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Fig. 2. Immunofluorescent staining for CK5, «-SMA (marker for myoepithelial cells), CK8/18 (for luminal epithelial cells), Factor VII (for endothelial
cells), and GFP in BMTSFP*~ mice. The slides were counterstained with DRAQS for the discrimination of nucleated cells. (A,B) Fluorescent image of
mammary gland stained for GFP and CKS5. Cytokeratin 5 is expressed in outer layer of the ductal epithelial cells. Arrows indicate GFP and CK5 double
positive epithelial cells (BM-derived myoepithelial cells). Arrowhead indicates GFP-positive fibroblast (BM-derived periductal fibroblast) that located just
outside of the CK5-positive layer. (C,D) Fluorescent image of GFP and «-SMA. The basal layer of the ductal epithelial cells expresses a-SMA. Arrows
indicate GFP and o-SMA double positive epithelial cells (BM-derived myoepithelial cells). GFP-positive fibroblast (BM-derived periductal fibroblast,
arrowhead) is Jocated just outside of duct. (E) Fluorescent image of GFP and CK8/18. The luminal epithelial layer is CK.8/18 positive. Arrow indicates
GFP-positive cell that located in ductal basal layer does not coexpress CK8/18. (F) Fluorescent image of GFP and Factor VIII. Factor VIII positive cells

do not coexpress GFP.

results indicate that BM can be a source of both myoepithe-
lial cells and periductal fibroblasts in BMT mice.

To confirm the recruitment of myoepithelial cells and
periductal fibroblasts without irradiation, whole mammary
fat pad containing both epithelium and stroma was removed
from 3 week-old GFP—/— mice and was transplanted into
the abdominal wall of GFP Tg mice (Fig. 3A). At 10 weeks
of age, transplanted mammary gland from GFP—/— mice
into GFP Tg mice was analyzed. When WMT was per-
formed from GFP—/— mice to GFP—/— mice, no GFP-
positive cells were detected (Fig. 3B). On the contrary,
certain myoepithelial cells and periductal fibroblasts in the
mammary gland transplanted from GFP—/— mice to GFP
Tg mice were GFP positive (Fig. 3C and D). The numbers
of GFP-positive myoepithelial cells in mammary gland of
BMT mice and WMT mice were 7.6 & 2.0 and 6.0 + 0.9,
respectively (P = 0.4971, Fig. 3E). The numbers of periduc-
tal fibroblasts in BMT mice and WMT mice were 13.2 £ 1.2
and 13.0 2.8, respectively (P = 0.9492, Fig. 3F). There

were no significant differences in the numbers of BM-
derived myoepithelial cells and periductal fibroblasts
between BMT and WMT mice.

BM-derived myoepithelial cells and periductal fibroblasts are
recruited into mammary glands during pubertal and
postpubertal stages

We examined whether engraftment of BM-derived myo-
epithelial cells and periductal fibroblasts occurs even in the
postpubertal stage. At 10 weeks of age, mice were trans-
planted with GFP Tg BM cells, and mammary glands were
analyzed after 7 weeks. The numbers of myoepithelial cells
and periductal fibroblasts in BMT*" mice at 10 week old
were 7.6 &£ 2.0 and 13.2 =+ 1.2, respectively. Otherwise, the
numbers of myoepithelial cells and periductal fibroblasts
in BMT'®Y mice were 1.6 + 0.2 and 5.4 £ 1.1, respectively,
and showed significant decreases as compared with those of
BMT?Y mice (Fig. 4A and B).
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Fig. 3. (A) Schematic representation of WMT. The entire fourth mammary glands of 3 week-old GFP—/~ mice were transplanted into the abdominal
walls of 3 week-old GFP Tg mice. At 10 weeks of age, GFP—/— mammary glands transplanted into GFP Tg mice were analyzed. (B)
Immunohistochemical staining for GFP of WMT contro! mice. There were no GFP-positive cells in GFP—/— mammary glands transplanted into
GFP~/~ mice. (C,D) Fluorescent image of GFP and o-SMA of WMT mice. Arrows indicate GPF and o-SMA double positive epithelial cells
(BM-derived myoepithelial cells). GFP-positive fibroblast (BM-derived periductal fibroblast, arrowhead) is located just outside of duct. (E,F) The
numbers of GFP-positive myoepithelial cells (E) and periductal fibroblasts (F) recruited into mammary gland of BMT mice and WMT mice during
pubertal stages. Data represent means = SE for each five mice.

Treatment with estrogen + progesterone increased and progesterone are required for the remodeling of mam-
recruitment of BM-derived myoepithelial cells and periductal ~ mary grand in adult mice [32,36]. An estrogen + progester-
fibroblasts one pellet was implanted into the subcutaneous tissues of
BMT'® mice at 14 weeks and mammary glands were har-

Mammary glands change the structure dramatically dur-  vested and analyzed after 21 days. Whole mount prepara-

ing postnatal development and pregnancy, and estradiol  tions stained with carmine red revealed that ductal
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Fig. 4. The numbers of BM-derived myoepithelial cells (A) and periductal
fibroblasts (B) recruited into mammary glands of BMT mice during
pubertal and postpubertal stages. Three and 10 week-old mice were
transplanted with GFP Tg BM cells, and mammary glands were analyzed
after 7 weeks. Data represent means & SE for each five mice. *P = 0.0193,
**P=0.0011.
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Fig. 5. Treatment of BMT mice with estrogen -+ progesterone increased
recruitment of BM-derived myoepithelial cells and periductal fibroblasts
into mammary gland. (A,B) Mammary gland whole mount preparations
of hormone treated (HT) mice (B) and placebo mice (A) were stained with
carmine red. (C,D) The numbers of GFP-positive myoepithelial cells (C)
and periductal fibroblasts (D) recruited into mammary glands of BMT
mice with or without estrogen -+ progesterone. Data represent
means =+ SE for each five mice. *P = 0.0002, **P < 0.0001.

dilation and side branching were prominent in mammary
glands of hormone treated (HT) mice (Fig. 5B) as com-
pared to placebo mice (Fig. 5A). The numbers of GFP-
positive myoepithelial cells and periductal fibroblasts in
placebo mice were 2.2 +0.2 and 9.4 + 1.5, respectively.
The numbers of GFP-positive myoepithelial cells and peri-
ductal fibroblasts in HT mice were significantly increased in
placebo mice (10.0 £0.8 and 24.0 4 1.6, respectively,
Fig. 5C and D).

Antisense IGF+GFP Sense IGF+GFP

Fig. 6. In situ hybridization for IGF-I mRNA and GFP immunostaining.
(A) In situ hybridization for antisense IGF-I probe. Arrowhead indicates a
GFP-positive periductal fibroblast, which also shows the signal for IGF-I
mRNAs. (B) In situ hybridization for sense IGF-I probe. No IGF-I
mRNAs-positive cells can be seen.

IGF-I mRNA expression in periductal fibroblasts

IGF-I reportedly acts in several physiological states of
the mammary gland. We performed in situ hybridization
for IGF-I mRNAs followed by GFP immunostaining.
IGF-1 mRNAs were expressed uniformly along the ducts
but they were of undetectable level within both myoepithe-
lial and luminal epithelial cells. Furthermore, IGF-I
mRNAs were detected in GFP-positive periductal fibro-
blasts (Fig. 6A, arrowhead). No IGF-I mRNAs were detect-
ed in the specimen treated with sense IGF-I probe (Fig. 6B).

Discussion

Recent investigations have found that BM-derived cells
are a constituent of normal organs, and that these cells are
efficiently recruited in the context of remodeling tissue such
as cancer, granulation tissue, and fibrosis [27-29,37]. In the
current study, we used BMT mice model and clearly
showed that BM could serve progenitor cells for myoepi-
thelial cells and periductal fibroblasts of the mouse mam-
mary gland. It has been reported that mesenchymal cells
including fibroblasts are important in mammary gland
development, based on their interactions with the epitheli-
um [38-41], and that myoepithelial cells play essential roles
in physiological establishment of the mammary epithelial
bilayer and in pathological development [42-45]. The find-
ings that BM-derived periductal fibroblasts and myoepithe-
lial cells were engrafted into the mammary gland during
not only the pubertal but also the postpubertal stage and
that hormonal stimulation significantly increased the
engraftment of these cells suggest the functional impor-
tance of such cells in the regulation of mammary gland
development as well as physiological homeostasis.

The current observation that BM-derived periductal
fibroblasts expressed IGF-I mRNAs in mouse mammary
glands also supports this idea. IGF-I has a role in postnatal
development of the mammary gland and is a potent mito-
gen for normal and tumorigenic mammary epithelial cells
[46]. A previous report indicated that IGF-I mRNA was
expressed mainly in periductal stromal tissue [47]. IGF-I
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also stimulates mammary ductal growth by synergizing
with and enhancing estrogen and progesterone actions
[36,48]. Since periductal fibroblasts reside immediately
adjacent to the basement membrane of mammary gland
epithelial cells, IGF-I secreted from periductal fibroblasts
may increase epithelial cell responsiveness to estrogen
and influence epithelial cell growth, and ultimately deter-
mine epithelial cell fate. Taken together, our results sup-
port the emerging paradigm that BM-derived cells
function as playing direct or indirect roles in mammary epi-
thelial cell growth, rather than providing a source of
“building blocks” for mammary gland morphogenesis.

BM contained progenitors for myoepithelial cell but not
for ductal epithelial cell. The reason for this phenomenon
remains unclear, however, it would be plausible that spatial
distribution of the different functional units from different
cellular lineages is strictly regulated. And this might be
essential for the homeostasis of ductal structure of mam-
mary gland. Although the possibility of cell fusion is incon-
trovertible, a recent report showed BM-derived epithelial
cells, myofibroblasts, and fibroblasts in some remodeling
tissue arise via a mechanism other than cell fusion [49-51].

As irradiation causes irreversible long-standing biologi-
cal changes in the mammary stroma [52-54], it must be
kept in mind that BMT model may be influenced by irradi-
ation damage. We performed whole mammary gland trans-
plantation, the process of which does not include
irradiation. The results again demonstrated almost equal
numbers of myoepithelial cells and periductal fibroblasts
to be GFP positive. Little angiogenesis, granulation, and
fibrosis were observed in surroundings of the transplanted
fat pad in this model. Although BM-derived cells contrib-
ute to vasculogenesis and fibrosis after inflammation
(22,23,26,27,55), it seems that healing the WMT wound
had little influence on contribution of BM-derived cells to
the mammary gland inside the transplanted fat pad. There-
fore, we speculated that the contribution of BM cells to
myoepithelial cells and periductal fibroblasts in mammary
gland would be an actual physiological event.

In this study, we found that BM-derived cells could
serve as the progenitors of mouse mammary gland compo-
nent, myoepithelial cells, and periductal fibroblasts. Much
work on the biological mechanisms underlying the recruit-
ment of these cells is needed and this would provide impor-
tant insights into the functional interplay between
mammary gland epithelium and BM-derived cells.
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Abstract

Unveiling of endothelial nuclear factor-xB (NF-«B) activation is pivotal for understanding the inflammatory reaction and the pathogenesis of
inflammatory vascular diseases. We here report the novel function of extracellular signal-related kinase (ERK) in controlling endothelial NF-xB
activation and inflammatory responses. In human endothelial cells, vascular endothelial growth factor (VEGF) induced NF-«B-dependent
transcription of cell adhesion molecules (CAMSs) and monocyte adhesion. These effects were prominently enhanced by either pretreatment with
the MEK inhibitors, PD98059 and U0126 or overexpression of a dominant negative form of MEK, but blocked by a wild type ERK. Consistently,
inhibition of ERK significantly increased I«B kinase (IKK) activity, I« Ba phosphorylation, and nuclear translocation of NF-«B induced by VEGF,
whereas overexpression of ERK resulted in the loss of these responses to VEGF. Using two PKC inhibitors has demonstrated that VEGF
concomitantly stimulates JKK and its negative regulatory signal ERK through PKC that lies downstream of KDR/Flk-1. Strikingly, elevation of
ERK in endothelial cells markedly inhibited CAM expression and NF-«B activation as well as monocyte adhesion induced by IL-13 and TNF-c.
The data collectively suggest that ERK serves as an anti-inflammatory signal that suppresses expression of NF-xB-dependent inflammatory genes
by inhibiting IKK activity in endothelial cells. Measuring the existence of ERK activity in vascular endothelial cells may be useful for predicting
the feasibility and potency of inflammatory reactions in the vasculature.
© 2005 Elsevier Inc. All rights reserved.

Keywords: VEGF; ERK; NF-kB; CAMs; Inflammation

1. Introduction
Abbreviations: VEGF, vascular endothelial growth factor; HUVECs, human
umbilical vein endothelial cells: bFGF, basic fibroblast growth factor; EGF, Inﬂammatory conditions are characterized by the migration
epidermal growth factor; TNF-a, tumor necrosis factor-a; IL-113, interleukin- . R .
of proliferating leucocytes from the blood to the tissues and

13: KDR, Fik-1/kinase-insert domain containing receptor; VCAM-1, vascular ; . . N .
cell adhesion molecule-1; ICAM-1, intercellular adhesion molecule-1; PI3K, involve a coordinated series of adhesion processes between

phosphatidylinositol 3’-kinase; PLC, phospholipase C: PKC, protein kinase C; circulating and resident leukocytes and the vascular

IKK, IxB kinase; MEK, mitogen-activated protein/extracellular signal-regulated endothelium [1-3]. These events are controlled by different

kinase kinase; ERK, extracellular signal-regulated kinase; RT-PCR, reverse types of adhesion molecules on the leukocytes and endothelium
anscriptase-pol ase chai action. - . . .

ransCriptase-p ymerase chain reaction [3]. In particular, expression of cell adhesion molecules
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E-mail address: ygkwon@yonsei.ac.kr (Y.-G. Kwon). (CAMs), such as E-selectin, intercellular adhesion molecule-1

! These authors contributed equally to this study. (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1),

0898-6568/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
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on the surface of endothelial cells is required for endothelial~
leukocyte cell interaction {1]. In the absence of inflammation,
CAM expression is low on the endothelial cells of most vascular
beds, but it dramatically increases in response to a number of
extracellular stimuli, including tumor necrosis factor-o (TNF-
a), interleukin-1p (IL-1R), vascular endothelial growth factor
(VEGF), and bacterial lipopolysaccharides [4--6]. Among the
classical transcription factors activated by inflammatory cy-
tokines, nuclear factor-«B (NF-kB) plays a pivotal role in the
regulation of inflammatory response genes [7,8]. Indeed, it is
considered to be a major transcriptional regulator of CAMs in
endothelial cells [9].

In mammalian, the five members of the NF-xB family, p65
(RelA), RelB, c-Rel, p50/p105 (NF-«B1), and p52/p100 (NF-
«B2), exist in quiescent cells as homo- or heterodimers bound to
IxB family proteins and retained in the cytoplasm as an inactive
state [10]. In stimulated cells, I«B is degraded through the
ubiquitin-proteasome pathway upon specific phosphorylation
by activated I«B kinase (IKK) [11]. The IKK activity in cells
can be purified as a 700-900-kDa complex, and has been
shown to contain two kinase subunits, IKK « (IKK1) and IKKp
(IKK2), and a regulatory subunit, NEMO (NF-xB essential
modifier) or IKK+y [11-13]. In the canonical NF-xB signaling
pathway, IKKp is both necessary and sufficient for phos-
phorylation of I«Ba on Ser 32 and Ser 36, and IkBg3 on Ser 19
and Ser 23 [12]. By contrast, although the role of IKKa in the
canonical pathway is unclear, recent studies suggest that the
IKKo subunit phosphorylates pl100 and causes its inducible
processing to p52 [13].

The activation of the IKK complex is suggested to be exerted
by phosphorylation of the IKK complex by the mitogen-
activated protein kinase kinase kinase (MAP3K) family
including NF-«B-inducing kinase [14], mitogen-activated pro-
tein/ERK kinase kinase 1 (MEKK) [15], MEKK3 [16], TGF-p
activating kinase 1 [17] and NF-xB-activating kinase [18]. The
MAP3K family phosphorylated and induced NF-kB activation
when overexpressed or when assayed in vitro, but the
mechanism by which cytokines lead to the activation of the IKK
complex in vivo is still controversial [ 19]. Alternatively, previous
studies have also suggested that IKK recruitment to receptor
complexes at the cell membrane results in its autophos-
phorylation and subsequent activation [20]. Indeed, IKK
recruitment to the TNF receptor-1 complex is shown to be
required for TNFo-mediated activation of the IKK complex

intracellular adaptors such as TNF-receptor-associated factors
and death-domain kinase receptor-interacting protein in receptor-
mediated NF-«B pathway has been extensively reported [24].
However, despite of a large number of studies in vitro and in
vivo, the specific upstream signaling mechanism that regulates
the IKK activity remains for further investigation.

In the present study, we report an important regulatory role of
extracellular signal-related kinase (ERK) in controlling ex-
pression of NF-kB-dependent inflammatory genes in vascular
endothelial cells. We found that inhibition of ERK markedly
increased CAM expression in response to VEGF, which induces
both ERK and NF-xB activation in endothelial cells, and this

effect was comrelated with increased NF-«<B activation.
Furthermore, elevation of ERK activity in endothelial cells
resulted in the suppression of CAM expression and NF-xB
activation as well as leukocyte adhesion induced by IL-1p and
TNF-o in addition to VEGF. We therefore propose that ERK is a
potential intracellular regulator that suppresses vascular
inflammation by inhibiting NF-xB activation in endothelial
cells.

2. Materials and methods
2.1. Cell culture and reagents

Human umbilical vein endothelial cells (HUVECs) were
isolated from human umbilical cord veins by collagenase
treatment as described previously [25] and used in passages 2—
7. The cells were grown in M199 medium (Invitrogen,
Carlsbad, CA) supplemented with 20% fetal bovine serum, 100
units/ml penicillin, 100 pg/ml streptomycin, 3 ng/ml bFGF
(Upstate Biotechnology, Lake Placid, NY), and 5 units/ml
heparin at 37 °C in humidified 5% C0,/95% air. U937 cells
were grown in RPMI-1640 (Invitrogen). VEGF was from
Upstate Biotechnology (Lake Placid, NY), PD980359 from
Alexis (San Diego, CA), and U0126 and GF109203X from
BIOMOL (Plymouth Meeting, PA). Chelerythrine chloride and
actinomycin D were from Sigma. M199, heparin, Trizol reagent
and LipofectAMINE Plus were purchased from Invitrogen.
Antibodies used were as follows: rabbit anti-VCAM-1 poly-
clonal antibody, mouse anti-actin monoclonal antibody (Santa
Cruz Biotechnology, SantaCruz, Calif), rabbit anti-phospho-
IkB-a polyclonal antibody (Cell Signaling, Beverly, MA),
mouse anti-phospho-ERK (Thr-202/Tyr-204) monoclonal anti-
body, and rabbit anti-ERK polyclonal antibody (New England
Biolabs, Beverly, MA). All other reagents were purchased from
Sigma unless otherwise indicated.

2.2. Construction of reporter plasmids

The VCAM-1 luciferase plasmids were constructed as
described previously [26]. The human VCAM-1 promoter,
spanning 1716 to +119 bp, was amplified by PCR with primers
containing 5 Kpnl and 3’ Xhol restriction sites. The resulting
PCR fragment was digested with Kpnl and Xhol and cloned into
pGL3-basic vector (Promega). Synthetic oligonucleotide sense
and antisense primers were used to generate a series of DNA
fragments with successive 5’ deletions. All PCR products were
digested with Kpn/ and Xhol and cloned into pGL3-basic
vector. The following deletion constructs of the human VCAM-
1 promoter were generated: 1716 to +119 bp (fragment 6), 366
to +119 bp (fragment 5), 296 to +119 bp (fragment 4), 210 to
+119 bp fragment 3) and 38 to +119 bp (fragment 2). To
construct the ICAM-1 luciferase plasmid, we cloned regions
spanning — 1350 to +45 bp of the human ICAM-1 promoter into
pGL3-basic vector (Promega). Plasmid DNAs were purified
from bacterial cultures using an Endofree Plasmid Maxi kit
(Qiagen, Chatsworth, CA). We confirmed all constructs by
restriction enzyme mapping and sequencing.
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2.3. Transfections and analysis of luciferase activity

HUVECs were transfected with 1 pg of the above plasmids
and I pg of the control pCMV-B-gal plasmid using Lipo-
fectAMINE Plus reagents (Invitrogen, Carlsbad, CA). Cell
extracts were prepared twenty-four hours after transfection, and
luciferase assays carried out with the Luciferase Assay System
(Promega). Luciferase activities were normalized with respect to
parallel p-galactosidase activities, to correct for differences in
transfection efficiency, and the p-galactosidase assays were
performed using the (-Galactosidase Enzyme Assay System
(Promega). Each experimental point was performed in at least
quadruplicate.

2.4. Flow cytometry

Cells from subconfluent cultures were detached gently from
plates with PBS containing 2 mM EDTA. The cells were
washed two or three times with PBS, resuspended in PBS
containing 3% bovine serum albumin and incubated with FITC-
conjugated VCAM-1 antibody (Serotec) for 30 min on ice.
They were then fixed with 2% paraformaldehyde and analyzed
by flow cytometry in a fluorescence-activated cell sorter
(Becton Dickinson). Each experimental condition was per-
formed in quadruplicate.

2.5, Semi-quantitative RT-PCR analysis

Total RNA was obtained from HUVECs with a TRIzol
reagent kit. 0.5-5 pg RNA samples were used in the reverse
transcriptase-polymerase chain reactions (RT-PCR), and the
correlation between the amounts of RNA used and quantity of
PCR products from VCAM-1 mRNA and the internal standard
(B-actin) mRNA was examined. Briefly, target RNA was
converted to cDNA by treatment with 200 units of reverse
transcriptase and 500 ng of oligo(dT) primer in 50 mM Tris—
HCl(pH 8.3), 75 mM KCl, 3 mM MgCl,, 10 mM dithiothreitol,
and I mM dNTPs at 42 °C for 1 h. The reaction was stopped by
heating at 70 °C for 15 min. One pl of the cDNA mixture was
used for enzymatic amplification. The polymerase chain
reaction was performed in 50 mM KCI, 10 mM Tris-HCl (pH
8.3), 1.5 mM MgCl,, 0.2 mM dNTPs, 2.5 units of Tag DNA
polymerase, and 0.1 uM of primers for VCAM-1. Amplification
was performed in a DNA thermal cycler (model PTC-200; MJ
Research) under the following coudition: denaturation at 94 °C
for 5 min for the first cycle and for 30 s thereafter, annealing at
60 °C (VCAM-1), for 30 s, and extension at 72 °C for 30 s for
25 repetitive cycles. Final extension was at 72 °C for 10 min.
The primers used for VCAM-1 were as follows: 5'-
GATACAACCGTCTTGGTCAGCCC-3’ (sense) and 5'CGC-
ATCCTTCAACTGGCCTT-3' (antisense). Each experimental
condition was performed in quadruplicate.

2.6. Transfer vector constructs

HIV-vectors were produced from the previously described
SIN-18 vector, which contains a large deletion in the U3 region

Y.-S. Muaeng et al. / Cellular Signalling 18 (2006) 9941005

of the 3’ long terminal repeat (LTR) [27]. The SIN.cPPT.CMV-
EGFP-W vector contained the enhanced green fluorescent
protein (EGFP) transgene driven by the human cytomegalovirus
(CMV) immediate-early enhancer/promoter. The SIN.cPPT,
ERK2-EGFP-W vector contained the human extracellular signal-
related kinase 2 gene.

2.7. Lentiviral vectors and in vitro gene transfer

VSV-G-pseudotyped, HIV-1-based vector particles were
produced by cotransfection of four plasmids (pMDLg/pRRE:
12 pg; pRSVrev: 3 ug; pMD.G: 5 pg, SIN vector: 20 pg)
onto 293T cells. Culture medium was replaced by serum-free
SFM-II medium (Invitrogen) 15 h post-transfection. Thirty-
two hours later, cell supernatants were harvested, filtered
through a 045 um filtration system, concentrated on
Centricon Plus-80 Biomax MW 100,000 (Millipore, Le-Mont-
sur-Lausanne, Switzerland), resuspended in PBS, and re-
concentrated on Centricon-20. The titer of the SIN.cPPT.
CMV-EGFP-W vector stock solution was 5x 10” transducing
units (TU)/ml by flow cytometry on 293T cells, and 3 x 10*
ng p24 antigen per ml by p24-ELISA. The SIN.cPPT.ERK2-
EGFP-W vector was titered by flow cytometry on HUVECs
(of note, titration of SIN.cPPT.CMV-EGFP-W yielded similar
results in HUVECs and 293T cells). HUVECs were seeded in
six-well plates and allowed to adhere overnight. Viral vectors
were added to cell cultures at varying multiplicities of
infection (MOIs =1-50). At 18 h, cells were washed and
medium was replaced. Cells were harvested at the indicated
time points. Percentages of EGFP-positive cells and their
mean fluorescence values (MFVs) were determined by flow
cytometry (FACScan).

2.8. Preparation of nuclear extracts and electrophoretic
mobility shift assays

Cells were washed three times with ice-cold Tris-buffered
saline (TBS) and resuspended in 400 ul of buffer A [10 mM
HEPES (pH 7.9), 10 mM KCL 0.1 mM EDTA, 0.1 mM EGTA, |
mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride
(PMSF), 5 ug/ml of leupeptin, and 5 pg/ml of aprotinin]. After
15 min, Nonidet P-40 (NP-40) was added to a final concentration
0f0.6%. Nuclei were pelleted and suspended in 50 pl of buffer C
[20 mM HEPES (pH 7.9), 0.4 M NaCl, 1 mM EDTA, | mM
EGTA, I mM DTT, | mM PMSF, 5 pg/ml of leupeptin, and 5 pg/
ml of aprotonin]. After 30 min agitation at 4 °C, the lysates were
centrifuged, and the supernatants containing the nuclear proteins
were diluted with buffer C. Binding reactions contained 15 ug of
nuclear protein and a 32p end-labeled, double-stranded oli-
gonucleotide containing the NF-«B binding site on the human
VCAM-1 promoter (5'-CCTTGAAGGGATTTCCCTCC-3")
and were incubated for 30 min. Cold competition controls were
performed by preincubating the nuclear proteins with a 20-fold
molar excess of unlabeled NF-xkB double-stranded oligo-
nucleotide for 20 min. The mixtures were resolved on native 5%
polyacrylamide gels, which were dried and autoradiographed.
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Fig. 1. Inhibition of ERK resulted in increased expression of VCAM-1 in response to VEGF. {A) HUVECs were incubated for 30 min with or without 5 uM U0126 and
stimulated with 10 ng/ml VEGF for the indicated times. (B) HUVECs were pretreated for 30 min with 5 tM U0126 or 10 pM PD98059 prior to stimulation with 10 ng/
ml VEGF for 10 min (lower panel) or 8 h (upper panel). (C) HUVECs were incubated for 30 min with or without various concentrations of U0126 and stimulated with
10 ng/ml VEGF for 10 min (fower panel) or 8 h (upper panel). Western blots were probed with anti-VCAM-1 antibody and an anti-phospho-ERK antibody, and
reprobed with anti-actin antibody or anti-ERK antibody to verify equal loading of proteins. (D) HUVECs were pretreated for 30 min with 5 uM U0126 and then
stimulated with 10 ng/ml VEGF for 8 h. The cells were detached from the plates, treated with FITC-conjugated VCAM-1 antibody and analyzed with a FACScan.
Staining was quantified by flow cytometry. HUVECs were transfected with hemagglutinin (HA) tagged dominant negative form of MEK1, DN-MEK], (E) or a wild
form of ERKs (ERK1, 2) (F) and then stimulated with VEGF (10 ng/ml) for 10 min (Jower panel) or 8 h (upper panel). Western blots were probed with anti-VCAM-1,
anti-HA, and anti-phospho-ERK antibody and reprobed with anti-actin antibody or anti-ERK antibody to verify equal loading of proteins. Con indicates cells

transfected with empty vector. **, P<0.01 versus VEGF alone.

Each experimental point was performed in duplicate and
represents several independent conditions.

2.9. In vitro kinase assays

IKK was assayed as described previously [28]. Briefly, the
IKK complex was precipitated from whole cell extracts with
antibody against IKK-y, followed by treatment with protein A-
Sepharose beads (Pierce). After a 2 h incubation, the beads were
washed with lysis buffer and assayed in kinase assay mixture
containing 50 mM HEPES (pH 7.4), 20 mM MgCl,, 2 mM
dithiothreitol, 20 nCi of [y->*PJATP, 10 uM unlabeled ATP, and
2 ug of substrate GST-IkBa (amino acids 1-54). After
incubation at 30 °C for 30 min, the reaction was terminated by

boiling in SDS sample buffer for 5 min. Finally, the protein was
resolved on 10% SDS-PAGE, the gel was dried, and the
radioactive bands were visualized with a PhosphorImager. To
determine the total amounts of IKK complex in each sample, 50
ug of whole cell protein was resolved on 7.5% SDS-PAGE,
electrotransferred to a nitrocellulose membrane, and blotted
with anti-IKK-v antibody. The data represent the average of two
separate experiments, each performed in duplicate.

2.10. Immunocytochemical localization of p65
Nuclear translocation of the p65 subunit of NF-xB was

examined by an immunocytochemical method as described
previously [28]. Briefly, treated cells were fixed with 2%
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Fig. 2. ERK down-regulates VEGF-induced transcription of VCAM-1 by inhibiting NF-«B. (A) HUVECs were incubated for 30 min with or without 10 uM PD98059
and stimulated with 10 ng/ml VEGF for the indicated times. Total mRNAs were isolated and RT-PCR was performed with specific primers for human VCAM-1 as
described in “Materials and methods”. Actin served as an internal control. (B) HUVECS were cotransfected with a p-galactosidase plasmid and the various pVCAM-1-
Luc deletion constructs as depicted. Twenty four hours later they were stimulated with 10 ng/ml VEGF for 24 h. (C) HUVECs were cotransfected with pVCAM-1-Luc
(fragment 6: 1.8 kilobase pair, fragment 3: 329 bp), a 3-galactosidase plasmid, and a dominant negative form of MEK 1 (DN-MEK 1), or wild form of ERKs (ERK 1, 2).
Twenty four hours after transfection, they were incubated with 10 ng/ml VEGF for 24 h. Luciferase activity was normalized to j3-galactosidase activity. Data are
means=S.D. of luciferase light units relative to control untreated cells (set at 100%) in quadruplicate experiments, ** P<0.01 versus VEGF alone or MOCK + VEGF.

paraformaldehyde and permeabilized with 0.2% Triton X-100.
After washing in phosphate-buffered saline, the slides were
blocked with 3% bovine serum albumin for 1 h and the cells
incubated with goat polyclonal anti-p65 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) (1:100). After 2 h at 4 °C the
cells were washed and incubated with anti-goat IgG-rhodamine
(Santa Cruz) (1:100) for 1 h. The cells were then mounted with
mounting medium and observed with a fluorescence microscope
(Olympus).

2.11. Adhesion assays

HUVECs were plated on 2% gelatin-coated 96-well plates
at a density of 1x10% cells/well and stimulated with VEGF

for 8 h. Human U937 cells were then added (5% 10* cells/ml,
200 pl/well) to the confluent HUVEC monolayers and
incubated for 30 min. Thereafter the cells in the wells were
washed out 3 times with PBS, fixed and stained with Diff-
Quick (Baxter Healthcare Corp., McGraw Park, IL). The
adherent cells in 5 randomly selected optical fields of each
well were counted. Each experimental point was performed in
duplicate and represents several independent conditions.

2.12. Western blotting
Cell lysates or immunoprecipitates were fractionated by

SDS-PAGE and transferred to polyvinyldifluoride membranes.
The blocked membranes were incubated with the appropriate
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antibody, and the immunoreactive bands were visualized with a
chemiluminescent reagent as recommended by Amersham
Biosciences, Inc.

2.13. Statistical analysis
Data are presented as means£S.E., and statistical com-

parisons between groups were performed by l-way ANOVA
followed by Student's ¢ test.

3. Results

3.1. Inhibition of ERK resulted in increased expression of

VCAM-1 in response to VEGF

Vascular endothelial growth factor (VEGF), a well char-
acterized angiogenic factor, also acts as a proinflammatory

A VEGF{+)U0126(-}

999

cytokine that produces enhanced leukocyte rolling and adhesion
and increases endothelial permeability [29,30]. In endothelial
cells, it strongly activates ERK and also induces expression of
CAMs [31,32] in a NF-xB-dependent mechanism [31].
However, the level of CAM induction in response to VEGF is
significantly lower, when compared in parallel, than those by
TNF-« and IL-B3, which show very little or negligible effect on
ERK activation in endothelial cells (data not shown). Thus, it is
supposed- that the ERK pathway may interfere expression of
inflammatory CAMs in response to proinflammatory factors in
endothelium. To test this possibility, we first evaluated the role of
ERK in VEGF-induced expression of inflammatory response
gene such as VCAM-1 by employing MEK inhibitors, PD98059
and U0126, in endothelial cells. Treatment of HUVECs with
VEGF enhanced VCAM-1 expression, with a maximum at 8 h
(Fig. 1A). In the presence of 5 uM U0126, the effect of VEGF
was markedly increased and prolonged up to 24 h (Fig. 1A). To
confirm this inhibitory effect, we treated HUVECs with VEGF
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Fig. 3. Inhibition of ERK increases VEGF-induced IKK activity and nuclear translocation of NF-<B. (A) HUVECs were preincubated for 30 min with or without 5 uM
U0126 and then stimulated with 10 ng/ml VEGF for the indicated times. Western blots were probed with anti-phospho-lsBa, anti-lkBe, anti-phospho-ERK, and anti-
ERK antibodies. (B) HUVECS were preincubated for 30 min with or without 10 puM PD98059 and then stimulated with 10 ng/mi VEGF for 10 min. Western blots were
probed with anti-phospho-IxBo and reprobed with an anti-actin antibody to verify equal loading of protein in each. (C) HUVECs were transfected with ERKs wild
form (ERK 1, 2) and then stimulated with VEGF for 10 min. Western blots were probed with anti-phospho-IxBa, and anti-phospho-ERK antibodies. (D) IKK activity
was assessed by immune complex kinase assay as described in “Materials and methods”. Recovery of IKK was assessed by immunoblotting for IKK-~y. (E)
limimunocytochemical analysis of p63S localization. HUVECs were preincubated for 30 min with or without 10 uM PD98059 and then stimulated with 10 ng/ml VEGF
for 30 min and subjected to immunocytochemistry as described in “Materials and methods™. (F) HUVECs were preincubated for 30 min with or without 10 uM
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oligonucleotide of human VCAM-1.
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for 10 min in the presence or absence of 5 uM U0126 and
measured ERK activity by Westemn blotting with antibody
against the phosphorylated form of ERK1/2 (p44 ERK1 and p42
ERK2). As shown in Fig. 1B, U0126 completely inhibited
VEGF-induced ERK activation, whereas VEGF-induced
VCAM-1 expression was increased (Fig. 1B). Pretreatment with
the other MEK inhibitor, PD98059, also augmented VEGF-
induced VCAM-1 expression, while reducing ERK activation
(Fig. 1B). U0126 or PD98059 alone had no effect on VCAM-1
expression (Fig. 1B). In addition, the U0126-induced increase in
VEGF-induced VCAM-1 expression was dose-dependent, and
inversely related to ERK activity (Fig. 1C). FACScan analysis
confirmed that U0126 augmented VEGF-induced expression of
VCAM-1 on the cell surface of HUVECs (Fig. 1D).

To further confirm that the enhancement of VEGF-induced
VCAM-1 expression by the inhibitors was due specifically to
inhibition of ERK signaling, we determined the effects of a
dominant negative MEK! (DN-MEK 1) mutant and two types
of wild type ERK (ERKI and ERK2). In agreement with the
results with chemical inhibitors, Western blot analysis showed
that overexpression of DN-MEKI reduced VEGF-induced
ERK phosphorylation, and increased the induction of VCAM-
I by VEGF (Fig. IE). Moreover, there was a small increase in
basal VCAM-1 expression in the cells expressing DN-MEK-1
(Fig. 1E). In contrast, HUVECs overexpressed with either wild
type ERKI or ERK2 increased ERK phosphorylation, and
decreased VCAM-1 expression in response to VEGF (Fig. {F).
These results confirm that the ERK pathway inhibits VEGF
signaling leading to VCAM-1 expression in endothelial cells.

3.2. ERK down-regulates VEGF-induced transcription of

VCAM-1 by inhibiting NF-kB

To determine whether ERK inhibits VEGF-activated
transcription of VCAM-1 in endothelial cells, we performed
semi-quantitative RT-PCR and assayed transcription from the
VCAM-1 luciferase plasmids described in Materials and
methods. Treatment of HUVECs with VEGF in the absence
of ERK inhibitor induced the appearance of VCAM-1 mRNA
within 3 h, and the mRNA declined thereafier (Fig. 2A). In
the presence of 10 uM PD98059, the level of VCAM-I
mRNA induced by VEGF was increased and sustained up to
12 h (Fig. 2A). These changes could result either from new
synthesis or from increased mRNA stability. Pretreatment with
actinomycin D, an inhibitor of transcription, almost
completely prevented the increase of VCAM-1 mRNA in
response to PD98059 (data not shown), suggesting that ERK
inhibits VEGF-activated transcription. The human VCAM-1
promoter (1.7 kb) includes binding sites for NF-kB, TRE, and
GATA [26]. Although previous report have implicated NF-xB
in VEGF-induced VCAM-1 expression in endothelial cells
[26,33], its precise role in activation of the VCAM-I
promoter has not been determined. To identify the cis
elements involved, we serially deleted the 1.7 kb VCAM-1
promoter and introduced the resulting plasmids into HUVECs.
As shown in Fig. 2B, deletion of the 5’ 1.2 kb region
substantially reduced the response to VEGF, but further

deletion of the TRE and GATA sites had no appreciable
effect. Deletion of the proximal NF-«xB binding sites located
about 65 and 75 bp upstream of the transcription start site
resulted in complete lose of responsiveness to VEGF. These
results demonstrate that the NF-xB motifs on the VCAM-1
promoter are important for VEGF-mediated activation of the
VCAM-1 promoter, together with an unidentified element in
the 5’ 1.2 kb upstream region.

To further confirm the role of ERK in VEGF-induced
VCAM-1 transcription, HUVECs were transiently transfected
with a VCAM-1 luciferase plasmid harboring the VCAM-1
promoter region. As shown in Fig. 2C, VEGF induced
VCAM-I1-dependent transcriptional activity, and this was
increased by pretreatment with 5 pM UO0I26, or by
introducing DN-MEK-1, but abrogated by ERK or ERK2.
These results confirm that ERK controls VEGF-mediated
expression of VCAM-1 at the transcriptional level. Since the
NF-xB motifs play a significant role in VEGF-induced
transcription of VCAM-1, it seemed possible that ERK
suppressed activation of NF-xB by VEGF. Indeed, VEGF-
induced transcription from a luciferase plasmid containing the
proximal NF-«xB binding sites of the VCAM-1 promoter was
markedly increased by U0126 and DN-MEKI, and almost
completely blocked by ERK! or ERK2 (Fig. 2C). These
results suggest that ERK inhibits VEGF-induced transcription
of VCAM-1 mRNAs at least in part by suppressing
transcription from the NF-«xB elements in the VCAM-I
promoter.

VEGF - + + + ¢ + *
Chelerythtine - - - - - 1 2 5
GF1i09203X - - 1t 2 5 - - -
Uot28 - - -« « - - - - 3
PixB-ap| #se o w8 &

P-ERK1/2%

ERKir 2o essessese

B

VEGF - + + % 4+ + + +
Chelerythrine - ~ - - « 1 2 5 -
GF109203X - -~ 1 2 § - « - -
U126 - - - - - - « « 8

VCAM-1 »

Actin » s

Fig. 4. PKC mediates both InBa phosphorylation and ERK activation by VEGF.
HUVECs were preincubated for 30 min with or without GF109203X,
chelerythrine chloride (1, 2, or 5 uM) or S uM U0126 and then stimulated with
10 ng/ml VEGF for 10 min (A) or & h. (B). Western blots were probed with anti-
phospho-IkBe, anti-l«Be, anti-phospho-ERK, and anti-ERK antibodies (A),
and anti-VCAM-1 and anti-actin antibodies (B). Actin was used to verify equal
loading of protein.
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3.3. Inhibition of ERK increases VEGF-induced IKK activity
and nuclear translocation of NF-xB

The activated form of NF-«B is a heterodimer that usually
consists of two proteins, a p65 (also called relA) subunit and
a p50 subunit [7]. In the inactive state, NF-xB is found in
the cytoplasm bound to I«xBo, which prevents it from
entering the nuclei [7,34]. Activation of NF-«kB is preceded
by the phosphorylation, ubiquitination, and proteolytic

A CON ERK1 ERK2
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B - VEGF
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ERK1/2
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Relative promoter
activity

g o o+ o
MOCK ERK1 ERK2

P-ERK1/2»

degradation of 1kBa [34]. Therefore, we examined the effect
of ERK inhibitors on VEGF-induced IxBa phosphorylation
and degradation by Western blotting with antibodies against
phospho-IkBa (Ser-32) and IkBa. As shown in Fig. 3A,
VEGF treatment led to phosphorylation of IxkBa and
maximal activation was observed after 10 min. Pretreatment
with U0126 substantially enhanced VEGF-induced IxBa
phosphorylation. Moreover, while degradation of IxBa was
barely detectable after stimulation with VEGF on its own,

CON ERK1 ERK2
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Fig. 5. Overexpression of ERK suppresses NF-kB activation and VCAM-1 expression in response to 1L-1{ and TNF-a.. (A} HUVECs were transfected with ERK wild
form (ERK1, 2) and then stimulated with 10 ng/ml TNF-« or 50 units/m} IL-1i for 10 min. Western blots were probed with anti-phospho-lx B and anti-phospho-ERK
antibodies. (B) Immunocytochemical analysis of p65 localization. HUVECSs were transfected with ERKs wild form (ERK]1, 2) and then stimulated with 10 ng/mi
VEGF, 10 ng/ml TNF-a or 50 units/mi IL-1j3 for 30 min and subjected to immunocytochemistry as described in “Materials and methods”. (C) HUVECs were
transfected with ERKs wild form (ERK1, 2) and then stimulated with 10 ng/m! TNF-c or 50 units/ml [L-1( for 8 h. Western blots were probed with anti-VCAM-1 and
reprobed with an anti-actin antibody to verify equal loading of protein in cach. (D) HUVECs were cotransfected with pVCAM-1-Luc (fragment 6: 1.8 kilobase pair,
fragment 3: 329 bp). a B-galactosidase plasmid, and a ERKs wild form (ERK 1, 2). Twenty four hours after transfection, they were incubated with 10 ng/m! TNF-« or
50 units/ml IL-1 for 24 h. Luciferase activity was normalized to 3-galactosidase activity. Data are means=S.D. of luciferase light units relative to control untreated
cells {set at 100%) in quadruplicate experiments. **, P<0.01 versus MOCK+IL-1p or MOCK+TNF-a.
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Fig. 6. ERK reduces endothelial ICAM-1 expression in response to VEGF, IL-133, and TNF-w. (A) HUVECs were transfected with ERKs wild form (ERKI, 2) and
then stimulated with 10 ng/ml VEGF, 10 ng/m! TNF-« or 50 units/ml IL-13 for 8 h. Western blots were probed with anti-ICAM-1 and reprobed with an anti-actin
antibody to verify equal loading of protein in each. (B) HUVECs were cotransfected with plCAM-1-Luc (1.2 kilobase pair), a B-galactosidase plasmid, and a ERKs
wild form (ERK 1, 2). Twenty four hours after transfection, they were incubated with 10 ng/ml VEGF, 10 ng/ml TNF-& or 50 units/ml IL-1f for 24 h. Luciferase
activity was normalized to [3-galactosidase activity. Data are means=S$.D. of luciferase light units relative to control untreated cells (set at 100%) in quadruplicate
experiments. **, P<0.01 versus MOCK +VEGF, MOCK +IL-133 or MOCK + TNFe.

when U0I26 was added, the level of IkBa markedly
decreased following 30 min of VEGF treatment (Fig. 3A).
We also observed that PD98059 increased the effect of
VEGF on phosphorylation and subsequent degradation of
IkBa in a manner similar to U0126 (Fig. 3B). In contrast,
VEGF-induced IkBa phosphorylation was almost completely
abrogated by overexpression of ERK1 or ERK2 (Fig. 3C). To
further confirm the effect of U0126 on VEGF-induced IxBa
phosphorylation, the I«B kinase (IKK) enzymatic assay was
performed. IKK is a complex composed of three subunits: IKK«
(IKK1), IKKp (IKK2), and IKKy (NEMO, IKKAP) {11]. IKK
activity was determined in anti-IKK+y immunoprecipitates as
described [28]. Cell stimulation with VEGF activated the ability
of IKK to phosphorylate GST-IkBa (Fig. 3D). This VEGF-
induced IKK activation was significantly increased by
pretreatment of U0126 (Fig. 3D).

The dissociation of NF-«B from IxBa results in translocation
of NF-«B to the nucleus, where it binds to specific sequences in
the promoter regions of target genes. We next determined the
effect of ERK inhibitors on VEGF-induced nuclear translocation
and NF-«B DNA binding activity. VEGF caused nuclear
translocation of the p65 subunit of NF-xB and this was
significantly increased by pretreatment with PD98059 (Fig. 3E).
Furthermore binding to target NF-xB oligonucleotides was also
markedly augmented by pretreatment with PD98059 (Fig. 3F).
PD98059 on its own had no effect on nuclear translocation and
NF-«xB DNA binding activity (Fig. 3E and F). Collectively, these
results suggest that ERK suppresses VEGF-induced NF-«<B
activation by blocking the VEGF signaling pathway leading to
IkBe phosphorylation.

3.4. PKC mediates both IxBo phosphorylation and ERK
activation by VEGF

Our data indicate that VEGF induces both IxBa phos-
phorylation and ERK activation in endothelial cells. It was of
interest to identify the upstream signaling molecules that lead
to IKK and ERK activation. A previous study suggested the
involvement of PKC in NF-xB activation leading to
endothelial CAM expression [31,3536]. We therefore
examined the role of PKC in IkBa phosphorylation by
employing two PKC inhibitors, GF109203X and chelerythrine
chloride, and, in parallel, compared the effect of these
inhibitors on VEGF-induced ERK activation. As shown in Fig.
4A, both IkBa phosphorylation and ERK activation in
response to VEGF were inhibited by GF109203X and
chelerythrine chloride, indicating that PKC lies upstream of
both IKK and ERK. Under the same condition, U0126
completely inhibited ERK activation in response to VEGF, and
increased the VEGF effect on IkBa phosphorylation (Fig. 4A).
Similarly, VEGF-induced VCAM-1 expression was blocked by
GF109203X and chelerythrine chloride, but increased by
U0126 (Fig. 4B). These results suggest that in the VEGF
signaling pathway PKC provides a positive signal activating
IKK and ERK, a negative signal.

3.5. Overexpression of ERK suppresses NF-xB activation and
VCAM-1 expression in response to IL-18 and TNF-o.

The role of ERK pathway in other cytokine-induced NF-xB
activation was explored. Unlikely to VEGF, IL-1p and TNF-«
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did not significantly induce ERK activation in HUVECs in
contrast to their strong stimulatory activity on NF-xB.
Consistently, inhibition of ERK by pretreatment of HUVECs
with 5 uM U0126 did not further increase IkBa phos-
phorylation in response to either IL-13 or TNF-a (data not
shown). However, overexpression of either wild type ERK1 or
ERK2 markedly reduced both IL-13-and TNF-a-induced IkBa
phosphorylation (Fig. 3A). In addition, nuclear translocation of
p65 subunit of NF-«B induced by either IL-13 or TNF-a was

1003

blocked by overexpression of ERKs (Fig. 5SB). In agreement,
both IL-13 and TNF-o increased endothelial VCAM-1
expression in a NF-«kB dependent manner as shown in a
promoter assay and these responses were significantly abro-
gated by overexpression of either ERK1 or ERK2 (Fig. 5C and
D). These results raised the possibility that ERK negatively
regulates NF-xB-dependent gene expression in endothelial cells
through inhibiting the IxBa phosphorylation pathway sti-
mulated by various agonists.
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Fig. 7. ERK inhibitors increase VEGF-Induced leukocyte adhesion to endothelial cells. (A) HUVECs were preincubated for 30 min with or without 5 tM U0126 and
then stimulated with 10 ng/ml VEGF for 8 h. (B) ERK2 lentiviral vectors were added to cell cultures at varying multiplicities of infection (MOls =1-50). At 18 h, cells
were washed and medium was replaced. HUVECs were stimulated with 10 ng/ml VEGF, 10 ng/ml TNF-« or 50 units/m! IL-1{3 for 8 h. Thereafter adhesion to U937
human monocytes was measured as described in “Materials and methods.” Data are means=S.D. of adhesion relative to control untreated cells (set at 100%]) in

quadruplicate experiments. **, £<0.01 versus VEGF, IL-1p or TNF-a.
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Fig. 8. Potential mechanism supporting anti-inflammatory role of ERK in the
vascular wall.

3.6. ERK reduces endothelial ICAM-1 expression in response
to VEGF, IL-153, and TNF-o

We further confirmed the role of ERK pathway on
expression of other inflammatory genes in endothelial cells.
ICAM-1 is one of representative endothelial cell adhesion
molecules expressed in a NF-«xB dependent mechanism. As
expected, the protein level of ICAM-1 on HUVECs was
increased by either treatment of VEGF, IL-1{3 or TNF-« (Fig.
6A). All these increases were almost completely or markedly
inhibited by overexpression of either ERKI1 or ERK2 (Fig.
6A). Consistently, ICAM-1-dependent transcriptional activities
induced by these cytokines were inhibited by overexpression
of ERK1 or ERK2 (Fig. 6B).

3.7. ERK inhibitors increase VEGF-Induced leukocyte adhe-
sion to endothelial cells

Expression of CAMs, such as ICAM-1 and VCAM-1, on
the surface of endothelial cells is required for endotheliai-
leukocyte interaction. Since inhibition of the ERK pathway
increases the effect of VEGF on endothelial CAM
expression, we tested whether the ERK inhibitor stimulates
leukocyte adhesion to endothelial cells. HUVECs were
exposed to 10 ng/ml VEGF for 8 h and then co-cultured with
human monocytic U937 cells for an additional 1 h. As shown
in Fig. 7, the adhesion of U937 cells to HUVECs was
increased by VEGF, and this effect was accentuated by
pretreatment with 5 uM UQ0126 (Fig. 7A). U0126 alone, on
the other hand, had no effect (Fig. 7A). In contrast,
overexpression of ERK2 markedly reduced VEGF-induced
adhesion of U937 cells to HUVECs (Fig. 7B). Moreover,
both IL-1p-and TNF-a-induced monocyte—endothelial cell
interaction was also significantly reduced by overexpression
of ERK2 (Fig. 7B).

4. Discussion

Unveiling of endothelial NF-«kB activation is pivotal for
understanding the inflammatory reaction and the pathogenesis
of inflammatory vascular diseases. A large number of studies
have revealed the presence of a number of cellular stimuli,
including inflammatory cytokines and oscillating shear stress,
that lead to the endothelial NF-«xB activation {1037].
Conversely, factors such as angiopoietin-1, bFGF, hepatocyte
growth factor (HGF), and normal lamina shear stress were
shown to suppress NF-<B activation {38,39]. However, despite
of a number of reports, precise understanding of their action
mechanisms in the vasculature remains still unclear. Importantly,
the present study demonstrates the novel role of ERK in
controlling endothelial NF-&B activation and inflammatory gene
expression.

Our data showed that inhibition of ERK increased VCAM-1
expression in response to VEGF stimulation, but that ERK
inhibitors alone had no significant effect. This indicates that
inhibition of ERK itself is incapable of stimulating VCAM-I
expression in endothelial cells, and suggests that VEGF sefs in
train both positive and negative signals related to VCAM-I
expression and that ERK may serve as an internal suppressor of
the positive signal. Using two PKC inhibitors, it is clearly
demonstrated that VEGF stimulates both ERK and IKK through
PKC that lies downstream of KDR/Flk-1. Since ERK inhibits
IKK activation by VEGF (Fig. 4), PKC seems to transmit both
positive and negative signals involved in IKK activation.
Therefore, the relatively weak activation of IKK and expression
of inflammatory genes by VEGF is likely to be due to the
concomitant activation of ERK. Similar phenomenon was
observed in TNF-related activation-induced cytokine
(TRANCE)-induced NF-«B activation and VCAM-1 expression.
TRANCE stimulated ERK, IkBa phosphorylation, and
transcriptional activity of NF-«B in HUVECs [40,41].
Pretreatinent of the ERK inhibitors significantly enhanced
TRANCE-induced NF-kB activation and VCAM-1 expression
(data not shown), suggesting the suppressive role of
concomitantly activated ERK in the cytokine-induced NF-xB
pathway in endothelial cells.

Unlikely to VEGF, IL-1g and TNF-a had little effect on
ERK activation in HUVECs, but they much strongly induced
IKK activation and VCAM-1 expression compared to VEGF.
The effects of [L-13 and TNF-« on IKK activation and VCAM-
I expression was very slightly increased by the ERK inhibitor
(data not shown) but markedly suppressed by overexpression of
ERK1 or ERK2. We also tested the effect of bFGF and EGF on
VCAM-1 expression in HUVECs. These two growth factors
markedly stimulated ERK activation in HUVECs, but did not
induce VCAM-1 expression. In addition, ERK inhibitors had no
significant effect on VCAM-1 expression (data not shown),
presumably because these growth factors do not activate the
NF-xB signaling pathway. We have recently reported that HGF
counteracts VEGF-induced endothelial CAM expression
through inhibiting IKK-mediated NF-«B activation [42]. HGF
itself was unable to induce NF-kB activation but strongly
stimulated ERK activation in endothelial cells (data not shown).

- 191 -



Y.-S. Maeng et al. / Cellular Signalling 18 (2006) 9941005 1005

In deed, it is observed that pretreatment of the ERK inhibitor
prior to HGF administration results in reversing the inhibitory
effect of HGF on VEGF-induced I«Ba phosphorylation and
VCAM-1 expression (data not shown). Although the precise
mechanism engaged in agonists-dependent activation or
inhibition of NF-«xB pathway remains elusive, it is at least in
part suggested that the cellular level of ERK activity may be
one of crucial components to control IKK-mediated NF-xB
activation in endothelial cells. Western blotting with anti-
bodies against phospho-IxBa (Ser-32) and IkBa revealed that
the ERK inhibitors increase I«Ba phosphorylation at Ser-32
and degradation in response to VEGF (Fig. 4). Conversely,
forced elevation of ERK activity in HUVECs resulted in the
inhibition of phosphorylation of IkBa on Ser-32 by VEGF,
IL-1R, and TNF-«. IKK exists as a high molecular complex
containing two kinase subunits, IKKa (IKK1) and IKKE
(IKK2), and a regulatory subunit, NEMO [13]. The
phosphorylation of IkBa on Ser-32 and Ser-36 is mediated
mainly by the kinase activity of IKKp and led to its
proteolytic degradation and subsequent nuclear translocation
of NF-kB [13]. Therefore, ERK is most likely to inhibit the
canonical NF-«xB pathway that involves IKK-mediated IkBa
phosphorylation in endothelial cells.

In conclusion, our present data apparently demonstrate a
novel function of ERK as a curb of endothelial NF-«xB
activation with possible mechanism (Fig. 8). Indeed, elevation
of ERK activity in endothelial cells significantly suppressed
expression of NF-«xB-dependent genes such as ICAM-1 and
VCAM-1 in response to cytokine stimulation. These effects
were functionally correlated with decreased endothelial cell-
monocyte interaction. Although the further study is required to
prove the anti-inflammatory nature of ERK in more complex in
vivo environment, our findings suggest that ERK activity
constitutively or transiently induced by normal laminar flow or
various endothelial stimuli may serve as a negative regulator of
vascular inflammation by suppressing endothelial NF-xB
activation. Therefore, measuring the existence of ERK activity
in vascular endothelial cells may be useful for predicting the
feasibility and potency of inflammatory reactions in the vascular
wall.
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Signaling adaptor protein Crk regulates cell motility and
growth through its targets Dock180 and C3G, those are
the guanine-nucleotide exchange factors (GEFs) for small
GTPases Rac and Rap, respectively. Recently, over-
expression of Crk has been reported in various human
cancers. To define the role for Crk in human cancer cells,
Crk expression was targeted in the human ovarian cancer
cell line MICAS through RNA interference, resulting in
the establishment of three Crk knockdown cell lines.
These cell lines exhibited disorganized actin fibers,
reduced number of focal adhesions, and abolishment of
lamellipodia formation. Decreased Rac activity was
demonstrated by pull-down assay and FRET-based time-
lapse microscopy, in association with suppression of both
motility and invasion by phagokinetic track assay and
transwell assay in these cells. Furthermore, Crk knock-
down cells exhibited slow growth rates in culture and
suppressed anchorage-dependent growth in soft agar.
Tumor forming potential in nude mice was attenuated,
and intraperitoneal dissemination was not observed when
Crk knockdown cells were injected into the peritoneal
cavity. These results snggest that the Crk is a key
component of focal adhesion and involved in cell growth,
invasion, and dissemination of human ovarian cancer cell
line MCAS.
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Introduction

The regulation of cell motility is a well-organized
process in which cells receive information from the
surrounding environment through the extracellular
matrix (ECM) (Gumbiner, 1996; Lauffenburger and
Horwitz, 1996; Sheetz ez al., 1998). Cell surface receptor
molecules for the ECM, such as integrins, transmit
signals to the actin cytoskeleton through the focal
adhesion complex (Brugge, 1998; O’Neill er al., 2000).
Tyrosine kinases, such as focal adhesion kinase (FAK)
or proline-rich tyrosine kinase 2 (PYK2), are activated
by the ECM and their substrates, pl130“* (Crk
associated substrate) or paxillin, may play a role in
regulation of focal adhesion (Yano et al., 2000; Summy
and Gallick, 2003). Downstream of focal adhesion
complexes, the Rho family of small GTPases, including
Rho, Rac and Cdc42, regulate the reorganization of
actin fibers to form stress fibers, lamellipodia and
filopodia, all of which control cell motility (Hall,
1998). Although -the deregulation of focal adhesion
complexes may contribute to motility and invasion of
tumor cells, the precise mechanism is not well under-
stood.

Signaling adaptor protein Crk (CT10 regulated
kinase), which is mostly composed of SH2 (src
homology 2) and SH3 domains, was originally isolated
as an avian sarcoma virus CT10 (chicken tumor 10)
encoding oncogene product (Mayer et al., 1988). Since
the isolation of mammalian homologues of viral Crk,
such as c-Crk-I and c-Crk-II (Matsuda et al., 1992b),
Crk has been shown to transmit signals under various
stimuli including epidermal growth factor, neurotrophic
growth factor and fibroblast growth factor (Tanaka
et al., 1993; Feller, 2001). ¢-Crk-II possesses one SH2
domain at the N-terminus and two SH3 domains,
wheras its alternative splicing product c-Crk-I is
composed of the SH2 domain and a single SH3 domain.
The SH2 domain is responsible for binding to the
tyrosine phosphorylated form of 130 and paxillin,
suggesting a role for Crk in regulation of the cytoske-
leton (Feller, 2001). In fact, Crk has been shown to
transmit signals to small GTPases by association with its
downstream effectors such as Dock180 and C3G, which
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are the guanine-nucleotide exchange factors (GEFs) for
Rac and Rap, respectively (Tanaka et al., 1994; Gotoh
et al., 1995; Hasegawa er al., 1996; Kiyokawa et al.,
1998). The activation of Rho was also reported (Tsuda
et al., 2002; Iwahara er al., 2003).

Dock180 and its binding molecule ELMO coopera-
tively regulate Rac activity and are thought to be
involved in the phagocytosis of apoptotic cells (Albert
et al., 2000; Gumienny et al., 2001; Brugnera et al.,
2002). C3G regulates the MAP kinase and JNK
pathway by activating Rap and R-Ras, respectively,
following phosphorylation on tyrosine residue 504
(Tanaka et al., 1997, Tanaka and Hanafusa, 1998;
Mochizuki et al., 2000). Studies in C3G knockout mice
suggested a role for C3G in the control of cell adhesion
(Ohba et al., 2001).

The contribution of c¢-Crk to tumorigenesis was
suggested by an earlier study showing that c-Crk-I
induced anchorage-independent growth of rodent fibro-
blasts together with tyrosine-phosphorylation of p130<
(Matsuda et al., 1992b). We previously reported that
Crk is overexpressed in human cancers including various
carcinomas and sarcomas (Nishihara ez al., 2002¢). In
addition, there are several reports describing over-
expression of c-Crk-1 in malignant brain tumors and
lung cancers (Miller er al., 2003; Takino et al., 2003).
Because ovarian cancer possesses prominent metastatic
potential in general and frequently exhibit intraperito-
neal dissemination in patients, the human ovarian
cancer cell line MCAS provides an appropriate model
system to study the role of Crk in tumorigenesis (Judson
et al., 1999; Chen et al., 2001).

In Crk knockdown MCAS cells, disorganization of
actin cytoskeleton and decrease of Rac activity was
observed. Cell motility and invasion were also decreased
in addition to the growth suppression. Crk knockdown
MCAS cells lost the ability of intraperitoneal dissemnina-
tion in mice. These results suggest that Crk may be
involved in malignant feature of human ovarian cancer
cell line MCAS.

Results

Association of Crk and its targets in MCAS cells
Because both pl130“* and paxillin are major targets of
the SH2 domain of Crk, the tyrosine-phosphorylation
status of these proteins was examined in MCAS cells.
Immunoprecipitation analysis demonstrated that
p130< and paxillin were significantly tyrosine-phos-
phorylated (Figure la), and their association with Crk
was clearly demonstrated (Figure 1b). We also analysed
the association of Crk and its well-known downstream
effectors, including Dock180, C3G, Sos and c-Abl, by
GST pull-down assay. GST-Crk-I, GST-Crk-IT and
GST-Crk-SH3(N) associated with these molecules in
MCAS cell lysates, whereas GST alone or GST-SH2 did
not (Figure lc).

Oncogene

35— o & e
IB:a-p130°2s IB:a-Paxillin

1B:a-PY &= ;
IB:o~-Crk
[+
S8
N LD
Pull-down:é& 6‘5} Pealfesd -’o&
” 1B:a-Dock180
SH2 SH3(N) SH3(C) S
coretl T H_ ] 1B:a-C3G
ccict BT ] iB:a-Sos
¢ 1Bra-cAbl
s [
il .
e - i o JBi-GST

Figure 1 (a) Tyrosine phosphorylation of p130Cas and paxillin in
MCAS cells. Immunoprecipitation by using anti-p130“ Ab (lane
1), antipaxillin Ab (lane 4) or control immunoglobulin (IgG, lanes
2 and 5) was performed, and probed with antiphosphotyrosine Ab.
TCL, total cell lysates (lane 3). (b) Association of Crk with p130<+
and paxillin. Immunoprecipitation by using anti-Crk Ab (lanes |
and 4) or control IgG (lanes 2 and 5) was performed and probed
with anti-p130“ Ab (left panel), antipaxillin Ab (right panel) or
anti-Crk Ab (lower panel). (¢) Association of Crk and target
molecules. MCAS cell lysates were incubated with GST alone or
GST fusion form of N-terminus SH3 domain of ¢-Crk-II (Crk-
SH3(N)), c-Crk-I (CrkI), ¢-Crk-II (CrkII) or SH2 domain of ¢-Crk-
11 (SH2), and probed with anti-Dock180, anti-C3G, anti-Sos, anti-
Ab! or anti-GST Abs. Arrowheads show the calculated molecular
weight of the GST fusion proteins.

Establishment of Crk knockdown MCAS cell lines and
morphological analysis
To reduce expression of endogenous Crk in MCAS cells,
small interfering RNA (siRNA) was employed. By using
Crk siRNA in the pSUPER vector, we successfully
established three independent Crk knockdown MCAS
cell lines, which were designated Crki-1, Crki-2 and
Crki-3. In all three cell lines, the expression of c-Crk-I
was completely suppressed (Figure 2A). The expression
of c-Crk-IT was significantly decreased in Crki-1 and
Crki-2 cells, whereas it was slightly suppressed in Crki-3
cells (Figure 2A). Endogenous protein levels of CrkL
were unchanged as were those of actin (Figure 2A). The
tyrosine-phosphorylation levels of pl130“* and paxillin
seemed to be slightly different but were statistically
constant in Crk knockdown cells (Figure 2B).

In MCAS cells, filopodia and lamellipodia were
readily identified at the cell edge (Figure 2C). In
contrast, Crk knockdown cells tended to form small
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Figure 2 (A) Establishment of Crk knockdown MCAS cell lines. Total cell lysates of parental MCAS, control vector transfected cells
or three Crk siRNA transfected cells (Crki-1, Crki-2 and Crki-3) were immunoblotted with anti-Crk, anti-CrkL or anti-actin Abs. The
positions of Crk-1 and Crk-II were indicated by arrow. (B) Tyrosine phosphorylation of p!130° and paxillin in Crk knockdown cells
was analysed by immunoprecipitation and immunoblotting using total cell lysate. Total levels of pl130“* and paxillin were also
analysed by immunobiotting. (C) Morphology of parental (panels a~c) and Crk knockdown MCAS cells (panels d~f). Phase-contrast
microscopical observation (panels a and d) and phalloidine staining (panels b, ¢, e and {). Arrow and arrowhead indicate lamellipodia
and filopodia, respectively. (D) Immunofluorescence of control cells and Crk knockdown Crki-1 cells by antiphosphotyrosine (panels a
and b) and antipaxillin (panels ¢ and d) Abs. The numbers of focal adhesion were counted and described as bar graph with standard
error. {E) GFP-actin transfected control (left panel) and Crk knockdown Crki-1 (right panel) cells. The results of time-lapse
observation of these cells were available as Supplementary data. (F) Phase contrast microscopical observation of control (left panel)
and Crk knockdown (right panel) cells 3h after serum stimulation. (G) Transient transfection of both GFP-actin and RFP-Crk-I
expression plasmids (panels a—c) or both GFP-actin and RFP (panels d—f) into Crk knockdown cells. RFP-Crk-I and GFP-actin were
separately observed and displayed as upper (a and d) and middle (b and e) panels. Merged images were displayed at the bottom (¢ and
f). The results of time-lapse observation of RFP-Crk-1 expressed cells were available as Supplementary data. (H) Transient expression
of myc-Crk-I and myc-Crk-I1 in Crk knockdown cells. Anti-myc Ab was used to detect overexpression of Crk (green). Phalloidine stain
was performed to detect actin cytoskeleton (red). Yellow bar indicates 20 um.
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