsg of 0.27
ng/ml TNF (SEM=0.14ng/ml) (Figure 7D), similar to the ECgq previously observed in
untransduced HDMECs using porated membrane inserts and an Ussing chamber to measure
electrical resistance [8]. In contrast, MEK5/CA HDMECs displayed an elevated mean ECsy
of 0.95 ng/ml TNF (SEM=0.38ng/ml). This effect did not appear specific for TNF in that
thrombin responses also showed a shift in the ECsg even though thrombin works by a
different mechanism that is protein synthesis-independent.

DISCUSSION

In this report we describe an interplay between shear stress, MEKS5, KLF4 and inhibition of
inflammation in microvascular ECs. As previously observed in large vessel ECs [19,28,44],
we find that LSS at levels between those experienced by arteries and those experienced by
veins is sufficient to activate MEKS5 in cultured HDMECs as shown by phosphorylation of
ERKS5 by Western blot (Figure 2). Staining of human skin with an antibody to pERK5
indicates that this pathway is activated in HDMECs in situ (Figure 1). A potential
complication of the in situ staining is that the anti-pERKS5 reagent used in this study may
cross react with pERK1/2 and we cannot be certain that the signal detected in situ as
immunoreactive pERKS is truly pERKS5. However, the mobility shift of ERK-5 induced by
shear stress or by overexpression of MEKS5/CA in cultured HDMEC:s, interpreted to indicate
phosphorylation, can be readily distinguished from the phosphorylation of ERK1/2 by its
markedly different apparent size in SDS-PAGE. Moreover, while ERK1/2 can be activated
by shear stress in large vessel ECs, this effect is quite transient compared to sustained
activation of ERK513. We also observe strong induction by LSS of the transcription factor
KLF4 (Figure 2), and a much weaker effect on KLF2. KLF4 expression was also observed
in HDMEC:s in situ. Prior reports using large vessel ECs have linked MEKS5, KLF4 and
KLF2 to inhibition of inflammatory changes, such as those induced by TNFa
[10,14,18,21,25]. In the current report we have explored this question in microvascular ECs
by transducing HDMECSs to overexpress a constitutively active form of MEKS (Figure 3).
As expected, these cells show a phosphorylation —dependent “gel shift” of total ERK5
protein indicative of activation of ERK5. We then compared these cells to control, LacZ
transductants by microarrays. Among the genes that are induced, we found prominent
increases in KLF4, TM and eNOS, all of which were confirmed by gRT-PCR and Western
blotting for protein (Figure 4). ICAM-1 was also increased at the mRNA and protein level.
At the same time as showing increased basal expression of ICAM-1 in MEK5/CA HDMEC
transductants, the same cultures show enhanced TNF-mediated induction of ICAM-1 but
inhibition of TNF-induced expression of E-selectin and VCAM-1 (Figure 5). These changes
are reversed upon siRNA-mediated knockdown of MEKS and, to a lesser extent, knockdown
of KLF4 (Table 4). MEK5/CA HDMECs formed a less resistant barrier to passage of
electrical current, a measure of vascular leakiness, than did control transduced HDMEC:s.
Effects on basal changes in electrical resistance were reversed by siRNA knockdown of
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MEKS (Figure 7A). Importantly, MEK5/CA HDMECSs showed a blunted response to TNF
that was measured as a shift in the ECsg in response to TNF (Figure 7D).

KLF2 mRNA was increased and readily detectable in MEK5/CA HDMEC, although
expression levels were consistently lower than KLF4 (Figure 4). Furthermore, KLF2 protein
was significantly more difficult to detect than KLF4, requiring an additional step of
amplification. A different anti-KLF2 antibody from a second source completely failed to
detect this protein in HDMEC (unpublished results, PC). These observations suggest that
KLF4 serves as the dominant shear-responsive KLF family member in microvascular EC.

A central aspect of our report is its focus on microvascular EC. Shear stress has largely been
considered as a modulator of the arterial wall where laminar or regularly oscillating shear is
believed to inhibit proinflammatory responses while disturbed flow does not, contributing to
the predispostion of atheromas to arise in regions of disturbed flow [2,9,11,13,40]. In fact,
inflammation in the arterial tree is relatively rare and typically chronic. The intense
inflammatory infiltrates and vascular leak that are the hallmarks of acute inflammation
develop principally in the microvasculature, especially around the post-capillary venules
[1,32]. The ECs that line these segments are those that are most prone to express TNF-
induced E-selectin and VCAM-1 and to allow plasma proteins to extravasate [24,29,33].
ECs lining the microvasculature are also exposed to LSS, and calculations suggest that shear
is highest in the arterioles, intermediate in the capillaries and lowest in the venules [26,35].
It is appealing to think that differences in shear, mediated through a MEK5/ERK5/KLF4
pathway may contribute to the differential responses of these ECs to TNF.

The mechanism(s) by which shear force activates MEKS is not known. MEKS5 is a MAP
kinase kinase and is thought to be downstream of MEKK2 or MEKK3 [7].

Developmentally, knock out of MEKK3, MEKS5 or ERKS all give a similar phenotype,
characterized by vascular instability and embryonic death [15,46]. This phenotype is also
mimicked by knock out of the ERKS5 activated transcription factor MEF2C [4]. It is not clear
if KLF4 or KLF2 levels are reduced in such knock out cells or if they contribute to the
phenotype.

We used transduced HDMECs and gene expression profiling to determine more fully the
effects of MEKS5 on gene expression in microvascular ECs. A survey of 47,000 human gene
transcripts resulted in the identification of 498 induced and 68 repressed validated
transcripts in MEK5/CA HDMECSs, which suggests that MEKS5 transduction affects cell
function primarily by gene transactivation (as opposed to repression) since 88% of all
“valid” transcripts were induced rather than repressed. We are able to compare the results of
our microarray data to a number of microarray studies that have explored the genetic
changes in ECs due to arterial levels of shear stress. Indeed, we have identified a number of
transcripts that are induced both in MEK5/CA HDMECs and in HUVECSs subjected to
arterial levels of shear stress based on the reports of McCormick et al and Dekker et al.
[11,23]. Along with TM, KLF2 and KLF4, CytochromeP450 1B1 (Accession NM_000104),
TEK (TIE-2) (NM_000459.3), Argininosuccinate synthase (ASS) (NM_000050),
Plasminogen activator inhibitor type 1 (PAI-1) (NM_000602), and RNase A Family, 1
(RNASE1) (NM_002933) are all up-regulated by either shear stress or MEKS5 activation.
Tissue Factor (TF/F3) (NM_001993) is down-regulated in both cases. There are also some
notable differences. In large vessel ECs in culture, KLF2 is strongly induced by arterial
levels of shear force [11,36] and KLF4 appears to be somewhat less responsive. The ratio
appears reversed in HDMECs. KLF2 overexpression, like MEKS5 overexpression, increases
basal levels of ICAM-1 and blunts TNF induction of E-selectin and VCAM-1 [21,36]. The
mechanism of this effect has been attributed to inhibition of the activation of AP-1 by
SAPK/JINK [5,12] or to competition of activated transcription factors, such as NF-kB or
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AP-1, for recrutiment of histone acetylases like CBP or p300 [18,36]. Our recent study using
chromatin immunoprecipitation more strongly supports the latter interpretation [21]. Our
current experiments using siRNA suggest that KLF4 has a similar effect on adhesion
molecule expression in microvascular ECs and therefore may act through a similar
mechanism(s). KLF4 may directly repress gene expression, but it has not been shown to
directly bind to the promotor of either E-selectin or VCAM-1. The failure of our KLF4
knockdown to completely phenocopy our MEKS knockdown (Table 4 and Figure 6) may
suggest some functional redundancy of KLF proteins in this regard. While uncertainty
persists in how KLF proteins antagonize TNF induction of adhesion molecules, the role of
KLF4 regarding TM and eNOS appears to be more straightforward. In this instance, KLF4
is a transcriptional activator of these two genes [14] while TNF acts to post-transcriptionally
destabilize their mRNAs [27,45]. The net effect is that KLF4 antagonizes inflammation and
thrombosis while TNF promotes these two responses.

Recently, Villareal et al. [41] published a microarray gene transcription profiling study in
which a constitutively active form of MEKS5 was overexpressed in cultured human umbilical
vein EC using an adenovirus expression system. Comparisons of our two sets of data reveal
that many genes are affected by MEK5/CA whether overexpressed in micro- or large vessel
EC, including KLF4 and TM and e-NOS. However, these authors also see a consistent
increase in KLF2 and do not observe effects on ICAM-1. These differences may reflect
intrinsic differences between micro- and large vessel ECs, but also may relate to differences
in the manner in which MEK5/CA is introduced; typically, retroviral transduction leads to
lower, more physiological levels of expression that adenoviral transduction. In addition, the
report by Villarreal et al suggests that KLF4 induction by chemical stimulation with
resveratrol can be MEK5-dependent, but ERK5-independent. Our experiments with ERK5
SiRNA show an obligatory role for this enzyme in the coupling of MEKS5 to KLF4 induction
in HDMEC.

Vascular leak is an essential component of the inflammatory response, creating a provisional
matrix within the inflamed tissue that can support the migration of extravasated leukocytes
[32,33]. Leak initially starts in the post-capillary venules and spreads at later time to the
capillaries. Both TNF and thrombin can induce leakiness. The effect of thrombin is
transient, resolving after 10-15 minutes, and is mediated by a Rho kinase pathway that
stabilizes myosin light chain phsophorylation [22]. Although some investigators have
reported similar actions by TNF in HUVECs [42,43], our experience with cultured
HDMECs has instead shown a slower response that requires NF-xB-dependent new protein
synthesis [3] and that appears independent of Rho kinase (MSK, unpublished observations).
It is interesting that this TNF effect can also be inhibited by MEKS5. This does not simply
appear to be a result of stabilizing the cell junctions in some non-specific fashion in that
basal leakiness is actually higher in MEK5/CA. Both MEKS and KLF4 appear to play a
specific role in regulating this basal barrier function (Figure 7B).

In summary, we have shown that microvascular ECs respond to shear stress by activating
MEKS and then this response leads to KLF4 induction. The effects of MEKS5 activation in
microvascular ECs are similar but not identical to those reported previously for large vessel
ECs.
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pERKS UEAI Merge

Figure 1. pERKS5 and KLF4 Immunofluorescent Staining of Human Skin

Normal human skin was snap frozen, sectioned on a cryostat, and fixed in 4%
paraformaldehyde. A) pERK5-specific antibody was used to determine the presence of
pPERKS5. B) KLF4-specific antibody (KLF4) was used to detect KLF4. pERKS and KLF4
antigen specific staining was detected by Alexa 488 (green) fluorescence. All sections were
stained with Ulex Europaeus Agglutinin I-Rhodamine (UEA I) or smooth muscle a-actin
(SMA) to identify the location of human microvascular ECs and vascular mural cells,
respectively. Capillaries are identified by long arrows and epithelium by short arrows. One
of three independent experiments with similar results are depicted in the photomicrographs.
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Figure 2. ERK5 and KLF4 Activation and Inhibition by MEKS5 siRNA in Shear Stressed
Primary HDMEC
A) Wild type HDMEC or B) wild type HDMEC transfected with Lamin control or MEK5

SiRNA (as described in Methods) were grown on fibronectin coated slides and subjected to
shear stress of 12.6 dynes/cm? in a flow chamber (Shear) or maintained in static (Static)
culture for 24 hours. SDS whole cell lysates from each of the slides were prepared and
analyzed by SDS-PAGE and Western blotting as described in the Methods. To assess the
effect of shear-conditioned media on ERKS activation, static HDMEC cultures were
exposed to fresh media (EGM-2MV), to media from static HDMEC cultures (Static Cond.
Media), or to media collected from the flow chamber (Shear Cond. Media) for 24 hours and
analyzed by Western blotting. One of three independent experiments with similar results. B)
Wild type HDMEC transfected with Lamin control or MEKS5 siRNA (as described in
Methods) were subjected to shear stress as above and analyzed by SDS-PAGE and Western
blotting. Phosphorylated ERK5 (pERK5) and ERK5 (ERKS5) are indicated with arrows. One
of three independent experiments with similar results. C) KLF4 band intensity was
compared to a loading control (KLF4:Control) using ImageJ software. One-way ANOVA
and Bonferroni post-tests were used to assess statistical significance.
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Figure 3. Generation of MEK5/CA Overexpressing Primary HDMEC

A) HDMEC were transduced with retroviral vectors encoding the consitutively active HA-
tagged MEKS5 (MEKS5/CA) or LacZ transgenes. Western blot analysis of LacZ and MEKS5/
CA HDMEC using HA-, ERK5-, and actin-specific antibodies. Representative of one of five
results. B) MEK5/CA HDMEC were treated with increasing amounts of MEKS inhibitor
(B1X02189 and BIX02188) or JAK Inhibitor I for 1.5 hrs followed by Western blot analysis
using an ERK5-specific antibody. One of two independent experiments with similar results.
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Figure 4. Gene Expression Confirmation for Microarray Analysis of MEK5/CA HDMEC

A) Total RNA from four separate HDMEC cell lines, each of which were used for the initial
microarray analysis, were tested for expression of selected transcripts to confirm 42 array
gene expression results. RNA was reverse transcribed and analyzed by qPCR using gene-
specific primers for KLF2, KLF4, TM, eNOS, CD132, ESAM, and STAT®6. Actin-specific
primers were used to normalize for cDNA input and gene-specific fold increase for each
MEK5/CA HDMEC line was calculated by comparison to it’s paired LacZ HDMEC control.
B&C) Whole cell lysates from confluent LacZ and MEK5/CA transduced HDMEC were
prepared. Lysates were analyzed by SDS-PAGE and Western blot. Antigen-specific
antibodies for HA, ERK5, KLF4, eNOS, TM and actin (B) and ERK5, KLF2 and HSP90
(C) were used to detect EC proteins as described in Methods. One of three independent
experiments with similar results.
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Figure 5. Alteration of TNF-induced Adhesion Molecule Expression in MEK5/CA HDMEC Cell
Line

LacZ and MEK5/CA HDMEC were stimulated with 2 ng/ml human TNF for either 4 (E-
selectin) or 24 (ICAM-1 and VCAM-1) hours, when optimal protein expression is seen.
Cells were collected and immunostained with FITC-conjugated, antigen-specific
monoclonal antibodies and analyzed by flow cytometry. Percent MEK5/CA surface
adhesion molecule expression compared to LacZ control (“% LacZ Expression”) was
calculated as follows: ((Corrected MFI(MEK5/CA HDMEC)/Corrected MFI(LacZ
HDMEC))*100), +/— SD. Statistical comparison of the means of the Corrected MFI for
LacZ HDMEC vs. MEK5/CA HDMEC was done using a Ratio Paired t-test. Data represents
pooled results from three independent trials.
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Figure 6. Effect of MEK5 and KLF4 Knockdown on Gene Expression in MEK5/CA

SiRNA were used to knock down MEKS5 and KLF4 expression in MEK5/CA HDMEC.
Western blot analysis was performed to measure the effect on A) KLF4 and eNOS and B)
TM protein levels. C) For quantitation purposes, band intensity from independent
experiments was measured using ImageJ software and the mean +/— SD of the % protein
remaining relative to Control siRNA was determined from n=4, 5, and 4 trials for KLF4,
eNOS, and TM, respectively. One-way ANOVA and Bonferroni post-tests were used to
assess statistical significance relative to Control.
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Figure 7. Role of MEKS5/CA on Barrier Function and TNF-induced Vascular Leak

A) LacZ and MEK5/CA HDMEC were cultured on fibronectin coated, 8-well ECIS
chamber slides. Basal resistance of LacZ and MEK5/CA HDMECs were measured at
maximal resistance. Individual points and Mean (+/— Std Dev.) presented. B) siRNA
reversal of MEK5/CA barrier reduction. MEKS5/CA cells were transfected with either
Control, MEKS5-, or KLF4-specific sSiRNA. Electrical resistance was monitored until
maximum resistance was achieved in the Control group. Data are from one of two
independent experiments with similar results and are presented as mean +/— SD; Statistical
significance was determined by ANOVA. C) LacZ and MEK5/CA HDMEC were cultured
on ECIS chamber slides. Electrical resistance (Ohms), was monitored to determine point of
maximal monolayer resistance. Increasing doses of TNF (0.1, 1, 10, and 100 ng/ml) were
added in triplicate to culture wells and electrical resistance was measured for a period of 10
hours. Curves represent means of triplicate wells. Error bars were excluded for clarity. D)
Results from (C) were used to calculate ECgq. The untreated control (0 ng/ml TNF) was
designated as 0% vascular leak and 100 ng/ml TNF dose as 100% leak and used to calculate
a maximum change in resistance. The maximum resistance difference (RD) between 0 and
100 % vascular leak was used to calculate percentage of leak for each experimental
condition: [(RD (TNF dose)/RD (maximum)*100)]. Non-linear regression curve and ECsx
was calculated. The results represent the means and SEM of three independent experiments.
Statistical significance was determined by paired t-test.
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gRT-PCR Primer Sequences

Table 1

Primer

Sequence

B-actin Forward:
B-actin Reverse:
MEKS5 Forward:
MEKS Reverse:
KLF4 Forward:

KLF4 Reverse:

KLF2 Forward:
KLF2 Reverse:

TM Forward:

TM Reverse:

CD132 Forward:

CD132 Reverse:
ESAM Forward:
ESAM Reverse:

STAT6 Forward:
STAT6 Reverse:

5'ATGGGTCAGAAGGATTCCTAAGTG3'
5'CTTCATGAGGTAGTCAGTCAGGTC3'
5’ATGCTGTGGCTAGCCCTTGG 3
5'GTAATATCTAGTAGTATGACC3’
5'GCCACCCACACTTGTGATTA 3’
5'CCCCGTGTGTTTACGGTAGT3'

5" GCCGTCCTTCTCCACTTTC3'
5'CGGGTTCGGGGTAATAGAACS
5'CACAGGTGCCAGATGTTTTG 3’
5'GAGTCACAGTCGGTGCCAATY'

5" TTGGAAGCCGTGGTTATCTC3'
5TTTGGGGGAATCTCACTGACY
5'GACTTTCTTTGCACCAGCATT3'
5'ATTGTGGGCCTTGCAGACS'
5'CCTTTTGGCAGTGGTTTGATG3
5'GTTTGCTGATGAAGCCAATGATC3'
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Table 2

SiRNA Sequences

siRNA AntisenseSequence

MEK5-1: 5'PGAAAUGUACAAAUGGCUCCUUZ
MEKS5-2: 5'PCAUAUAAGCAUUUGUUCCAUUZ'
MEKS5-3: 5PUUUAGCAUAUUGGAGGUUZ'
KLF4-1: 5'CUAGUUGUAAAUACUGGAU3’
KLF4-2: 5'CCCAUAUUUAAUAUAGGCA3Z'
KLF4-3: 5'CCACUCAGAACCAAGAUUUY
LAMINA/C: 5'UGUUCUUCUGGAAGUCCAGITIT3’

Microcirculation. Author manuscript; available in PMC 2012 February 1.

Page 24



Page 25

sisAjoquioay L pue uotye|nBeod g€ ya9oll v eeqg ‘unba| 1995049
uoneIWRIU] [erfayiopuT 6°€ ¥1ad ¥1dD 165000 N

Aujigeauuiiad Jenasen Sy TddN v Jojdeos) apndad onainieN 906000 IN

Auigealuiad JenoseA/uonewLUe U] Ly 9vT a2 (sInoajow uoisaype |2 ewioue|aw) 9yTAD 8986804V
sisAjoquioly | pue uore|nfeod 8y UOIA 92T J03dadal pajdnoo-utsiosd O LIEEEOTY
uolnewWel4u] [eljayiopul 0S €40d € Jojdaoay Aodag €28€00 AN

sisAjoquiody pue uolrejnbeo) 'S wvdn aseunyoln ‘101eAnde uabouiwse|d 859200 WIN
uoneIWRIU] [erfayiopuT zs el €€ UDiNajIaIu 815v20aVv

SSa.1S Jeays dlwreuApowsH/uonewweu| 9'G 24 Z 10108} 31|-jaddnuy] 0/29T0 NN
ssaus Jeays olweuApowaH 9'g TdTdAD (19T) '067d dWwoIyooIkd  $0TO00 AN

$S311S JeayS d1WeUuAPOWaH/All|IqeswIad Jejnasep 9'g azild ©13Q g aSeury au1soAy utslosd gz 1d 225N
w_m>_OQEOE._. pue co_um_smmoo 09 T1SESH T oselajsuel]oj|ns-O-¢ arejns cScnmI v._uﬂmool_\/_z
uoeLUWRIU] [e1jayiopus A NIYLSON 18>014e13 9SeUIUAS BPIXO OLIUN £022000Y
sisauabolBuy/Anfigeatuiad fenasen €9 aalL aseun auisoi) M3 76216549
Aupiqeswiad seinasep g9 Tdov T ulodenby T6€8TS TV

SSaS Jeays olwreuApowaH 19 ISSV T 9Se18YIUAS areuldonsoululbiy 050000 NN

SSaUS Jeays olwreuApowsH 69 d3do T J01daoas uabonss pajdnoo-uisiold o 82885N

Aujigeauuiiad Jenasen T TVvZO1S T Jaquiaw ‘Z Ajiuey Ja1lied 9injos Ly0T60IV

$s211S 1eays olweuApowsH €8 zasd e Tz aselpuhs gq uipue|feisold 6£650009

Anpigeawsad Jenasep 70T dnc uigoBosperd uonount 92200 NN

sISAjoquioay L. pue uotre|nBeod G01 N1dV uljady GS8TOOMY

$s211S Jeays olweuApowsH 62T SVEdAD Vv Allweyans ‘e Aj1wey ‘0Gyd 8WoIYo0IAD 6.506X

$S311S JBaYS OIWEBUAPOLUSH/UOIeWILIE U] G'6T 74 v 10306y MjI|-jaddnuy  GEZKO0 NN
$S8.1S Jeays olweuApowsH 781 TISVNY T 'Allwrey v 8seNy ‘esesjonuogly  €€6200 AN

$S911S JEayS OlWeUApOLUSH/UoIeWLE|U| 68T 02122 0z puebi| (4now 5-D) auBjowsyd  TESY00 WN
siskjoquioly | pue uore|nfeod 6'1¢C asHL ulnpowoquiolyL  T9E000 N
Aujigeauuiiad Jenasen 0’9y Sdg49I G ursjoud Buipuig Jo1ae) pmoIB sxif-urnsuj 8YSLSTMY

$58.115 JeayS JIWeUAPOWSH/AN|IqeaWIad Jejnosen 0'66 ISLAVAVY asepndadojjelsw NvAV G6LECOMY
uonewWWElu [eljaylopu 2'90T 2dva Joydadas sunjowsyd ‘dnoib poojg AYn@  9€0200 NN

Microcirculation. Author manuscript; available in PMC 2012 February 1.

Clark et al.

uonound  abueyd pjo4  [0QWIAS auan) aWeN 8u3s)  "ON U0ISS300y

(OINQH Z9e7 :0FNAH VYIrSMIN) DJINAH Ul YO/SHIIA J0 Uoissaldx3 ay) 0} SaUa9D pajoa|as Jo asuodsay
€alqeL
NIH-PA Author Manuscript

NIH-PA Author Manuscript NIH-PA Author Manuscript



Page 26

Clark et al.

‘uonouny [ea1fojolq 03 Buipioade padnolb DJNAH Ul UonaNpsue) WO/SHIIN Woly Buninsas sidiiosues) auab passaidal pue paonpul pijeA Jo 1si| Pa1da]as “pifeA Ajjednsnels
PaJIapISU0I 81aM ‘g— Uey] SS3) 10 ‘g uey Jajeald sabueyd pjo4 pue Go'0> senjeA-d Buikejdsip sidiiosuely |1 *(z60)) abueyd pjo4 ayx pue anjeA-d ajelauab 01 pasn alem arey AIsnodsiq asjed pue VAONY

AN1geswiad Jeinases V- 1S4 unesstjjo4 60¥ET0 AN

$S311S JeayS/AN|IqeaWIad/uoeWWeu| ¥9- 740X0 ¥ 103d8031 (330w O-X-0) BuB{OWayD 6987220V
sisAjoguioly L pue uone|nfeod 8'¢— A E 2 Jouquyur Aemyyed 10308} anssi L 9607251V
sisAjoquiody ] pue uoie|nbeo) ye— HD0D uIy209 ‘Bojowoy J 101aey uoie|nbeo) 9££699VY
sisauabolBuy/ /AN | 1qeswiad/uonewwelul 62— 21dONY ¢ unsiodolfuy 868/8T4V
$S911S JeayS dlweuApowsH L2— 1da.11 T urejoud Buipuiq e1eq 491 JusieT 0219861V
sisAjoquioay L pue uone|nfeod 12— 41 10308 8nssi | €66T00 AN
uolewWWwelU| Le— TSI uedopu3  9e0.00 AN

uonewLWe|U| A 2S9Ld Z-X0D  €96000 WN

\C___nmwc.:mn_ Jle|nase/uoljewiweljul YAr4 TINVOI T 9NJ3joW uolIsaype Jejnj|adtau| HONOOOI_\/_Z
Aiqesuliad Jenose//uolewweu| 0€ WVS3 8|n23JoW UOISaYPe |39 [eljaylopul TG8EL5TV
sisAjoquioay | pue uone|nbeod 43 1vd anssiy ‘10JeAnoe uaboulwise|d 0£6000 N
sisAjoquioly L pue uone|nfeod/ssans Jeays €€ 6500 6500 LTTESIIV
SSaUS Jeays dlwruApowaH/uonewwe u| 'e dINXL urgyoid Bunoelaul UIXopaIoly 282218VVY
Aungesuliad Jenase//uolewWelu| 9¢ yva0 44ele] 088£0639
$S9.11S JEaYS dlWeuApowsH L' STNVAVY GT urewop asepndadojerew VAV £99000MV

uonoun4  abueyd plo4  |OQUIAS ausD SWEN 8Us9  "ON UOISS3dY

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Microcirculation. Author manuscript; available in PMC 2012 February 1.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Clark et al. Page 27

Table 4

TNF-induced Adhesion Molecule Expression Due to MEKS5 or KLF4 siRNA Knockdown in MEK5/CA
HDMEC: Percent of ‘Control” siRNA Expression

Adhesion Molecules

SiRNA E-Selectin ICAM-1 VCAM-1

MEKS | 151 (+/— 45)2 (p<0.001)0 | 77 (+/- 12) (p<0.0005) | 175 (+/— 42) (p<0.0001)

KLF4 | 150 (+/- 33) (p<0.0005) 106 (+/- 9) (ns) 123 (+/— 24) (p<0.05)

a . . . .
Percent of Control siRNA surface adhesion molecule expression due to siRNA treatment.

bComparison of the means of Corrected MFI for Control vs. Specific SiRNA.

MEKS5/CA HDMEC were transfected with a cocktail of either 3 MEKS5- or 3 KLF4-specific siRNA (‘Specific’) or an irrellevant Control siRNA.
siRNA-treated cells were stimulated with 2 ng/ml human TNF for 24 hours and cells were immunostained with FITC-conjugated, antigen-specific
monoclonal antibodies and analyzed by flow cytometry. Results are presented as percent adhesion molecule expression following siRNA treatment
compared to an irrelevant, ‘Control” siRNA (“% Control siRNA”) and are calculated as follows: ((Corrected MFI(Specific SiRNA)/Corrected MFI
(Control siRNA))*100), +/— SD.. Statistical comparison of the means of corrected MFI for Control vs. Specific SIRNA was performed using Ratio
Paired t-test. Values represent aggregate data from 6 or more trials for each condition
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