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Abstract
Background Information—Interleukin 1β is a major pro-inflammatory cytokine that plays a
crucial role in the regulation of inflammation and wound healing in the cornea. Elucidation of
Interleukin1β signaling may help identify therapeutic targets for corneal wound healing; however,
mechanisms such as cell migration, a component of Interleukin 1β induced wound healing
response in human corneal endothelial cells, have not been well characterized.

Results—Stimulation of human corneal endothelial cells with Interleukin 1β activated
expression of fibroblast growth factor 2 and resulted in enhanced cell migration. This, in turn, was
abolished by treatment with either Interleukin-1 receptor antagonist or SU-5402, a pan fibroblast
growth factor signaling inhibitor. Phosphatidyl inositol 3-kinase or interleukin receptor-associated
kinase 1/4 antagonists demonstrated that interleukin receptor-associated kinase 1/4 activates
phosphatidyl inositol 3-kinase, which in turn phosphorylates p38 and inhibitor κB kinase α/β,
leading to fibroblast growth factor 2 expression through activation of activator protein 1 and
nuclear factor kappa-light-chain-enhancer of activated B cells in human corneal endothelial cells.
Treatment of interleukin 1β stimulated human corneal endothelial cells with either activator
protein 1 or nuclear factor kappa-light-chain-enhancer of activated B cells antagonists decreased
fibroblast growth factor 2 expression and resulted in reduced interleukin 1β enhanced cell
migration. Co-treatment of interleukin 1β stimulated human corneal endothelial cells with both
inhibitors completely blocked fibroblast growth factor 2 expression and interleukin 1β enhanced
cell migration. Chromatin immunoprecipitation assays demonstrated that activator protein 1 and
nuclear factor kappa-light-chain-enhancer of activated B cells directly bind to the fibroblast
growth factor 2 promoter following interleukin 1β stimulation.

Conclusion—The results show that binding of interleukin 1β to its receptor in human corneal
endothelial cells leads to parallel activation of activator protein 1 and nuclear factor kappa-light-
chain-enhancer of activated B cells pathways, leading, in turn, to fibroblast growth factor 2
expression and enhanced cell migration.
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Introduction
The cornea, the anterior-most tissue of the eye, is the only tissue in the human body that is
completely transparent. Maintenance of corneal transparency, critical for clear vision,
depends on the coordinated function of the epithelium, stroma and endothelium. Corneal
endothelial cells (CEC) regulate tissue hydration by pumping fluid from the corneal stroma
into the anterior chamber of the eye. Dysfunction of the corneal endothelial pump leads to
corneal edema, with a subsequent decrease in transparency that results in vision loss. A
distinctive feature of adult human CEC in vivo is that they are arrested in the G1 phase of
the cell cycle (Joyce et al., 1996; Senoo and Joyce, 2000); however, they can be induced to
undergo endothelial-mesenchymal transition (EMT) in response to severe inflammation or
injury. Human CEC that undergo EMT show enhanced migration, proliferation and
secretion of collagen type I, resulting in the formation of retrocorneal fibrous membranes
(Waring, 1982; Chiou et al., 1998; Leung et al., 2000). Our previous studies using rabbit
CEC demonstrated that fibroblast growth factor 2 (FGF2) is the direct mediator for such
EMT. FGF2 signaling directly regulates cell cycle progression through degradation of
p27Kip1 mediated by phosphatidyl inositol (PI) 3-kinase activation (Lee and Kay, 2007,
2011), facilitates synthesis and secretion of type I collagen into the extracellular space (Ko
and Kay, 2005), and induces morphological change and migration through regulation of the
Rho family of small GTPases (Lee and Kay, 2006a, 2006b). In human CEC, FGF2 treatment
also stimulated cell proliferation through the PI 3-kinase - ERK1/2 pathway leading to
phosphorylation of p27 in vitro (Lee et al., 2011). Although the formation of a retrocorneal
fibrous membrane represents an end-stage ocular pathology in which lasting restoration of
vision is no longer possible, some features of EMT, such as enhanced cell migration and
proliferation, might be beneficial if they could be modulated.

Interleukin-1β (IL-1β) is a major mediator of corneal inflammation and wound healing
(Moore et al., 2002; Djalilian et al., 2006). Binding of IL-1β to its receptor in cell types such
as synovial fibroblasts (Yang et al., 2010) and periodontal ligament cells (Dudás et al., 2011;
Tang et al., 2011) results in the formation of receptor-associated complexes, including
myeloid differentiation primary response protein 88, interleukin receptor-associated kinase
(IRAK) 1, IRAK4, and tumor necrosis factor receptor-associated factor (TRAF) 6
(Neumann et al., 2002; Yamazaki et al., 2009). This, in turn, results in the activation of both
activator protein 1 (AP-1) and nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-κB), leading to transcriptional activation of various downstream targets, including
FGF2 (Qian et al., 2001; Yang et al., 2010; Murayama et al., 2011; Lee and Kay 2012). Our
previous studies reported the role of NF-κB in IL-1β induced FGF2 production in rabbit
CEC (Lee and Kay, 2009, 2012). IRAK and TRAF6, temporally expressed by IL-1β
stimulation, activate their downstream effectors of the canonical NF-κB pathway through PI
3-kinase. Activation of PI 3-kinase signaling involves phosphorylation of inhibitor κB (IκB)
kinase (IKK) a/β, leading to degradation of IκB and activation of NF-κB. Activated NF-κB
works as the transcription factor for the FGF2 gene by directly binding to its promoter.
IL-1β has been shown to induce cell migration by activating AP-1 through p38 and the c-Jun
N-terminal kinase pathway to activate expression of migration-related genes such as
metalloproteinase-1, 9 and 13 (Lin et al., 2009; Kook et al., 2011; Lim and Kim, 2011). We
also previously showed that p38 is the downstream effector molecule in IL-1β stimulated
activation of PI 3-kinase pathway in rabbit CEC, both in vitro and ex vivo (Lee and Kay,
2009; Song et al., 2010).

Prior to our study, the effects of inhibiting various components of IL-1β signaling on
migration of human CEC were not known. Herein, we present evidence showing that IL-1β
mediated migration of human CEC is dependent on FGF2 signaling: IL-1β binding to its
receptor recruits IRAK to activate PI 3-kinase, which subsequently leads to parallel
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activation of AP-1 and NF-κB, leading to FGF2 expression and enhanced cell migration.
We further show that both AP-1 and NF-κB bind directly to the FGF2 promoter in human
CEC. Activation of both AP-1 and NF-κB and their binding to the FGF2 promoter following
IL-1β stimulation are critical for FGF2 expression and enhanced cell migration in human
CEC.

Results
Effect of IL-1β on expression of FGF2

In our previous study (Lee and Kay, 2009), we reported that IL-1β stimulation of rabbit
CEC resulted in activation of FGF2 expression, and treatment with FGF2 resulted in
enhanced cell migration. To investigate the kinetics of cell migration following IL-1β
stimulation in human CEC, we examined whether IL-1β receptor was expressed in human
CEC under the same experimental conditions that we used for rabbit CEC in previous
studies. In human CEC, a low level of constitutive interleukin 1 receptor type 1 (IL-1R1)
expression could be observed, and its expression could be enhanced by IL-1β stimulation
(Figure 1A). We previously reported on the roles of PI 3-kinase, p38 and NF-κB in IL-1β
induced FGF2 expression in rabbit CEC (Lee and Kay, 2009, 2012), and in this study, we
tested roles of the same candidates in human CEC. IL-1β stimulation resulted in activation
of FGF2 expression in human CEC, and this effect could be decreased in a dose-dependent
manner by treatment with IL-1 receptor antagonist (IL-1Ra) (Figure 1B). Treatment with 25
ng of IL-1Ra could completely inhibit IL-1β induced expression of FGF2 in human CEC
(Figure 1B). Treatment with IL-1β dramatically increased phosphorylation of Akt, p38, and
IKK with decreased level of IκB; and these effects could be inhibited in a dose-dependent
manner by treatment with IL-1ra (Figure 1B). Correspondingly, migration of human CEC
was dramatically enhanced following treatment with either IL-1β or FGF2, and this could be
completely abolished by co-treatment with SU5402, a pan FGF antagonist, or IL-1Ra
(Figure 1C). Because p38 works as an upstream regulator for AP-1 (Lin et al., 2009; Kook et
al., 2011; Zhang and Bowden, 2012) and because activation of NF-κB is mediated by IKK
phosphorylation (Kim et al., 2006; Hayden and Ghosh, 2008) in various cell types, we used
ELISA to investigate whether IL-1β stimulation results in AP-1 and NF-κB activation in
human CEC. Both AP-1 and NF-κB activities were greatly induced by IL-1β, and co-
treatment with IL-1Ra nearly extinguished the IL-1β dependent activation of AP-1 and NF-
κB in human CEC (Figure 1D).

Roles of IRAK and PI 3-kinase in AP-1 and NF-κB activation and FGF2 expression
Because IL-1R1 signal transduction depends on the downstream activation of IRAK and
TRAF6 (Neumann et al., 2002; Yamazaki et al., 2009), we investigated their roles in the
IL-1β signaling human CEC using IRAK 1/4 inhibitor. Pretreatment of human CEC with
IRAK 1/4 inhibitor prior to IL-1β stimulation resulted in decreased FGF2 expression and
phosphorylation of Akt, IKK, and p38, with the maximum response being observed at 4
hours post IL-1β stimulation (Figure 2A). Pretreatment with IRAK 1/4 inhibitor also
resulted in decreased AP-1 and NF-κB activities in human CEC (Figure 2B). Similar to
SU5402 and IL-1Ra, IRAK 1/4 inhibitor was also able to abolish IL-1β enhanced cell
migration in human CEC (Figure 2C).

We previously reported on the role of PI 3-kinase in IL-1β mediated FGF2 expression and
cell migration in rabbit CEC (Lee and Kay, 2009). We therefore investigated the role of PI
3-kinase in IL-1β-induced FGF2 expression and cell migration in human CEC using
LY294002, a PI 3-kinase inhibitor. Pretreatment with LY294002 completely inhibited FGF2
expression and phosphorylation of Akt, IKK, and p38 in human CEC stimulated with IL-1β
(Figure 3A). The similar inhibition profiles of IRAK 1/4 inhibitor and LY294002 led us to
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explore whether IRAK and PI 3-kinase were acting in parallel or in sequence in IL-1β-
induced FGF2 expression and cell migration in human CEC. In human CEC stimulated with
IL-1β, IRAK1 could be co-immunoprecipitated with TRAF6 and vice versa, and
pretreatment with LY294002 did not interfere with IL-1β mediated IRAK1 - TRAF6
interaction (Figure 3B). Of note, pretreatment with IRAK 1/4 inhibitor led to decreased
levels of Akt phosphorylation (Figure 2A). Pretreatment of human CEC with LY294002
prior to IL-1β stimulation also resulted in decreased AP-1 and NF-κB activities (Figure 3C).
Similar to SU5402, IL-1Ra and IRAK1/4 inhibitor, LY294002 was also able to abolish
IL-1β enhanced cell migration in human CEC (Figure 3D).

Cell migration facilitated by IL-1β-induced FGF2 via parallel and independent activation of
AP-1 and NF-κB

Because p38, an upstream activator of AP-1, is a major signaling molecule for cell migration
in various cell types including rabbit CEC (Sharma et al., 2003; Frey et al., 2006;
Shahabuddin et al., 2006; Lee and Kay, 2009), we examined whether p38 participates in
IL-1β enhanced cell migration through FGF2 expression in human CEC using SB203580, a
p38 inhibitor. Pretreatment of human CEC with SB203580 decreased, but did not abolish,
IL-1β-induced FGF2 expression even though phosphorylation of p38 was severely inhibited
(Figure 4A). SB203580 pretreatment had no effect on IKK phosphorylation (Figure 4B).
Congruently, SB203580 was able to abolish IL-1β induced AP-1 activity but had no effect
on NF-κB activity (Figure 4C). SB203580 was able to attenuate, but not completely inhibit,
IL-1β enhanced cell migration in human CEC (Figure 4D).

It has previously been reported that IL-1β activates NF-κB (Qian et al., 2001; Murayama et
al., 2011) and IL-1β induced FGF2 expression in rabbit CEC is mediated through NF-κB
(Lee and Kay, 2012). We therefore examined whether NF-κB also has a role in IL-1β-
induced FGF2 expression and migration in human CEC using sulfasalazine, a NF-κB
inhibitor. Pretreatment of human CEC with sulfasalazine decreased, but did not completely
block, FGF2 expression, and it also completely blocked phosphorylation of p65 (Figure 5A).
Sulfasalazine had no effect on phosphorylation of p38 (Figure 5B). Sulfasalazine also
inhibited NF-κB but not AP-1 activity in IL-1β stimulated human CEC (Figure 5C).
Treatment with sulfasalazine attenuated, but did not completely abolish, enhancement of cell
migration in IL-1β stimulated human CEC (Figure 5D).

Co-treatment of human CEC with SB203580 and sulfasalazine resulted in severely
decreased FGF2 expression, more so over single treatment, along with inhibition of p38 and
p65 phosphorylation (Figure 6A). It also resulted in simultaneous inhibition of AP-1 and
NF-κB activities in IL-1β stimulated human CEC (Figure 6B). Simultaneous use of both
inhibitors also abolished IL-1β enhanced migration in human CEC (Figure 6C).

We reported previously that FGF2 is a NF-κB target gene of NF-κB in human retinal
pigment epithelial cells (Lee and Kay, 2012). In the human FGF2 promoter sequence, there
also is a potential AP-1 binding site within the core promoter region (Shibata et al., 1991).
To determine whether FGF2 is a direct target of NF-κB and/or AP-1 in human CEC, we
performed chromatin immunoprecipitation (ChIP) assays using anti-NF-κB and AP-1
antibodies. The polymerase chain reaction primers used to detect NF-κB and AP-1 binding
are shown in figure 7A. Human CEC stimulated with IL-1β showed the expected PCR
products of 120, 180, 200, and 260 base pairs in the ChIP assay using an anti-NF-κB
antibody (Figure 7B). A similar pattern could be seen in IL-1β stimulated human CEC
treated with SB203580; but NF-κB binding to DNA could be abolished by treating IL-1β
stimulated human CEC with sulfasalazine (Figure 7B). Likewise, human CEC stimulated
with IL-1β showed the expected PCR products of 156, 180, 234, and 282 base pairs in the
ChIP assay using an anti-AP-1 antibody (Figure 7C). A similar pattern could be seen in
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IL-1β stimulated human CEC treated with sulfasalazine; but AP-1 binding to DNA could be
abolished by treating IL-1β stimulated human CEC with SB203580 (Figure 7C).

Discussion
The corneal endothelium plays a critical role in maintaining corneal transparency by
regulating corneal hydration and facilitating the passage of nutrients (Kreutziger, 1976;
Geroski and Edelhauser 1984). Adult human CEC are arrested at the G1 phase of the cell
cycle in vivo, and except in severe cases of inflammation, they do not reenter the cell cycle
even in response to various insults such as injury or infection (Joyce et al., 1996; Senoo and
Joyce, 2000). Loss of CEC due to aging, infection, or injury leads to a decrease in
endothelial cell density, and a decrease below approximately 500 cells/mm2 leads to corneal
edema and subsequent vision loss. Despite the progressive decrease in cell density, human
CEC have the ability to maintain an intact endothelial monolayer, even in light of their state
of cell cycle arrest, which is critical for maintenance of the endothelial pump function.
When human CEC are injured, wound healing occurs through migration, enlargement, and
spreading of existing cells, resulting in polymegethism and pleomorphism of CEC (Van
Horn et al., 1977; Matsuda et al., 1985). Vision loss secondary to endothelial dysfunction is
a common indication for corneal transplantation in developed countries. The current surgical
standard of care for endothelial vision loss is Descemet’s stripping endothelial keratoplasty
(DSEK), where the dysfunctional endothelium and Descemet’s membrane from the host are
replaced by a posterior corneal lenticule from a donor (Melles et al., 1999). Compared with
penetrating keratoplasty, DSEK offers faster visual rehabilitation and an improved safety
profile with decreased risk of graft rejection (Price and Price, 2007; Kuo et al., 2008). Graft
dislocation associated with severe endothelial cell loss and poor wound healing following
DSEK have been reported (Cheng et al., 2007; Prakash et al., 2007). Investigating
mechanisms of human CEC wound healing, including cell migration, may provide strategies
for delaying DSEK and decreasing the risk of DSEK graft dislocation in patients with
endothelial dysfunction.

Cell migration induced by cytokines plays important roles in many physiologic and
pathologic processes, such as organogenesis, neovascularization, inflammatory responses,
and wound repair (Ridley et al., 2003; Kuwano et al., 2004; Nakao et al., 2007). Despite the
wide-ranging roles of cytokines in cell migration, the molecular mechanisms underlying
cytokine-induced cell migration in human CEC are poorly understood. In this study, we
investigated the intracellular signaling pathway by which IL-1β induces FGF2 expression
and examined the effects of targeting specific components of the IL-1β signaling on cell
migration in human CEC. To minimize the effects of cell proliferation confounding cell
migration results, the wound-healing assays were performed in the presence of mitomycin
C.

Robust enhancement in cell migration could be elicited by treating human CEC with IL-1β
or FGF2. The elimination of the effects of IL-1β and FGF2 on cell migration by SU5402
indicated FGF2 was the direct downstream mediator of IL-1β induced cell migration in
human CEC. Expression of IL-1R1 and dose-dependent inhibition of IL-1β signaling by
IL-1Ra showed that IL-1β signaling proceeded through the IL-1R1 in human CEC. The
signaling pathway in human CEC utilized IRAK, PI 3-kinase, AP-1 and NF-κB as described
in other model systems. Inhibition of AP-1 and NF-κB activities by IRAK 1/4 inhibitor and
LY294002 showed that IRAK and PI 3-kinase were upstream of AP-1 and NF-κB.
Inhibition of Akt phosphorylation by IRAK 1/4 inhibitor and the inability of LY294002 to
inhibit IRAK1 - TRAF6 interaction suggested that there was a sequential activation of IRAK
followed by PI 3-kinase activation in IL-1β signaling in human CEC. Activated IRAK1 is
known to be degraded through ubiquitination (Yamin and Miller, 1997; Qian et al., 2001).
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The time-dependent decrease in IRAK1 and increase in its ubiquitinated form in LY294002-
treated cells following IL-1β stimulation further shows that IL-1β induces IRAK1 activation
prior to PI 3-kinase activation in human CEC (Figure 3B).

Attenuation but not complete elimination of IL-1β induced FGF2 expression and enhanced
cell migration by sulfasalazine, a NF-κB inhibitor, and SB203580, an AP-1 inhibitor,
showed that IL-1β binding to IL-1R1 led to a parallel activation of AP-1 and NF-κB in
human CEC. There was a decrease in AP-1 activity, while NF-κB activity was preserved,
along with a corresponding attenuation of FGF2 expression and cell migration in human
CEC treated with SB203580. A similar pattern of observation was made in human CEC
treated with sulfasalazine: NF-κB activity was inhibited while AP-1 activity was preserved
along with a corresponding attenuation in FGF2 expression and cell migration.
Simultaneous inhibition of AP-1 and NF-κB activities with the corresponding elimination of
FGF2 expression and enhanced cell migration in IL-1β stimulated human CEC treated with
sulfasalazine and SB203580 suggest that AP-1 and NF-κB are the main immediate
downstream mediators of IL-1β signaling in human CEC. Involvement of AP-1 and NF-κB
in these responses is consistent with previous reports indicating that p38 and NF-κB play
important roles in the FGF2 expression induced by IL-1β in rabbit CEC (Lee and Kay, 2009,
2012). Cellular responses to stimulation with cytokines such as IL-1β are highly dependent
on transcription factors such as AP-1 and NF-κB, and this has been reported in different cell
types: promotion of matrix metalloproteinase-9 expression in A549 cells (Lin et al., 2009);
induction of intercellular adhesion molecule-1 expression in synovial fibroblasts (Yang et
al., 2010); and expression of brain expressed X-linked gene-2 in breast cancer cells (Naderi
et al., 2010). Here we provide evidence of parallel AP-1 and NF-κB activation in human
CEC. Lastly, ChIP showing that AP-1 and NF-κB bind directly to the FGF2 promoter, and
data showing correlation between AP-1 and NF-κB activities with FGF2 expression,
strongly support that AP-1 and NF-κB act as transcriptional activators for FGF2 expression
in IL-1β stimulated human CEC. Taken together, our findings indicate that FGF2
expression, mediated by parallel activation of AP-1 and NF-κB, is the major downstream
mediator of IL-1β induced cell migration in human CEC (Figure 8).

Elucidation of the regulatory mechanisms for cell migration in human CEC may lead to
alternative treatment strategies for patients with corneal endothelial injury or infection.
Moreover it may also offer a means to shorten the postoperative rehabilitation following
DSEK in patients with endothelial dysfunction.

Materials and Methods
Materials

Anti-Akt, phospho-Akt (Ser473), IκB, phospho-IKKa/β, p38, phospho-p38 (Thr180/
Tyr182) antibodies and anti-phospho-p65 (Ser236) antibody were purchased from Cell
Signaling Technology (Danvers, MA). Sulfasalazine, SB203580 and IRAK1/4 inhibitor
were obtained from Calbiochem (San Diego, CA). Anti-IL-1R1 antibody was purchased
from Abgent (San Diego, CA). IL-1β, LY294002, anti-β-actin antibody and peroxidase
conjugated secondary antibodies were obtained from Sigma-Aldrich (St. Louis, MO).
Recombinant human IL-1ra was obtained from R&D systems (Minneapolis, MN). SU5402
was purchased from Tocris Bioscience (Minneapolis, MN). Anti-FGF2 antibody was
purchased from Upstate Biotechnology (Charlottesville, VA). Anti-lamin B1 antibody was
obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
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Cell culture
Immortalized human CEC line hCEC-B4G12 (DSMZ, Braunschweig, Germany) was
cultured as previously described (Valtink et al., 2007; Götze et al., 2008). Briefly, hCEC-
B4G12 was cultured in human endothelial-serum-free medium (SFM) supplemented with 10
ng/ml human recombinant FGF2 without antibiotics (SFM-F). Cells were grown in a
humidified atmosphere containing 5% CO2 at 37 °C. For subculture, confluent cultures were
treated with 0.05% trypsin and 5 mM EDTA in phosphate-buffered saline (PBS) for 5 min.
Cells were plated in 100-mm tissue culture dishes coated with 1 mg/ml chondroitin-6-sulfate
and 10 mg/ml lamin at a concentration of 1 × 106 cells. Second passage human CEC
maintained in SFM-F were used for all experiments. Medium was changed twice a week. In
some experiments, pharmacologic inhibitors were used in the presence of IL-1β (5 ng/ml)
stimulation: SU5402 (FGF receptor inhibitor: 20 μM), LY294002 (PI 3-kinase inhibitor: 20
μM), IRAK1/4 inhibitor (5 μM), SB203580 (p38 inhibitor: 20 μM) or sulfasalazine
(inhibitor for IκB degradation: 2 mM).

Scratch-induced directional migration assay
Cell migration assay was performed using our published protocols with some modification
(Lee and Kay, 2006a). Cells were plated in 24-well tissue culture dishes at a concentration
of 4 × 104 cells and maintained in SFM-F until the cells reached greater than 90%
confluency. After FGF2 starvation for 24 h, the tip of a micropipette was used to wound the
cells, creating linear, cross-stripe scrapes, 2 mm apart. Cells were washed with PBS to
remove floating cellular debris and re-fed for an additional 16 hours with either SFM (as a
negative control) or experimental medium. Wound closure or cell migration was
photographed when the scrape wound was introduced and at 16 h after wounding, using an
inverted EVOS microscope equipped with a digital camera (Advanced Microscopy Group,
Bothell, WA). The individual gaps were measured in each culture condition and at each time
point using the SPOT program (Diagnostic Instruments, Inc., version 2.1.2). The residual
gap between the migrating cells from the opposing wound edge was expressed as a
percentage of migrating cells maintained with SFM. All experiments were conducted in the
presence of 5 μg/ml of mitomycin-C to inhibit cell proliferation.

Protein preparation, protein assay, SDS PAGE, western blotting analysis, co-
immunoprecipitation and nuclear fractionation

All details of methods and procedures have been presented previously (Lee and Kay, 2007,
2009, 2011; Lee et al., 2011; Lee and Kay, 2012). The following gel concentrations were
used to separate proteins: 15% gel for FGF2, 12% gel for IκB, p38, p-p38, 10% gel for Akt,
p-Akt, p-p65, lamin B and β-actin, 8% gel for p-IKK and IL-1R1.

NF-κB ELISA assay
The nuclear fractions from the cells maintained in each culture condition were used to
measure the NF-κB activity. NF-κB ELISA assay was performed using NF-κB ELISA
assay kit (Rockland Immunochemicals Inc., Gilbertsville, PA) according to previously
described protocol (Lee and Kay, 2012). Briefly, the 50 μg of nuclear fraction was mixed
with transcription factor binding buffer supplied by the manufacturer and then applied to
each well of a 96-well plate covered with oligo-DNA fragment containing consensus NF-κB
binding sequence. After incubation for 16 h at 4°C without agitation, the wells were washed
5 times with 200 μl PBS containing 0.05% Tween 20. After the final wash, 100 μl of diluted
anti-NF-κB (p65) antibody (1:100) solution was added to each well except the blank wells
and the plate was incubated for 1 h at room temperature without agitation. Each well was
washed again using PBS and then incubated with 100 μl of diluted peroxidase conjugated
secondary antibody (1:100) for 1 h at room temperature without agitation. Each well was
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then treated with chemiluminescence developing solution. After a 30-min incubation at
room temperature with gentle agitation, protected from light, 100 μl of the stop solution was
added to each well and absorbance was measured at a wavelength of 450 nm using a
spectrophotometric plate reader (Benchmark Plus Microplate Spectrophotometer, Bio-Rad
Laboratories, Inc., Hercules, CA). Cell extract of tumor necrosis factor-a-stimulated HeLa
cell extract was also used as positive control for this assay.

AP-1/c-Jun ELISA assay
The nuclear fractions from the cells maintained in each culture condition were used to
measure the AP-1 activity. AP-1 ELISA assay was performed using AP-1 activity assay kit
(GeneCopoeia Inc., Rockville, MD) according to the manufacturer’s protocol. Briefly, the
50 μg of nuclear fraction was mixed with transcription factor binding buffer supplied by the
manufacturer and then applied to the each well of 96-well plate covered with oligo-DNA
fragment containing consensus AP-1 binding sequence. After incubation for 1 h at room
temperature with gentle rocking, the wells were washed with 200 μl washing buffer supplied
by manufacturer for 1 min with gentle rocking. After the final wash, 100 μl of diluted anti-
AP-1 antibody (1:1000) solution was added to each well except the blank wells, and the
plate was incubated for 1 h at room temperature with gentle rocking. Each well was washed
2 more times using washing buffer and then incubated with 100 μl of diluted peroxidase
conjugated secondary antibody (1:1000) for 1 h at room temperature with gentle rocking.
After two washes, each well was then treated with chemiluminescence developing solution.
After a 30-min incubation at room temperature with gentle agitation, protected from light,
100 μl of the stop solution was added to each well and absorbance was measured at a
wavelength of 450 nm using a spectrophotometric plate reader. Nuclear extract of MCF-7
cells was also used as positive control for this assay.

Chromatin immunoprecipitation assay
FGF2-starved human CEC were pre-treated with SB203580 or sulfasalazine for 2 h,
maintained with or without IL-1β for 10 min, and then maintained in SFM for 16 h. After 16
h, 3 × 107 cells were washed with PBS and cross-linked in 1% (v/v) formaldehyde for 10
min at room temperature. Chromatin immunoprecipitation experiments were performed
using the SimpleCHIP enzymatic ChIP kit (agarose bead) from Cell Signaling according to
the manufacturer’s protocol. Briefly, nuclei were isolated by lysis of the cytoplasmic
fraction, and chromatin was digested into fragments of 150–900 bp by micrococcal nuclease
for 30 min at 37 °C, followed by ultrasonic disruption of the nuclear membrane using a
standard microtip and a Branson Digital Sonifier (Danbury, CT) with four pulses and 70%
amplitude. For immunoprecipitation, four aliquots (10 μg each: 7 × 106 cell equivalents) of
sheared and cross-linked chromatin were incubated with 5 μg of the anti-p65 antibody, anti-
c-Jun antibody, normal rabbit IgG or anti-histone H3 antibody at 4°C overnight,
respectively. The normal rabbit IgG and anti-histone H3 antibody were used as negative and
positive controls. After incubation with 30 μl of ChIP grade protein G-agarose beads for 2 h
at 4 °C, antibody-DNA complexes were eluted from the beads and digested by 40 μg of
proteinase K for 2 h at 65 °C, followed by spin column-based purification of the DNA.
Transcription factor binding to FGF2 promoter was finally assessed by PCR using the
following primers: for NF-κB forward, 5′-TAGGT-ACTCAATACATGCAA-3′ (NF1:
−800) and 5′-GCTATAT-CCTACTGAAAATT-3′ (NF2: −740); for NF-κB reverse, 5′-
GACCTGGCATTTGCCCTAGC-3′ (NF3: ′620) and 5′-AATTAGACGAC-
GCAGAAAGA-3′ (NF4:−540); for AP-1 forward, 5′-CTCTCCTTTTGTTGGTAGACG-3’
(AP1:−471), 5′-AAGTTTATGCCCCACTTGTAC-3′ (AP2:−424); 5′-
GCCTGCTCTGACACAGACTCT-3′ (AP3:−370) and 5′-
CTTGGATTGCAACTTCTCTAC-3′ (AP4:−347); for AP-1 reverse, 5′-
TTTAGGCTTTCTCCACACTGC-3′ (AP5:−211). PCR conditions were as follows: for NF-
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κB, 5 min at 94°C followed by 33 cycles of 30 sec at 94°C, 30 sec at 55°C, 30 sec at 72°C,
and a final extension for 2 min at 72°C; for AP-1, 5 min at 94°C followed by 33 cycles of 30
secs at 94°C, 60 sec at 53°C, 30 sec at 72°C, and a final extension for 2 min at 72°C. PCR
products were separated by 1.5% agarose gel electrophoresis and visualized by ethidium
bromide staining.
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Figure 1.
Effect of interleukin 1β (IL-1β) stimulation on human corneal endothelial cells (CEC). (A)
Treatment with IL-1β resulted in increased expression of interleukin 1 receptor 1 (IL-1R1).
(B) Treatment of human CEC with IL-1β resulted in expression of fibroblast growth factor-2
(FGF2); phosphorylation of Akt (p-Akt), inhibitor κB kinase (p-IKK) and p38 (p-p38); and
decrease in inhibitor κB (IκB) levels. This effect could be attenuated in a dose-dependent
manner using interleukin 1 receptor antagonist (IL-1Ra). (C) Treatment of human CEC with
IL-1β or FGF2 resulted in enhanced cell migration as measured using scratch-induced
directional migration assay. Co-treatment with SU5402, a pan FGF signaling inhibitor,
abolished the IL-1β (* p = 0.005) and FGF2 (** p = 0.002) induced migration in human
CEC. Co-treatment of human CEC with IL-1Ra also abolished the IL-1β induced migration
(+ p = 0.2, ++ p < 0.001). Data represent the mean ± S.D. of three independent experiments.
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(D) Treatment of human CEC with IL-1β resulted in activation of activator protein-1 (AP-1)
and nuclear factor κB (NF-κB). Activation of AP-1 and NF-κB by IL-1β could be blocked
with IL-1Ra in human CEC (* p < 0.001, ** p < 0.001). SFM, serum free media; SU,
SU5402; C, control.
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Figure 2.
Effect of interleukin receptor-associated kinase (IRAK) 1/4 inhibition on interleukin 1β
(IL-1β)-stimulated human corneal endothelial cells (CEC). (A) Fibroblast growth factor-2
(FGF2) starved human CEC were pretreated with IRAK 1/4 inhibitor (IRAKi) for 2 h and
then treated with IL-1β for 10 min. The IL-1β ± IRAKi treated human CEC were
maintained in serum-free medium (SFM) for indicated times. Pretreatment with IRAKi
blocked IL-1β dependent phosphorylation of Akt (p-Akt), inhibitor κB kinase(p-IKK), and
p38 (p-p38). (B) Nuclear fractions were prepared from FGF2-starved human CEC pretreated
with IRAKi for 2 h during FGF2 starvation before stimulation with IL-1β for 10 min
followed by 4 h incubation in SFM. Lamin B was used to normalize the nuclear protein
concentration in activator protein-1 (AP-1) and nuclear factor-κB (NF-κB) activity assays
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(data not shown). Pretreatment with IRAKi blocked both AP-1 and NF-κB activities in
IL-1β stimulated human CEC. Data represent the mean ± S.D. of three independent
experiments (* p < 0.001, ** p < 0.001). (C) Treatment with IRAKi blocked the IL-1β
dependent migration of human CEC (*** p < 0.001). Data represent the mean ± S.D. of
three independent experiments. IRAKi, IRAK 1/4 inhibitor; C, positive control.
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Figure 3.
Effect of phosphatidyl inositol (PI) 3-kinase inhibition on interleukin-1β (IL-1β) stimulated
human corneal endothelial cells (CEC). (A) Cell lysates were prepared from fibroblast
growth factor-2 (FGF2) starved cells pretreated with PI 3-kinase inhibitor LY294002 for 2 h
and then treated with IL-1β for 10 min followed by incubation in serum-free medium (SFM)
for indicated times. Pretreatment with LY294002 resulted in decreased FGF2 expression
along with decreased phosphorylation of Akt (p-Akt), inhibitor κB kinase (p-IKK), and p38
(p-p38) in IL-1β stimulated human CEC. (B) Cell lysates were prepared from human CEC
treated as described in (A). Pretreatment with LY294002 did not interfere with interleukin
receptor-associated kinase (IRAK) 1 and tumor necrosis factor receptor associated factor
(TRAF) 6 interaction in IL-1β stimulated human CEC. (C) Nuclear fractions were prepared
from FGF2-starved human CEC pretreated LY294002 for 2 h during FGF2 starvation before
stimulation with IL-1β for 10 min followed by 4 h incubation in SFM. Lamin B was used to
normalize the nuclear protein concentration in activator protein-1 (AP-1) and nuclear factor-
κB (NF-κB) activity assays (data not shown). Pretreatment with LY294002 blocked both
AP-1 and NF-κB activities in IL-1β stimulated human CEC. Data represent the mean ± S.D.
of three independent experiments (* p < 0.001, ** p < 0.001). (D) Pretreatment with
LY294002 abolished the IL-1β induced migration in human CEC (*** p = 0.005). Data
represent the mean ± S.D. of three independent experiments. IP, immunoprecipitation; IB,
immunoblotting; LY, LY294002; C, positive control.
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Figure 4.
Effect of activator protein-1 (AP-1) inhibition on interleukin-1β (IL-1β) stimulated human
corneal endothelial cells (CEC). (A) Cell lysates prepared from FGF2-starved cells
pretreated with SB203580, an AP-1 inhibitor, for 2 h and then treated with IL-1β for 10 min
followed by incubation in serum-free medium (SFM) for indicated times. Pretreatment with
SB203580 resulted in decreased fibroblast growth factor-2 (FGF2) expression along with
decreased phosphorylation of p38 (p-p38) in IL-1β stimulated human CEC. (B) Pretreatment
with SB203580 had no effect on inhibitor κB kinase phosphorylation (p-IKK) in IL-1β
stimulated human CEC. (C) Nuclear fractions were prepared from FGF2-starved human
CEC that were pretreated with SB203580 for 2 hours during FGF2 starvation, followed by
stimulation with IL-1B for 10 min and then incubated with SFM for 4 h. Lamin B was used
to normalize the nuclear protein concentration in AP-1 and nuclear factor-κB (NF-κB)

Lee and Heur Page 18

Biol Cell. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



activity assays (data not shown). Pretreatment with SB203580 blocked AP-1 but not NF-κB
activities in IL-1β stimulated human CEC. Data represent the mean ± S.D. of three
independent experiments (* p < 0.001, ** p = 0.264). (D) Pretreatment with SB203580
decreased but did not completely block IL-1β enhanced migration in human CEC (*** p =
0.03). Data represent the mean ± S.D. of three independent experiments. SB, SB203580;
LY, LY294002; C, positive control.
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Figure 5.
Effect of nuclear factor -κB (NF-κB) inhibition on interleukin 1β (IL-1β) stimulated human
corneal endothelial cells (CEC). (A) Cell lysates prepared from serum-starved cells
pretreated with sulfasalazine, a NF-κB inhibitor, for 2 h and then treated with IL-1β for 10
min followed by incubation in serum-free medium (SFM) for indicated times. Pretreatment
with sulfasalazine resulted in decreased FGF2 expression along with decreased
phosphorylation of p65 (p-p65) in IL-1β stimulated human CEC. (B) Pretreatment with
sulfasalazine had no effect on p38 phosphorylation (p-p38) following IL-1β stimulation in
human CEC. (C) Nuclear fractions were prepared from FGF2-starved human CEC that were
pretreated with sulfasalazine for 2 hours during FGF2 starvation, followed by stimulation
with IL-1B for 10 min and then incubated with SFM for 4 h.Lamin B was used to normalize
the nuclear protein concentration in activator protein-1 (AP-1) and NF-κB activity assays
(data not shown). Pretreatment with sulfasalazine blocked NF-κB but not AP-1 activities in
IL-1β stimulated human CEC. Data represent the mean ± S.D. of three independent
experiments (* p = 0.31, ** p < 0.001). (D) Pretreatment with sulfasalazine decreased but
did not completely block IL-1β enhanced migration in human CEC (*** p = 0.054). Data
represent the mean ± S.D. of three independent experiments. Sul, sulfasalazine; C, positive
control.
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Figure 6.
Effect of simultaneous activator protein-1 (AP-1) and nuclear factor -κB (NF-B) inhibition
on interleukin 1β(IL-1β) stimulated human corneal endothelial cells (CEC).(A) Cell lysates
prepared from FGF2-starved cells were pretreated with SB203580 and sulfasalazine for 2 h
and then treated with IL-1β for 10 min followed by incubation in serum-free medium (SFM)
for indicated times. Pretreatment with SB203580 and sulfasalazine resulted in severely
decreased fibroblast growth factor 2 (FGF2) expression along with decreased
phosphorylation of p38 (p-p38) and p65 (p-p65) in IL-1β stimulated human CEC. (B)
Nuclear fractions were prepared from FGF2-starved human CEC that were pretreated with
SB203580 and sulfasalazine for 2 hours during FGF2 starvation, followed by stimulation
with IL-1B for 10 min and then incubated with SFM for 4 h. Lamin B was used to normalize
the nuclear protein concentration in activator protein (AP-1) and nuclear factor-κB (NF-κB)
activity assays (data not shown).Pretreatment with SB203580 and sulfasalazine blocked both
AP-1 and NF-κB activities in human CEC that were stimulated by IL-1β (* p < 0.001, ** p
< 0.001). Data represent the mean ± S.D. of three independent experiments. (C)
Pretreatment with SB203580 and sulfasalazine completely blocked the IL-1β enhanced
migration in human CEC (*** p = 0.001). Data represent the mean ± S.D. of three
independent experiments. C, positive control; SB, SB203580; Sul, sulfasalazine.
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Figure 7.
Binding of activator protein-1 (AP-1) and nuclear factor -κB (NF-κB) to the FGF2 promoter
in human corneal endothelial cells (CEC). (A) Schematic illustration of putative AP-1 and
NF-κB binding sites in the human fibroblast growth factor-2 (FGF2) promoter. The DNA
sequence that is different from conserved NF-κB binding site (GGGATTTCCC) is
italicized. The location of each primer used in ChIP assays is indicated.(B) FGF2-starved
human CEC were pretreated with either SB203580 or sulfasalazine for 2 h and then
stimulated with IL-1β for 10 min, followed by incubation in serum-free medium (SFM) for
4 h. At the end of treatment, cross-linked cell lysates were treated with nuclease and
immunoprecipitated with an anti-NF-κB antibody. The purified DNA samples were
subjected to PCR using the shown primer sets. The expected PCR product sizes are: NF1-
NF3, 180 bp; NF1-NF4, 260 bp; NF2-NF3, 120 bp; NF2-NF4, 200 bp. Simulation with
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interleukin-1β (IL-1β) resulted in NF-κB binding to the FGF2 promoter in human CEC.
Pretreatment with sulfasalazine inhibited NF-κB binding to the promoter while SB203580
pretreatment had no effect on NF-κB binding. (C) The cross-linked cell lysates from
SB203580 pretreated human CEC were treated with nuclease and immunoprecipitated with
an anti-AP-1 antibody. The purified DNA samples were subjected to PCR using the shown
primer sets. The expected PCR product sizes are: AP1-AP5, 282 bp; AP2-AP5, 234 bp;
AP3-AP5, 180 bp; AP4-AP5, 156 bp. IL-1β stimulation resulted in AP-1 binding to the
FGF2 promoter in human CEC. Pretreatment with SB203580 inhibited AP-1 binding to the
promoter while sulfasalazine pretreatment had no effect on AP-1 binding. Anti-histone H3
antibody was used for positive control (+) and normal rabbit IgG was used for negative
control (-) in the ChIP assays. SB, SB203580; Sul, sulfasalazine.
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Figure 8.
Schematic presentation of the pathway for interleukin-1β (IL-1β) induced human corneal
endothelial cell (CEC) migration that is mediated by fibroblast growth factor-2 (FGF2)
expression dependent on parallel activator protein-1 (AP-1) and nuclear factor -κB (NF-κB)
activation. Binding of IL-1β to interleukin 1 receptor 1 results in assembly of the canonical
signaling components, including interleukin receptor-associated kinase (IRAK) 1/4 and
tumor necrosis factor receptor associated factor (TRAF) 6, that in turn activates PI 3-kinase.
This leads to parallel activation of NF-κB and AP-1 resulting in FGF2 expression and
enhanced human CEC migration.
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