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Integrin bb4 Attenuates SHP-2 and MAPK Signaling and
Reduces Human Lung Endothelial Inflammatory Responses
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ABSTRACT
We previously identified the marked upregulation of integrin b4 in human lung endothelial cells (EC) treated with simvastatin, an HMG coA-

reductase inhibitor with vascular-protective and anti-inflammatory properties in murine models of acute lung injury (ALI). We now

investigate the role of integrin b4 as a novel mediator of vascular inflammatory responses with a focus on mitogen-activated protein kinases

(MAPK) signaling and the downstream expression of the inflammatory cytokines (IL-6 and IL-8) essential for the full elaboration of

inflammatory lung injury. Silencing of integrin b4 (siITGB4) in human lung EC resulted in significant increases in both basal and LPS-induced

phosphorylation of ERK 1/2, JNK, and p38 MAPK, consistent with robust integrin b4 regulation of MAPK activation. In addition, siITB4

increased both basal and LPS-induced expression of IL-6 and IL-8 mRNA and protein secretion into the media. We next observed that integrin

b4 silencing increased basal and LPS-induced phosphorylation of SHP-2, a protein tyrosine phosphatase known to modulate MAPK signaling.

In contrast, inhibition of SHP-2 enzymatic activity (sodium stibogluconate) abrogated the increased ERK phosphorylation associated with

integrin b4 silencing in LPS-treated EC and attenuated the increases in levels of IL-6 and IL-8 in integrin-b4-silenced EC. These findings

highlight a novel negative regulatory role for integrin b4 in EC inflammatory responses involving SHP-2-mediated MAPK signaling.

Upregulation of integrin b4 may represent an important element of the anti-inflammatory and vascular-protective properties of statins and

provides a novel strategy to limit inflammatory vascular syndromes. J. Cell. Biochem. 110: 718–724, 2010. � 2010 Wiley-Liss, Inc.
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W e previously reported direct vascular-protective effects of

simvastatin, an HMG CoA-reductase inhibitor, both in

vitro [Jacobson et al., 2004; Chen et al., 2008] and in vivo in a

murine model of inflammatory lung injury [Jacobson et al., 2005].

In an effort to characterize the mechanisms underlying these effects,

we surveyed differential gene expression in endothelial cells (EC)

treated with simvastatin and identified the dramatic upregulation of

integrin b4, a finding subsequently corroborated by others [Feng

et al., 2004]. Accordingly, we hypothesized that integrin b4 may

represent an important mediator of statin effects on EC inflamma-

tory responses.

Integrins exist as transmembrane heterodimers consisting of a

and b subunits mediating both inside-out and outside-in signaling.

They are well recognized as modulators of EC cytoskeletal

rearrangement, barrier regulation [Eliceiri et al., 2002; Su et al.,

2007], and angiogenesis [Hood et al., 2003; Nikolopoulos et al.,

2004], and participate in pro-inflammatory pathways. For example,
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separate models of rat ischemia-reperfusion lung injury and murine

acute lung injury (ALI) [Su et al., 2007]. Additionally, integrin b2

[Xu et al., 2008] and integrin b6 [Ganter et al., 2008] have been

implicated as mediators of increased lung vascular permeability

associated with ALI, although the precise mechanisms of these

integrin-mediated effects remain to be fully characterized. While

eight b subunits have been identified, integrin b4 is uniquely

characterized by its long cytoplasmic tail of over 1,000 amino acids

[Hogervorst et al., 1990]. The role of integrin b4 in epithelial

hemidesmosome formation [Spinardi et al., 1993; Dans et al., 2001]

and tumor invasiveness [Van Waes et al., 1991; Kitajiri et al., 2002]

is well substantiated and its expression is associated with a poor

prognosis in a variety of cancers [Grossman et al., 2000; Tagliabue

et al., 1998]. Integrin b4 complexes only with integrin a6 and serves

as a laminin receptor that links intracellularly to the cytoskeleton

via plectin, an actin-binding protein [Rabinovitz and Mercurio,

1997; Wiche, 1998]. Notably, integrin b4 has been implicated in the

activation of the Rho GTPases [O’Connor et al., 2000] as well as
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Fig. 1. Differential LPS-induced EC MAPK signaling. Human pulmonary

artery EC were treated with LPS (5mg/ml) at variable times to identify the

optimal timing to evaluate ERK, p38, and JNK phosphorylation. Maximal ERK

phosphorylation was noted at 5 min while p38 phosphorylation was marked at

15 min and peaked at 30 min. Total JNK phosphorylation was most prominent

at 5–15 min (representative blots shown). The dosing of 5mg/ml LPS was

chosen as it was associated with a consistent response across each MAPK (data

not shown).
phosphatidylinositol 3-kinase (PI3-K) [Shaw et al., 1997], mitogen-

activated protein kinases (MAPK) [Mainiero et al., 1997; Abdel-

Ghany et al., 2002], and NF-kB signaling [Nikolopoulos et al., 2004]

pathways actually highly relevant to the propagation of inflamma-

tion and injury. However, few reports have examined EC integrin b4

signaling and no study has yet to explore signaling specific to lung

vascular EC.

We investigated the role of integrin b4 as a novel mediator of

vascular inflammatory responses with a focus on MAPK signaling

and the downstream expression of the inflammatory cytokines, IL-6

and IL-8, known to be essential for the full elaboration of

inflammatory lung injury [Loppnow and Libby, 1989; Strieter

et al., 1989; Lee et al., 2006; Dolinay et al., 2008; Schuh and Pahl,

2009]. EC silencing of integrin b4 (siITGB4) resulted in significant

increases in both basal and LPS-induced phosphorylation of ERK 1/

2, JNK, and p38 MAPK, consistent with robust MAPK activation. In

addition, integrin b4 silencing increased both basal and LPS-

induced expression of IL-6 and IL-8 mRNA as well as protein levels

of IL-6 and IL-8. We further identified a role for SHP-2, a protein

tyrosine phosphatase, in mediating integrin b4 effects on MAPK

signaling and IL-6 and IL-8 expression. Together, these findings

highlight a novel regulatory role for integrin b4 in EC inflammatory

responses involving SHP-2-mediated MAPK signaling.

MATERIALS AND METHODS

MATERIALS AND REAGENTS

Non-specific siRNA (nsRNA) and siRNA specific for integrin b4

(siITGB4) were purchased from Dharmacon (Layfayette, CO) and

Ambion (Austin, TX), respectively. All antibodies were purchased

from Cell Signaling (Danvers, MA). An RT-PCR kit was purchased

from Qiagen (Valencia, CA), and the primers for IL-6 and IL-8 were

purchased from IDT (Coralville, IA). ELISA kits for IL-6 and IL-8

were purchased from Biolegend (San Diego, CA) and Abcam

(Cambridge, MA), respectively. All other reagents were purchased

from Sigma (St. Louis, MO) unless otherwise specified.

CELL CULTURE

Human pulmonary artery EC were purchased from Clonetics (San

Diego, CA) and were cultured in EGM-2 supplemented with 2% FBS,

hydrocortisone, hFGF, VEGF, ascorbic acid, hEGF, GA-1000,

heparin, R3-IGF-1 (Clonetics). The cells were incubated in 75 cm2

flask and cultured at 378C in 5% CO2 and 95% air. All cells were used

at passages 4–8.

SILENCING RNA

The target sequence for siITGB4 was 50-GAGCUGCACGGAGUGU-

GUCtt-30. The target sequence for nsRNA used as a control

(Dharmacon) was 50-UAGCGACUAAACACAUCAA-30. EC were

plated on 6-well plates (60–80% confluent) or 12-well plates and

were transfected with nsRNA or siITGB4 at the indicated

concentrations using siPORTTM Amine (Ambion). After incubating

for 48–72 h, the cells or medium was harvested for protein or

ELISA assay.
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RT-PCR

EC were grown in six-well plates and silenced with siRNA as

described above. After 48 h cells were treated with LPS for 4 h. The

cells were then harvested and total RNA was extracted using a

commercially available kit according to the manufacturer’s

instruction. Equal amounts of RNA were used for reverse

transcription and 2ml of RT product was then used for PCR. After

the strands were allowed to denature for 10 min at 948C, PCR was

performed at 948C (30 s), 568C (60 s), and 758C (60 s). The PCR

primers used were: IL-6 forward: 50-TCAATGAGGAGACTT-

GCCTGGT-30, backward: 50-ACAGCTCTGGCTTGTTCCTCAC-30;

IL-8 forward: 50-CGATGTCAGTGCATAAAGACA, backward: 50-

TGAATTCTCAGCCCTCTTCAAAAA-30; GAPDH forward: 50-GTCT-

TCACCACCATGGAGAA-30, backward: 50-ATCCACAGTCTTCTGG-

GTGG-30.

MEASUREMENT OF IL-6 AND IL-8 IN THE MEDIA

EC were grown to 80% confluence and silenced with siRNA as

described above. After 72 h the cells were treated with LPS for 4 h in

2 ml complete EGM medium. After briefly centrifuging the medium

to remove dead cells, the medium was collected to measure IL-6 or

IL-8 concentration using commercially available ELISA kits

according to the manufacturer’s instruction.

WESTERN BLOTTING

Samples were harvested with RIPA buffer containing proteinase

inhibitors and phosphatase inhibitors as per standard protocols.

After sonication and centrifugation, the supernatant was collected,

Laemmli sample buffer added, and was then boiled and subsequently

analyzed by SDS–PAGE. After transfer to a nitrocellulose membrane

(Bio-Rad, Inc., Hercules, CA), Western blotting was performed using

appropriate primary antibodies and horseradish peroxidase-con-

jugated secondary antibodies prior to visualization via chemilumi-

nescence (Amersham Biosciences, Piscataway, NJ). Blot density was

determined by Alpha Imager software (Alpha Innotech, San

Leandro, CA).
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Fig. 2. Role of integrin b4 in EC ERK 1/2 activation. ERK 1/2 phosphorylation was measured in EC transfected with nsRNA (100 nM, 3 days) or siITGB4 (100 nM, 3 days) both

under basal conditions and in response to LPS treatment (5mg/ml, 5 min). Relative to controls, siITGB4 resulted in a significant increase in both basal and LPS-induced ERK 1/2

phosphorylation (�P< 0.05, n¼ 3/experimental condition). Similar results were observed with respect to phosphorylation of c-Raf and MEK 1/2.
STATISTICAL ANALYSIS

Pairwise comparisons were made using Student’s t-test. One-way

ANOVA with post hoc Tukey HSD tests were used for groupwise

comparisons. P< 0.05 was considered statistically significant.

Results are expressed as means� SD.

RESULTS

INTEGRIN b4 NEGATIVELY REGULATES LPS-INDUCED EC

MAPK SIGNALING

Initial studies determined the optimal timing of LPS-mediated

MAPK activation with kinase-specific time points of LPS-induced
Fig. 3. Role of integrin b4 in EC JNK activation. JNK phosphorylation was measured in

basal conditions and in response to LPS treatment (5mg/ml, 10 min). Relative to contro

phosphorylation (�P< 0.05, n¼ 3/experimental condition).
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(5mg/ml) activation of ERK, JNK, and p-38 (Fig. 1). These results

provided the kinetics required to assess the effect of integrin b4

silencing on maximal and submaximal LPS-mediated MAPK

activation.

We next investigated the role of integrin b4 on ERK 1/2 activation

and its upstream mediators in EC both under basal conditions and

upon stimulation with LPS. Compared to controls, LPS alone (5mg/

ml, 5 min) effected a significant increase in ERK 1/2 phosphorylation

(Fig. 2). Silencing of EC with siRNA specific for integrin b4 (siITGB4,

100 nM, 3 days) attenuated protein expression by �80% and

resulted in a significant increase in ERK 1/2 phosphorylation both

under basal conditions and in response to LPS compared to controls
EC transfected with nsRNA (100 nM, 3 days) or siITGB4 (100 nM, 3 days) both under

ls, siITGB4 resulted in a significant increase in both basal and LPS-induced total JNK

JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 4. Role of integrin b4 in EC p38 activation. Phosphorylation of p38 MAPK was measured in EC transfected with nsRNA (100 nM, 3 days) or siITGB4 (100 nM, 3 days) both

under basal conditions and in response to LPS treatment (5mg/ml, 20 min). Both basal and LPS-induced p38 phosphorylation was significantly increased in integrin-b4-

silenced cells compared to controls (�P< 0.05, n¼ 3/experimental condition).
transfected with non-specific siRNA (nsRNA, 100 nM, 3 days). In

addition, silencing of integrin b4 resulted in increased basal and

LPS-induced phosphorylation of c-Raf and MEK 1/2, mediators

upstream of ERK 1/2 signaling. However, there was no evidence of

increased Ras activation (Ras-GTP) in integrin b4-silenced EC

suggesting that integrin b4 mediates ERK signaling downstream of

Ras (data not shown).

Similar experiments were conducted to examine the contribution

of integrin b4 to basal and LPS-induced EC JNK and p38 MAPK
Fig. 5. Role of integrin b4 in EC IL-6 and IL-8 expression. A: RT-PCR of IL-6 and IL-8

(100 nM, 3 days) compared to controls transfected with nsRNA (100 nM, 3 days) both un

the respective controls, n¼ 3/experimental group). B: Measurements of IL-6 and IL-8 lev

increased compared to controls (nsRNA) both under basal conditions and upon LPS (1

JOURNAL OF CELLULAR BIOCHEMISTRY
activity. Silencing of integrin b4 resulted in significant increases

in both basal and LPS-induced (5mg/ml, 10 min) JNK phosphory-

lation (Fig. 3). Comparable changes were also detected with

respect to p38 phosphorylation with significantly increased levels

evident in response to LPS alone (5mg/ml, 20 min) as well as

after silencing of integrin b4, both under basal conditions and

after LPS compared to the respective controls (Fig. 4). These data

support a negative regulatory role for integrin b4 on EC MAPK

signaling.
mRNA demonstrates a significant upregulation of both in EC transfected with siITGB4

der basal conditions and upon LPS (100 ng/ml, 4 h) stimulation (�P< 0.05 compared to

els in the media of EC transfected with siITGB4 (100 nM, 3 days) were also significantly

00 ng/ml, 4 h) stimulation.
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REDUCTIONS IN INTEGRIN B4 EXPRESSION ARE ASSOCIATED WITH

AUGMENTED EC IL-6 AND IL-8 EXPRESSION

Upregulation of IL-6 and IL-8 cytokines is relevant to the

pathophysiology of ALI and EC inflammation and a downstream

product of MAPK activation. We next assessed the role of integrin

b4 in EC IL-6 and IL-8 expression and found that IL-6 and IL-8

mRNA were significantly increased in integrin b4-silenced

cells (Fig. 5A). In addition, the significant increase in IL-6

and IL-8 mRNAs induced by LPS (100 ng/ml, 4 h) was further

augmented in integrin-b4-silenced cells and reflected by compar-

able increased levels of IL-6 and IL-8 protein secreted into the media

(Fig. 5B).

REDUCED INTEGRIN b4 IS ASSOCIATED WITH AUGMENTED

SHP2-MEDIATED MAPK SIGNALING

The protein tyrosine phosphatase Src homology 2 phosphatase 2

(SHP-2) is a known mediator of integrin b4 MAPK signaling via

activation of Src [Oh et al., 1999; Bertotti et al., 2006]. We examined

the role of SHP-2 in integrin-b4-regulated EC MAPK signaling.

While LPS alone (5mg/ml, 5 min) was associated with increased
Fig. 6. Regulation of integrin-b4-mediated MAPK signaling by SHP-2. A: SHP-2 pho

days) both under basal conditions and in response to LPS (5mg/ml, 5 min) stimulation wh

(�P< 0.05, n¼ 3/experimental condition). B: Similarly, ERK 1/2 phosphorylation is signifi

conditions and in response to LPS (5mg/ml, 5 min) stimulation while treatment with

(�P< 0.05, n¼ 3/experimental condition).
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SHP-2 phosphorylation, silencing of integrin b4 resulted in a

significant increase in both basal and LPS-induced SHP-2

phosphorylation (Fig. 6A), effects that were abrogated by sodium

stibogluconate (SS, 500mM, 30 min), a pharmacologic SHP

inhibitor. We then assessed the effect of SHP-2 inhibition on EC

basal and LPS-induced (5mg/ml, 5 min) ERK 1/2 phosphorylation in

integrin-b4-silenced cells (Fig. 6B). Stibogluconate treatment

(500mM, 30 min) fully inhibited the augmented LPS-induced ERK

1/2 phosphorylation associated with integrin b4 silencing.

INTEGRIN b4 NEGATIVELY REGULATES IL-6 AND IL-8 EXPRESSION

VIA SHP-2

Finally, we measured the effects of SHP-2 inhibition on increased

IL-6 and IL-8 expression in integrin-b4-silenced EC. Comparable to

the effects on ERK 1/2, treatment with SS (500mM, 30 min) fully

inhibited the augmented LPS-induced (100 ng/ml, 4 h) IL-6 and IL-8

expression in integrin-b4-silenced EC (Fig. 7). Indeed, the delayed

time course of these effects relative to that observed with MAPK

signaling is consistent with the additional time required for protein

synthesis.
sphorylation is significantly increased in integrin-b4-silenced EC (siITGB4, 100 nm, 3

ile treatment with sodium stibogluconate (SS, 500mM, 30 min) abrogates these effects

cantly increased in integrin b4-silenced EC (siITGB4, 100 nm, 3 days) both under basal

SS (500mM, 30 min) fully inhibits LPS-induced ERK phosphorylation in these cells
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Fig. 7. Regulation of integrin-b4-mediated IL-6 and IL-8 expression by

SHP-2. Increased LPS-induced (100 ng/ml, 4 h) IL-6 (A) and IL-8 (B) levels

measured in the media of EC transfected with siITGB4 (100 nM, 3 days) is

significantly inhibited by SS (500mM, 30 min) treatment (�P< 0.05, n¼ 3/

experimental condition). SS had no effect in control EC transfected with nsRNA

(100 nM, 3 days).
DISCUSSION

This study addresses the role of integrin b4, a gene and protein

strongly induced by simvastatin treatment in endothelium, as a

mechanism for the vascular-protective and anti-inflammatory pro-

perties of statins. Although the role of integrin b4 in EC inflamma-

tory responses has not been previously addressed, we now report the

negative regulation of EC MAPK signaling by integrin b4 in the

context of LPS stimulation. Our data suggest that integrin b4 func-

tions as a ‘‘brake’’ on LPS-induced inflammatory pathways. With

integrin b4 silencing, the loss of this inhibition results in MAPK

activation and increased expression of inflammatory cytokines such

as IL-6 and IL-8. The mechanism by which integrin b4 produces
JOURNAL OF CELLULAR BIOCHEMISTRY
MAPK activities and inflammatory cytokine production appears to

be associated with the protein tyrosine phosphatase SHP-2.

We recognize potential discrepancies between our findings and

other reports of integrin b4 signaling utilizing different cell types and

in vitro models. For example, tyrosine phosphorylation of the

integrin b4 cytoplasmic domain (not evaluated in our studies) has

been linked to subsequent binding of SHP-2 and MAPK activation

[Dans et al., 2001; Mainiero et al., 2003; Bertotti et al., 2006; Merdek

et al., 2007]. Nonetheless, examples of phenotypic differences

involving the regulation of specific signaling pathways in different

cell types are abundant in the literature and it is certainly no surprise

that the attributes of integrin b4 in the context of EC inflammatory

responses is distinct (or even opposite) to that characterized in models

relevant to cancer biology. Moreover, the idea that endothelial

integrin b4 may have unique properties is supported by evidence of

their failure to form type I hemidesmosomes as observed in stratified

epithelial cells [Hieda et al., 1992; Uematsu et al., 1994].

Our findings with integrin b4 also represent a notable contrast

relative to reports involving other integrin b subunits, namely

integrin b2 [Xu et al., 2008], b5 [Su et al., 2007], and b6 [Ganter

et al., 2008], each of which have been shown to propagate EC

inflammatory responses. This may be related to the unique structure

of integrin b4, as the extracellular portion of the b4 subunit

sequence exhibits only 35% identity with other integrin beta

subunits and is the most different among this class of molecules

[Hogervorst et al., 1990]. The transmembrane region is poorly

conserved, whereas the cytoplasmic domain shows no substantial

identity in any region to the cytoplasmic tails of the known b

sequences or to other protein sequences. The exceptionally long

cytoplasmic domain of integrin b4 suggests unique interactions of

the b4 subunit with cytoplasmic proteins.

Our results firmly link EC integrin b4 to the negative regulation of

SHP-2-mediated MAPK signaling and the downstream expression of

the inflammatory cytokines IL-6 and IL-8 and are consistent with

what would be predicted on the basis of the vascular-protective

effects of statins in association with the upregulation of integrin b4.

Indeed, this is supported by reports of the inhibition of agonist-

induced EC IL-8 expression by statins associated with reduced levels

of ERK, p38, and JNK phosphorylation [Kibayashi et al., 2005]. In

light of our previously published findings of the protective effects of

statins in murine ALI [Jacobson et al., 2005] and the mounting

evidence suggesting a potential beneficial effect of statins in patient

populations at risk for ALI [Falagas et al., 2008], our findings may

have direct clinical relevance and ultimately lead to novel therapeutic

strategies for ALI directed specifically at integrin b4 signaling.

In summary, we explored potential mechanisms for the influence

of integrin b4 on MAPK activities and observed that integrin b4

silencing results in decreased basal and LPS-induced phosphoryla-

tion of SHP-2, a protein tyrosine phosphatase known to mediate

integrin b4-MAPK signaling. These findings highlight a novel

regulatory role for integrin b4 in EC inflammatory responses

involving SHP-2-mediated MAPK signaling. Upregulation of

integrin b4 by statins may represent an important element of the

anti-inflammatory and vascular-protective properties of these drugs

and may provide novel strategies designed to limit vascular

inflammatory syndromes.
INTEGRIN b4 ATTENUATES ENDOTHELIAL MAPK SIGNALING 723
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