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Abstract Antimicrobial peptides are host defence mole-

cules that play a potential role in preventing infection at the

epithelial surfaces. Ribonuclease (RNase)-7 has been

shown to possess a broad spectrum of microbicidal activity

against various pathogens. Here, we demonstrate that

RNase-7 protein is localised to the superficial layers of

ocular surface cells and increased in response to interleukin

(IL)-1b, suggesting an active role during inflammation

related to ocular surface infection. Signal transduction

pathways involved in RNase-7 expression are unknown.

Involvement of transforming growth factor b-activated

kinase-1 (TAK-1) activated nuclear factor kappa B

(NF-jB) and mitogen-activated protein kinase (MAPK)

pathway molecules [c-Jun N-terminal kinase (JNK),

extracellular signal-regulated kinase (ERK) and p38] were

studied because of their importance in infection and

inflammation. Blocking the MAPKs resulted in inhibition

of RNase-7 expression in response to IL-1b. However,

RNase-7 induction by IL-1b was not affected by inhibiting

the NF-jB signalling pathway. In conclusion, our results

indicate that RNase-7 expression is specifically mediated

via MAPKs but not NF-jB signalling pathways.
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Abbreviations

RNase-7 Ribonuclease-7

HBD-2 Human beta defensin-2

OS Ocular surface

NAI NF-jB activation inhibitor

SC-514 a IKK-2 inhibitor

hCEC Human corneal epithelial cell line

TAK-1 TGFb-activated kinase-1

NF-jB Nuclear factor jB

IL Interleukin

TNF Tumour necrosis factor

ERK Extracellular signal-regulated kinases

JNK c-Jun N-terminal kinases

MAPKs Mitogen-activated protein kinases

ATF2 Activating transcription factor 2

Introduction

The ocular surface (OS) is an integral part of the mucosal

immune system and like other mucosal surfaces has

evolved several defence mechanisms to counter microbial

infection. In particular, cytokines, chemokines and anti-

microbial peptides (AMPs) play a seminal protective role

at the OS epithelium [1, 2]. Different classes of AMPs exist

as naturally occurring eukaryotic antibiotic analogues with
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broad-spectrum activity against bacteria, fungi, protozoa,

mycobacteria and enveloped viruses [3, 4]. Studies of

AMPs have recently focused on the ribonuclease A

superfamily in the background of its dynamic evolutionary

history [5]. Of the members of this superfamily, RNase-7

was demonstrated to possess a broad spectrum of activity at

low micro-molar concentrations against pathogenic bacte-

ria including vancomycin-resistant Enterococcus faecium

[6–8]. In response to heat-killed bacteria, UV radiation and

proinflammatory cytokines, increased RNase-7 mRNA

expression was exhibited in primary keratinocytes [6, 9]. In

addition RNase-7 mRNA levels were also shown to be

increased in skin biopsies of psoriasis and atopic dermatitis

[10]. Reithmayer and co-workers [11] have shown that the

immunoreactivity of RNase-7 in fresh and organ-cultured

normal human scalp skin increases when treated with

lipopolysaccharide (LPS) and flagellin. However, RNase-7

expression at the OS epithelium has not been previously

reported. Here, we demonstrated the expression of RNase-7

in cells obtained from the cornea and conjunctiva of the

human eye and further report, for the first time, on sig-

nalling pathways involved in such expression using an SV

(Simian virus)-40 transformed human corneal epithelial

cell line (hCEC) model. These pathways have not been

elucidated for RNase-7 in any tissue thus far. Our discov-

ery of RNase-7 and its signalling pathways expands the

current knowledge of AMP defence.

Interleukin-1b plays an essential role in innate immunity

by eliciting both cytokines and AMPs. IL-1b binds to the

IL-1 receptor (IL-1R) and initiates the activation of a key

signalling protein, transforming growth factor b-activated

kinase-1 (TAK-1). Subsequently, TAK-1 leads to activa-

tion of transcription factors such as nuclear factor kappa-B

(NF-jB) and activator protein-1 (AP-1). Eventually, these

transcription factors initiate the expression of genes

involved in the host immune response [12–15]. By block-

ing the various signalling pathways with selective

inhibitory peptides and small-interfering RNA (siRNA),

we have demonstrated the direct involvement of TAK-1-

mediated MAPK pathways, but not NF-jB, in upregulation

of RNase-7 expression by IL-1b.

Materials and methods

Reagents and antibodies

Recombinant human IL-1b, NF-jB inhibitors, SC-514 and

NAI (NF-jB activation inhibitor) and MAPK inhibitors,

SB203580, PD98059 and SP600125 were purchased

from Calbiochem. Polyclonal rabbit anti-human RNase-7

was purchased from Atlas Antibodies. Monoclonal rabbit

anti-human antibodies against TAK-1, p38, JNK, ERK,

NF-jB/p65, IjB-a, c-Jun and ATF2 were obtained from

Cell Signalling Technologies. The polyclonal rabbit anti-

human b-actin antibody (Ab) was purchased from Serotec.

SV40-transformed human corneal epithelial cell lines

(hCECs)

Cells were maintained in Epilife medium (Cascade

Biologics) supplemented with human keratinocyte growth

supplement (HKGS) and gentamicin/amphotericin B solu-

tion (Cascade Biologics). Cells (1 9 105 cells/well) were

cultured in six-well plates and incubated in humidified

conditions (5% CO2) at 37�C until optimum growth was

achieved. Before treatment cells were starved overnight in

HKGS free media.

Extraction of whole cell, cytoplasmic and nuclear

proteins

Human corneal epithelial cell lines were grown to conflu-

ence and treated with inhibitors at different doses prior to

treatment with IL-1b. The most suitable time point and

concentration not harmful to the cells were deduced.

Whole cell lysates were extracted using mixture of 19

NuPAGE LDS sample buffer (Invitrogen) and 0.5 M

dithiothreitol (DTT; Sigma). The protein content of the

lysates was determined using a 2D Quant kit (Amersham

Biosciences) with bovine-serum albumin as a standard. The

nuclear and cytoplasmic proteins were extracted according

to the manufacturer’s instructions using the Nuclear/Cytosol

Fractionation kit (Bio Vision). The protein extracts were

then quantified and stored at -80�C until analysed.

Western blot protocol

Western blot (WB) was carried out according to the

established technique. The protein lysates were resolved on

NuPAGE 12% Bis-Tris gel (Invitrogen) and were trans-

ferred onto polyvinylidene difluoride (PVDF) membranes

(Millipore). The membranes were blocked for 1 h at room

temperature using Tris-buffered saline, pH 8.0 (Sigma),

0.05% v/v Tween 20 (Promega) and 5% w/v non-fat dried

milk powder followed by incubation with the primary

monoclonal Ab overnight at 4�C to detect total or phos-

phorylated proteins. The blots were then incubated with

alkaline phosphatase-conjugated secondary Ab to detect

the primary Ab and then developed with premixed alkaline

phosphatase chromogen kit (BCIP/NBT; Sigma).

Isolation of total RNA and cDNA synthesis

Total RNA was extracted from cell-culture samples

using the RNeasy Mini kit (Qiagen) according to the
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manufacturer’s instructions. Then 1 lg of RNA from cul-

tured cells was reverse transcribed into cDNA using the

Quantitect Reverse Transcription Kit (Qiagen).

Quantitative real-time PCR (qPCR)

Quantitative real-time PCR analysis was performed to

measure the relative abundance of RNase-7 mRNA. Cus-

tom-made Taqman assays (Applied Biosystems) were used

as indicated in Online Resource 6. qPCR reactions were

run on eight-strip optical tubes (Stratagene) in the

Mx3005p real-time PCR system (Stratagene). The data

obtained from the machine were further analysed to cal-

culate the relative quantity of mRNA.

RNAi silencing

Cells (8 9 104) were seeded onto 12-well plates and grown

overnight. In brief, 1 lM of gene-specific siRNA (Table

SI-1) or 10 lM of negative control siRNA and 2 ll of

INTERFERin transfection reagent (Polyplus) were pre-

mixed in 200 ll Opti-MEM-1 (Invitrogen) by gentle

vortexing and then incubated for 10 min at room temper-

ature. During complex formation, growth medium was

removed from the cells and replaced by 800 ll of Opti-

MEM-1 per well; then the premix complex was overlaid

drop-wise with gentle rocking. The final siRNA concen-

tration was 1 nM for gene-specific siRNA or 10 nM for

negative control siRNA in 1 ml of Opti-MEM-1. The

plates were incubated for 24 h in humidified condi-

tions. siRNAs used in this study are detailed in Online

Resource 7.

RNAi Knockdown efficiency

Following hCEC (4 9 104; 24-well plate) treatment with

various concentrations of gene-specific Silencer select

siRNA (Online Resource 6) or 10 lM of negative control

siRNA in the presence of 1 ll of INTERFERin transfection

reagent, total RNA extraction and reverse transcription

were performed. Quantitative PCR analysis was carried out

on the Mx3005p (Stratagene) and using gene-specific

Taqman assays against indicated target molecules (Online

Resource 7). Data were normalised with the level of 18 s

rRNA expression in each sample. Knockdown efficiency

was measured using qPCR (Online Resource 2).

Negative control siRNA transfection efficiency

To evaluate the transfection efficiency of siRNA into

hCECs, we used FAM-labelled Negative Control siRNA

(Ambion). Cells (2 9 104) seeded onto four-well chamber

slide (Lab-tek) overnight before treatment with fluorescently

labeled siRNA for 24 h in the presence of INTERFERinTM

transfection reagent (Polyplus). This was followed by fixing

with 4% paraformaldehyde and then permeabilisation

with 0.5% Triton-X. The counterstaining was performed

with 40,6-diamidino-2-phenylindole (DAPI), and cells were

examined using a Nikon Alphaphot-2 fluorescent micro-

scope (Nikon). Transfection efficiency was measured using

the IF technique (Online Resource 3).

Immunofluorescence staining

Immunostaining was performed for detection of RNase-7

protein at the ocular surface and in cultured corneal epi-

thelium using established techniques. Briefly, the ocular

tissue was collected from the human cadaver eyes after

obtaining local ethics committee approval and prior con-

sent from the donors’ relatives, via the UK eye banking

system. The cadaver ocular tissue was processed within

48 h of death under aseptic conditions. A 15-mm trephine

was used to dissect the corneoscleral button maintaining a

3-mm frill of conjunctiva around the limbus. The button

was divided into eight segments and then snap frozen with

OCT (optimum cutting temperature) compound (Tissue

Tek). The ocular tissue (7-lm-thick sections) was fixed in

acetone. Alternatively, cells (2 9 104) seeded onto four-

chamber slides (Lab-Tek) were fixed with 4% parafor-

maldehyde and then permeabilised with 0.5% Triton-X.

Samples were then blocked with normal goat serum (1:10)

for 30 min followed by incubation with primary Ab against

RNase-7 (dilution, 1:100; rabbit; Atlas Antibodies) over-

night at 4�C. Samples were washed and incubated with

secondary Ab Alexa Fluor 555 (anti-rabbit; Invitrogen) for

1 h. The counterstaining was performed with 40, 6-diami-

dino-2-phenylindole (DAPI) and examination performed

using a Nikon Alphaphot-2 fluorescent microscope

(Nikon). Refer to the Electronic Supplemental Material

(ESM), Online Resource 3, for staining of positive control

human tonsil tissue and negative control siRNA-treated

hCECs.

Measurement of cytokine production

Cells were treated with different concentrations of

inhibitors prior to stimulation with IL-1b. The culture

supernatants were collected, and the concentration of key

cytokines in a single analyte was measured using a

Becton-Dickinson (BD) Cytometric Bead Array kit (BD

Biosciences) according to the manufacturer’s instructions.

Briefly, the standard curves were generated from the

serially diluted standards provided in the kit. The test

samples were prepared by mixing 50 ll each of capture

beads mix (PE-conjugated anti-human), test analyte and

PE detection reagent and then incubated for 3 h at RT.
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Following incubation, the samples were washed, pelleted

and then reconstituted in 300 ll of wash buffer before

analysis on the BD-LSR II flow cytometer system (BD

Biosciences).

Statistical analysis

The qPCR data were statistically analysed using SPSS

16.0v software (IBM). The statistical significance was set

at p B 0.05. Student’s t-test was used for statistical analysis

of IL-1b-induced RNase-7 expression in hCEC before or

after treatment with various inhibitors or gene-specific

siRNAs.

Results

RNase-7 expression in human OS epithelial cells

To examine the localisation of RNase-7 at the OS, we

performed immunofluorescence analysis of intact cornea,

limbus and conjunctival tissue. Constitutive expression of

RNase-7 was demonstrated in all regions of the OS epi-

thelium (Fig. 1a). The superficial layers of the corneal

epithelium and all the layers of the limbus showed high

expression of RNase-7 protein. Intriguingly, the conjunc-

tiva demonstrated variable expression of RNase-7, being

concentrated in some areas and absent in others. Human

Fig. 1 In-vitro expression of

RNase-7 in human ocular

surface. a Localisation of

RNase-7 protein at OS. The

upper panel displays merged

images of both RNase-7 (red)

and nuclei (DAPI blue) staining.

Negative control staining

showed no immunoreactive

staining. Scale bar: 100 lM.

b–d Effect of IL-1b on RNase-7

expression. b Cells were

incubated with IL-1b for

indicated time points, and qPCR

analysis was performed. c Cells

were treated with different

concentrations of IL-1b for 3 h.

RNase-7 mRNA levels were

analysed by qPCR. Data

represent means ± SEM of

triplicate samples repeated three

times. p \ 0.05. d Cells were

incubated for indicated times

with (?) or without (-) IL-1b
and were then stained for

RNase-7. Scale bar: 100 lM.

All data are representative of

three independent experiments
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tonsil, which was used as positive control, also demon-

strated the presence of RNase-7 protein (see ESM; Online

Resource 1).

IL-1b modulates RNase-7 expression

Pro-inflammatory cytokine-mediated RNase-7 induction

has been previously reported in keratinocytes [6]. To

determine whether IL-1b has any effect on low basal reg-

ulation of RNase-7 mRNA, the hCECs were treated with

IL-1b (10 ng/ml) for various durations (1, 3, 6, 9 and 24 h).

A modest increase of RNase-7 transcript levels was

observed within 1 h with maximum levels detected at 3 h

(Fig. 1b). The initial increase was followed by a time-

dependent decrease in transcript levels with minimal

expression detected at 24 h. We next investigated the effect

of different concentrations of IL-1b on RNase-7 mRNA

expression. Incubation of hCECs for 3 h with IL-1b (0.01,

0.1, 1, 10 and 100 ng/ml) resulted in a dose-dependent

increase in RNase-7 mRNA with a maximum level detec-

ted at a concentration of 10 ng/ml of IL-1b (Fig. 1c). This

was followed by a rapid decline in RNase-7 mRNA

expression at higher concentration (100 ng/ml).

Furthermore, to examine the effect of IL-1b on RNase-7

protein expression, immunostaining was performed.

Treatment with IL-1b (10 ng/ml) for different durations

showed maximal levels of RNase-7 protein after 24 h

(Fig. 1d). These results indicate a rapid response role of

RNase-7 as part of the immediate host response to

inflammation or infection.

TAK-1 plays a central role in modulation of RNase-7

expression

In response to different stimuli, TAK-1 is involved in the

activation of the immune responses. However, there are no

reports available on TAK-1 involvement in OS host

defence. To investigate the role of TAK-1 in the IL-1b
pathway, hCECs were treated with IL-1b (10 ng/ml) for

different durations (5, 15, 30, 60 and 120 min). Western

blotting was performed using monoclonal antibody (mAb)

against both phosphorylated and unphosphorylated forms

of TAK-1. As shown in Fig. 2a, increased phosphorylation

of TAK-1 was noted at 15 min with less or no phosphor-

ylation detected after 60 min.

To elucidate the role of TAK-1 in activation of both

NF-jB and MAPK pathways in response to IL-1b, cells were

incubated with pre-optimised TAK-1 siRNA (see ESM;

Online Resource 2A; 1 nM) and negative control siRNA

(10 nM) for 24 h prior to IL-1b treatment (10 ng/ml;

30 min). As shown in Fig. 2b, silencing of TAK-1 in hCECs

resulted in reduced phosphorylation of IjB-a, ERK1/2, JNK

and p38 compared to negative control, suggesting a direct

role of TAK-1. We next examined the role of TAK-1 in

RNase-7 induction. Silencing of TAK-1 (1 nM; 24 h) prior

to IL-1b treatment (10 ng/ml; 3 h) significantly reduced the

RNase-7 mRNA expression (p \ 0.001) in hCECs (Fig. 2c).

Similarly, as shown in Fig. 2d, RNase-7 protein was also

attenuated in TAK-1 siRNA-treated hCECs compared to

negative control. These results indicate the central role of

TAK-1 in IL-1b-induced RNase-7 expression.

Fig. 2 Transforming growth factor b-activated kinase-1 plays a

central role in modulation of RNase-7 expression. a Rapid induction

of TAK-1 by IL-1b. Cells treated with IL-1b for indicated time points

and then cell lysates were prepared and analysed by WB. b TAK-1-

dependent regulation of NF-jB and MAPKs in response to IL-1b.

Cells transfected without (-) or with (?) TAK-1 siRNA or negative

control siRNA were incubated with IL-1b and were then analysed

with indicated Abs. c, d Knockdown of TAK-1 suppresses IL-1b
induced RNase-7 expression. c Role of IL-1b/TAK-1 axis in RNase-7

mRNA expression. Following transfection without or with indicated

siRNA, hCECs were incubated in the presence or absence of IL-1b
for 3 h. RNase-7 mRNA was analysed by qPCR and presented as

mean value ± SEM; n = 3. The p value corresponds to the

significance relative to the negative control. d Reduction in IL-1b
induced RNase-7 protein levels in TAK-1 siRNA transfected hCECs.

Cells transfected without or with indicated siRNA prior to incubation

with IL-1b for 24 h were stained with RNase-7 antibody (red middle

panel) and DAPI (blue lower panel). Scale bar 100 lM
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RNase-7 expression is independent of NF-jB signalling

Nuclear factor jB plays an essential role in the expression

of numerous genes, in response to IL-1b [12]. To assess the

effect of IL-1b on NF-jB activation in hCECs, the deg-

radation of IjB-a and subsequent nuclear translocation of

NF-jB were studied. In response to IL-1b, total-IjB-a
degradation in cytoplasmic extracts and concurrent NF-jB

nuclear translocation became apparent at 5 min and

prominent at 15 min (Fig. 3a). Next, we examined the

efficacy of two pharmacological inhibitors of NF-jB, NAI

(NF-jB activation inhibitor) and SC-514 (IKK-2 inhibitor).

Pre-treatment of hCECs with NAI and SC-514 (10 lM

each; 30 min) prior to IL-1b exposure resulted in reduced

phosphorylation of IjB-a in cytoplasm and subsequent

attenuation of NF-jB nuclear translocation (Fig. 3b, c),

suggesting the involvement of NF-jB in the cellular

response to IL-1b.

To elucidate the function of NF-jB in IL-1b induced

RNase-7 levels, hCECs were incubated with different

concentrations of NAI (0.1, 1 and 10 lM) and SC-514

(1, 10 and 100 lM) for 30 min preceding IL-1b treatment

(10 ng/ml) for 3 h. Interestingly, inhibition of NF-jB in

dose-dependent fashion with NAI and SC-514 showed no

effect on RNase-7 mRNA levels in IL-1b-treated hCECs

(Fig. 3d). Similarly, as shown in Fig. 3e, blocking of the

NF-jB pathway with NAI and SC-514 (10 lM; 30 min

each) prior to IL-1b treatment (10 ng/ml; 24 h) has dem-

onstrated no effect on RNase-7 protein expression.

To validate our above experiments, we investigated the

effect of blocking on known targets of the NF-jB pathway:

IjB-a (mRNA), TNF-a (both mRNA and protein), IL-6

(protein) and IL-8 (protein). Inhibition of the NF-jB

pathway with NAI and SC-514, respectively, prior to IL-1b
treatment has shown both reduction in mRNA expression

of IjB-a and TNF-a (see ESM, Online Resource 4) and

protein secretion of IL-6, IL-8 and TNF-a (see ESM,

Online Resource 5), respectively.

In an inactive form, the hetero- or homo-dimer of NF-jB

family subunits (p65/p50 or p50/p50) typically binds to

Fig. 3 RNase-7 expression is independent of NF-jB signalling

pathway in hCECs. a Activation of NF-jB signalling by IL-1b. Cells

were treated with IL-1b for the indicated times. The specified

fractions were analysed using WB. b, c Suppression of IL-1b
activated NF-jB pathway. b NAI and SC-514 reduce IL-1b-induced

IjB-a phosphorylation. Cytosolic extract was prepared and analysed

using WB. c Reduced nuclear translocation of NF-jB/p65 in IL-1b-

treated hCECs after blocking. Nuclear lysates were prepared as

indicated in SI and then analysed using WB. d, e Suppression of

NF-jB does not effect IL-1b induced RNase-7 expression. d NAI and

SC-514 do not reduce RNase-7 mRNA expression in IL-1b-treated

hCECs. Cells pretreated without or with indicated inhibitors at various

concentrations were incubated in the presence or absence of IL-1b.

RNase-7 mRNA levels were measured by qPCR. e IL-1b induced

RNase-7 protein levels are not altered by NF-jB pathway inhibitors. IF

staining of RNase-7 (middle panel) in inhibitor-pretreated hCECs

compared to those treated with IL-1b alone. Scale bar: 100 lM. f, g
Knockdown of NF-jB1/p105 does not alter IL-1b induced RNase-7

levels. f NF-jB1/p105 siRNA does not affect RNase-7 mRNA levels.

Cells transfected without or with indicated siRNA prior to incubation in

the presence or absence of IL-1b were then analysed by qPCR for

RNase-7 mRNA levels. The p value corresponds to the significance

relative to the negative control. g Unchanged RNase-7 protein levels in

NF-jB1/p105 siRNA transfected hCECs. Cells transfected without or

with indicated siRNA prior to incubation with IL-1b were stained for

RNase-7 (middle panel) and DAPI (lower panel). Scale bar 100 lM.

All data represent means ± SEM of three samples repeated three times.

p \ 0.05
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IjB-a or NF-jB1/p105. In response to a variety of stimuli,

these molecules are phosphorylated and degraded, and sub-

sequently lead to release and nuclear translocation of NF-jB

dimers [16]. To examine the role of p50 in IL-1b-mediated

expression of RNase-7, we silenced its precursor molecule,

NF-jB1/p105 (see ESM, Online Resource 2B, 1 nM) in

hCECs prior to treatment with IL-1b (10 ng/ml) for 3 h to

study mRNA and for 24 h to study protein expression of

RNase-7. The treatment with NF-jB1/p105 siRNA reduced

the nuclear translocation and phosphorylation of NF-jB

(data not shown) in response to IL-1b; however, as shown in

Fig. 3f and g, IL-1b induced RNase-7 mRNA and protein

levels, respectively, remained unchanged. These find-

ings indicate that the NF-jB pathway is not involved in

IL-1b-mediated RNase-7 induction in hCECs.

MAPKs are required for RNase-7 regulation

Several stimuli, including IL-1b, induce the activation of

MAPKs in various cell types [13]. To evaluate the effect of

IL-1b on p38, JNK and ERK pathways, hCECs were

stimulated for different durations (5, 15, 30, 60 and

120 min) with IL-1b (10 ng/ml). Western blotting analysis

with monoclonal Abs against each MAPKs showed rapid

phosphorylation at 5 min with maximal activation at

15 min (Fig. 4a). Notably, the phosphorylation of all three

kinases was abrogated after the 60 min. Pre-incubation of

hCECs with SB203580, SP600125 and PD98059 (selective

inhibitors of p38, JNK and ERK respectively) (25 and

50 lM each; 30 min) prior to IL-1b (10 ng/ml; 30 min)

exposure resulted in reduced phosphorylation of p38, JNK

Fig. 4 Mitogen-activated protein kinases are involved in RNase-7

mRNA expression. a Activation of MAPKs. Whole cell extract was

prepared and then analysed using WB. b–d Effect of inhibitors on

IL-1b-induced activation of p38, JNK and ERK. Whole cell extract

was prepared post-treatment without or with indicated concentrations

of SB203580. b SP600125. c PD98059 and d each prior to IL-1b
exposure. Western blotting analysis was performed using indicated

Abs. e, f Role of MAPKs in IL-1b-induced RNase-7 expression.

e Blocking MAPKs reduces IL-1b induced RNase-7 mRNA levels.

Cells are pretreated with inhibitors of p38 (top), JNK (middle) and

ERK (bottom) at indicated concentrations and then were incubated in

absence or presence of IL-1b. RNase-7 mRNA levels were measured

by qPCR. Data are presented as mean ± SEM from three independent

experiments with triplicate samples. p\0.05. f Inhibitors of MAPKs

reduce IL-1b-induced RNase-7 protein levels. Immunofluorescence

staining was performed post-treatment without or with specified

inhibitors at indicated concentration and then were incubated in

absence or presence of IL-1b for 3 h. Scale bar 100 lM. All data are

representative of three independent experiments
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and ERK (Figs. 4b–d). This suggests that IL-1b plays a

role in activation of MAPKs.

We next investigated whether MAPKs have any role in

IL-1b-mediated RNase-7 mRNA regulation. Cells were

treated with various doses of SB203580, SP600125 and

PD98059 (25 and 50 lM each), respectively, for 30 min

before stimulation with IL-1b (10 ng/ml; 3 h). The level of

IL-1b-induced RNase-7 mRNA was inhibited by the

MAPK inhibitors in a dose-dependent fashion with 50 lM

final concentration showing the most significant effect

(Fig. 4e). We also examined the involvement of MAPKs in

RNase-7 protein expression mediated by IL-1b. Pretreat-

ment of hCECs with the above-mentioned MAPK

inhibitors (50 lM each) for 30 min prior to IL-1b (10 ng/

ml; 24 h) challenge resulted in equivalent reduction of

RNase-7 protein levels after blocking all three MAPKs

(Figs. 4f). These results indicate that p38, JNK and ERK

are required for RNase-7 expression in response to IL-1b.

Essential role of both c-Jun and ATF2 in RNase-7

expression

To elucidate the direct effect of IL-1b on these transcrip-

tion factors (TF), we studied the phosphorylation activation

of c-Jun and ATF2 using WB. Treatment of hCECs with

IL-1b (10 ng/mL) for various durations (5, 15, 30, 60 and

120 min) has demonstrated rapid phosphorylation of both

c-Jun and ATF2 at 5 min with maximal activation

observed at 30 min, respectively. Interestingly, time-

dependent reduction in c-Jun phosphorylation was noted

Fig. 5 Essential role of c-Jun and ATF2 in RNase-7 expression.

a IL-1b activates both c-Jun and ATF2. Cell lysate was prepared as

described in SI and analysed using WB. b IL-1b/MAPKs mediate

activation of c-Jun and ATF2. Whole cell extract prepared following

treatment without or with indicated inhibitors each prior to IL-1b
exposure was analysed using WB. c–e Role of c-Jun/ATF2 in RNase-

7 expression. c, d Silencing c-Jun and ATF-2 reduces IL-1b induced

RNase-7 mRNA expression. Following transfection without or with

negative control or c-Jun c or ATF2 siRNAs d hCECs were incubated

in the presence or absence of IL-1b for 3 h. RNase-7 mRNA levels

were analysed by qPCR and presented as mean value ± SEM; n = 3.

The p value was calculated relative to the negative control.

e Reduction in IL-1b induced RNase-7 protein levels after silencing

c-Jun and ATF2. Cells transfected without or with indicated siRNAs

prior to incubation with IL-1b were stained for RNase-7 (Red middle

panel) and DAPI (Blue lower panel). Scale bar 100 lM. All the data

are representative of three independent experiments
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after a surge, whereas ATF2 showed sustained reduction in

phosphorylation after 30 min, suggesting the differential

roles of these two in IL-1b-mediated MAPKs-induced

response.

To investigate the role of MAPKs in IL-1b-mediated

c-Jun and ATF2 activation, we examined the effect of

blocking ERK, JNK and p38 pathways on c-Jun and ATF2.

As shown in Fig. 5b, IL-1b-induced c-JUN phosphoryla-

tion was significantly reduced in hCECs pretreated with

JNK inhibitor and modestly reduced in those treated with

ERK and p38 inhibitors, respectively, suggesting an

essential role of JNK and minimal involvement of

both ERK and p38 in c-Jun-mediated responses, whereas

IL-1b-induced ATF2 activation was rapidly reduced after

blocking p38 and partially reduced following ERK and

JNK inhibitor pretreatment, respectively. This suggests that

p38 plays a key role in IL-1b-ATF2-dependent innate

responses; on the other hand, both ERK and JNK might

play a secondary role.

To examine whether these TF’s have any involvement in

IL-1b-induced RNase-7 expression, we silenced both c-Jun

and ATF2 individually using specific siRNAs at optimised

concentration (see ESM; Online Resource 2C and 2D).

RNAi knockdown of both c-Jun and ATF2 (1 nM; 24 h

each) preceding IL-1b treatment (10 ng/ml; 3 h each)

resulted in significant reduction of RNase-7 mRNA levels

compared to negative control (10 nM; 24 h) treated hCECs

(Fig. 5c and d). In addition, IL-1b-induced RNase-7 pro-

tein levels were also reduced in c-Jun and ATF2 siRNA

pretreated hCECs compared to those treated with negative

control. These results indicate the important role of both

c-Jun and ATF2 in induction of RNase-7 expression by

IL-1b in hCECs.

Discussion

We report the constitutive presence of RNase-7, both

protein and mRNA, in human OS cells and have localised

its expression in the superficial cornea, conjunctiva and

limbus. We also report several novel aspects of its

expression, such as its rapid response and its signalling

pathways (Fig. 6). This complements our previous studies

[1, 2, 17, 18] and those of others [19, 20] in relation to

defensin and cathelicidin families at the OS.

Human ocular epithelial cells respond to insult by pro-

ducing cytokines such as IL-1b, which regulates the

secretion of host defence peptides, growth factors and

matrix metalloproteinases (MMPs) [15, 21, 22]. We have

noted that IL-1b has a rapid but transient effect in RNase-7

induction in hCECs, suggesting a role in the immediate

response of the ocular epithelium to inflammatory stimuli

following infection or injury. Unlike other surfaces, AMP

participates in ocular host defence in cohort with a multi-

tude of host defence molecules including lactoferrin,

lysozyme and complement system. In addition, several

studies have demonstrated the debilitating effect of

upregulated host molecules on the corneal transparency

and consequent sight-threatening problems such as glau-

coma and cataract [23]. Therefore, it is expected that

upregulation of RNase-7 at the OS, like other molecules,

would be limited but sufficient to achieve the desired

effect. This may be the reason why we were able to see

only a 1.5-fold increase in mRNA following stimulation

with IL-1b. Binding of IL-1b to its receptor IL-1R initiates

a cascade of events including activation of both NF-jB and

MAPK pathways [24, 25]. Further downstream, activation

of these pathways induces the expression of cytokines or

HBD-2 in various epithelia including OS [20]. As NF-jB

and MAPK pathways are involved in expression of

numerous genes of the innate immune system, we studied

their role in IL-1b-induced RNase-7 expression.

Transforming growth factor b activated kinase-1 is

activated by a variety of stimuli via the innate immune

signalling pathways. However, its role at the OS has not

been studied. Our results demonstrated that IL-1b induces

activation of TAK-1 rapidly, but its effect fades away

60 min post-stimulation, suggesting a major role of TAK-1

at the OS. Knockdown of TAK-1 negatively affected the

IL-1b-induced activation of IjB-a, JNK, ERK and p38. Yu

et al. [26] have demonstrated similar effects of TAK-1-

deficient murine fibroblasts on IL-1b-mediated NF-jB and

MAPKs activation as well as IL-6 gene expression. Inter-

estingly, there are no reports available that demonstrate the

role of TAK-1 in IL-1b-induced AMP gene expression at

any bodily surface. However, the only study that demon-

strates the role of TAK-1 in HBD2 expression was in

response to IL17A in human airway epithelial cells [27]. In

this study, we demonstrated that RNAi silencing of TAK-1

resulted in significant reduction of the IL-1b-induced

RNase-7 transcript and protein. Therefore, we propose that

TAK-1 could play a central role in RNase-7 expression

during inflammation.

Several reports have demonstrated the efficacy of

SC-514 [28] and NAI [29] in deactivation of NF-jB-

dependent gene expression. NAI has been shown to

potently inhibit NF-jB activation and TNF-a production in

vitro as well as in vivo [29]. Similarly, SC-514 was

reported to strongly inhibit IL-1b-mediated IL-8 and p53

mRNA expression in the HepG2 cell line [28]. In this

study, we have demonstrated that these two inhibitors were

able to block the NF-jB pathway as well as effectively

inhibit the mRNA expression of IjB-a and TNF-a. How-

ever, blocking the NF-jB pathway individually or in

combination failed to inhibit IL-1b-induced RNase-7

mRNA and protein expression. Our work was robustly
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validated using blocking and siRNA experiments. There-

fore, we can conclude that IL-1b-induced RNase-7

expression in hCECs is not dependent on NF-jB signal-

ling. A similar dichotomy between the NF-jB and MAPK

pathways to HBD-2 gene expression has been reported. In

human gingival epithelial cells incubated with F. nuclea-

tum [30], HBD2 expression is mediated via MAPKs, not

NF-jB. Interestingly, S. enteritidis [31] or H. pylori [32]

induced HBD2 expression is mediated via NF-jB, not AP-

1. However, C. albicans [33] or P. aeruginosa [34] induces

HBD-2 via both NF-jB and AP-1. Thus, it can be inferred

that the transcriptional regulation of AMPs is dependent on

the pathogen as well as the affected mucosal surface.

The unexpected redundancy of NF-jB prompted us to

define the role of other IL-1b-mediated MAPK pathways in

induction of RNase-7 at the OS. Kinetics of both MAPK

activation and blocking studies demonstrated their role in

IL-1b signalling. Interestingly, the effect of IL-1b on

RNase-7 mRNA and protein induction was significantly

reduced after blocking p38, JNK and ERK in a dose-

dependent manner. Based on the present evidence we

suggest that IL-1b requires p38, JNK and ERK signalling

to induce RNase-7 expression, unlike HBD2 [15].

Several reports have described the involvement of

MAPK-AP1/cJun or/ATF2 axes in the induction of innate

responses at mucosal surfaces. Steubesand et al. [33]

demonstrated the role of c-Jun in Candida albicans-

induced HBD-2 and -3 induction in human esophageal

epithelium. Bauer et al. [35] demonstrated that both c-Jun

and ATF-2 control the TNF-a regulation in human hepa-

toma cells by IL-1b. Our RNAi studies on the effect of

c-Jun and ATF2 allow us to postulate that c-Jun and ATF2

are potential mediators of RNase-7 expression in hCECs.

The strength of this study is in the demonstration of the

effects at both protein and mRNA levels and the high

correlation of these with other target molecules in the

Fig. 6 Schematic diagram

representing the signalling

mechanism required for

induction of RNase-7 by IL-1b
in hCECs. Binding of IL-1b to

membrane receptor IL-1R

activates a cascade of signalling

events including activation of

TAK-1, NF-jB, p38, JNK and

ERK. Further downstream,

activation and nuclear

translocation of transcription

factors takes place, eventually

leading to transcription of

RNase-7. The results obtained

in this study using siRNA or

pharmacological inhibitors

indicate that IL-1b induced

RNase-7 expression is mediated

via TAK-1-dependent MAPKs,

but not NF-jB pathways
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different experiments. We have also demonstrated in this

study that blocking NF-jB, p38, JNK and ERK pathways

with selective inhibitors resulted in reduced secretion of

IL-6, IL-8 and TNF-a in response to IL-1b. In conclusion,

the TAK-1-dependent MAPKs pathway could be

exploited as a potential therapeutic modality for induction

of RNase-7.
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