
Lumican Binds ALK5 to Promote Epithelium Wound
Healing
Osamu Yamanaka1., Yong Yuan1., Vivien Jane Coulson-Thomas1., Tarsis Ferreira Gesteira2,

Mindy K. Call1, Yujin Zhang1, Jianhua Zhang1, Shao-Hsuan Chang1, Changchun Xie3, Chia-Yang Liu1,

Shizuya Saika4, James V. Jester5, Winston W-Y Kao1*

1 Deparment of Ophthalmology, University of Cincinnati, Cincinnati, Ohio, United States of America, 2 Division of Developmental Biology, Cincinnati Children’s Hospital

Research Foundation, Cincinnati, Ohio, United States of America, 3 Department of Environmental Health, University of Cincinnati, Cincinnati, Ohio, United States of

America, 4 Department of Ophthalmology, Wakayama Medical College, 811-1 Kimiidera, Wakayama, Japan, 5 Gavin Herbert Eye Institute, Ophthalmology, University of

California Irvine, Irvine, California, United States of America

Abstract

Lumican (Lum), a small leucine-rich proteoglycan (SLRP) family member, has multiple matricellular functions both as an
extracellular matrix component and as a matrikine regulating cell proliferation, gene expression and wound healing. To
date, no cell surface receptor has been identified to mediate the matrikine functions of Lum. This study aimed to identify a
perspective receptor that mediates Lum effects on promoting wound healing. Transforming growth factor-b receptor 1
(ALK5) was identified as a potential Lum-interacting protein through in silico molecular docking and molecular dynamics.
This finding was verified by biochemical pull-down assays. Moreover, the Lum function on wound healing was abrogated by
an ALK5-specific chemical inhibitor as well as by ALK5 shRNAi. Finally, we demonstrated that eukaryote-specific post-
translational modifications are not required for the wound healing activity of Lum, as recombinant GST-Lum fusion proteins
purified from E. coli and a chemically synthesized LumC13 peptide (the last C-terminal 13 amino acids of Lum) have similar
effects on wound healing in vitro and in vivo.
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Introduction

Lumican (Lum) belongs to the small leucine rich proteoglycan

(SLRP) family. Like most small leucine rich proteoglycans, the

core protein of Lum has a molecular weight of ,40 kDa and is

composed of four major domains: (1) a signal peptide of 16

residues; (2) a negatively charged N-terminal domain containing

sulfated tyrosine and four conserved cysteine residues forming

intra-chain disulfide bond(s); (3) a tandem leucine-rich repeat

region (LXXLXLXXNXLSXL)10, which mediates binding to

other extracellular components, e.g., collagen and (4) a C-terminal

domain of 53 amino acids containing two conserved cysteine

residues 32 amino acid residues apart. Lum is ubiquitously

expressed by most cells of connective tissue, if not all. In most

connective tissues, it exists as a non-sulfated glycoprotein, except in

the corneal stroma where it is one of the major keratan sulfate

proteoglycans besides keratocan (Kera) and mimecan [1,2].

Healing corneal epithelium also express Lum after epithelial

debridement [3].

Many SLRP members, e.g., decorin (Dcn) and biglycan (Bgn),

possess multiple matricellular functions serving as components of

the extracellular matrix (ECM) as well as matrikines in physiolog-

ical and pathophysiological conditions [2,4–9]. For example, Dcn

regulates collagen fibrillogenesis by bridging type I & II collagen

fibrils to other regulatory collagens [10–13] and binds extracellular

molecules [14,15] as well as growth factors, e.g., TGFb, TGFa,

VEGF [16–18]. Dcn also binds to both EGFR [19–21] and

insulin-like growth factor receptor regulating tumorigenesis, cell

proliferation and apoptosis [22]. Bgn has also been shown to be a

matrikine via binding growth factors such as TGFa [23] and

TGFb [4,24], as well as modulating Toll like receptor 4 (TLR4)

signaling [25], Chordin/BMP [26,27] and Rho/Rac1 [8].

Lum also has multiple matricellular functions. As a constituent

of the ECM, Lum serves as a regulator of collagen fibrillogenesis

for the formation and maintenance of transparent corneas and the

integrity of many other connective tissues, e.g., sclera, skin [28–31]

and as a chemokine gradient maker by sequestering CXCL1

during corneal inflammation [32–35]. As a matrikine Lum also

promotes corneal epithelial wound healing [3], modulates

epithelium-mesenchyme transition during the healing of an

injured lens and regulates the gene expression profile of stromal

keratocytes [32,36–38]. Chakravarti and her co-workers have

suggested that Lum may interact with TLR4 to mediate its

functions in inflammation [39–41]. However, the cellular and

molecular mechanism of Lum in promoting wound healing, gene

expression and modulating inflammation via TLR4 remains

largely unknown. It has been hypothesized that there is a cell

surface receptor for Lum which mediates some of its matrikine
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functions other than mediating the aforementioned innate

immunity via TLR4 [2]. Funderburgh and co-workers have

suggested a cell surface receptor on macrophages, which

specifically binds un-sulfated Lum core protein, but not the KS-

Lum (keratan-sulfate-lumican) [42]. Nevertheless, the nature of

such receptor(s) is not known.

In this study, we found recombinant Lum purified from E. coli

promoted the wound healing of scratched human telomerase

immortalized corneal epithelial (HTCE) cells accompanied by

sustained activation of pERK1/2 and lifted the cell cycle

suppression at the wound edge. Molecular dynamics studies

revealed that ALK5 binds Lum via the interaction of the C-

terminal 50 amino acids of Lum (LumC50). This finding was

verified by pull-down assays. The effect of Lum on HTCE wound

healing was abrogated by both an ALK5-specific chemical

inhibitor (SB431542) and by ALK5-shRNAi. We also found that

peptides from the C-terminal domain of Lum can promote wound

healing both in vitro and in vivo, making them promising therapeutic

reagents for epithelium wound healing.

Results

Recombinant Lum promoted healing of scratched HTCE
cells

In order to study the underlying mechanisms of how Lum

promotes wound healing, we have to develop an assay in which

the signal pathways can be easily manipulated for loss-of-function

studies. The assay should be able to recapitulate most of the

functions of Lum, such as promoting cell proliferation and

migration, observed in ex vivo organ culture and in vivo. We

previously reported that Lum purified from amniotic membrane

promotes wound healing following corneal epithelium debride-

ment [38], but it is not clear if glycosylation is required for its

activity. We have prepared recombinant GST-Lum fusion

proteins (GST-Lum and GST-LumC50 containing the C-terminal

50 amino acids of Lum) from E. coli, which lacks the eukaryote-

specific post-translational modifications, including glycosylation.

As shown in Fig. 1A-D, both Coomassie Brilliant Blue staining and

Lum-specific Western blotting revealed that purified GST-Lum

presented as a single band at the predicted molecular weight of

73 kDa and 30 kDa for GST-Lum and GST-LumC50, respec-

tively. A band with a molecular weight of 25 kDa representing

GST was also co-purified by the glutathione column. Next, we

tested if recombinant Lum purified from E. coli could still promote

wound healing. First, different doses of GST-Lum were used in a

wound healing assay of scratched HTCE cells. It was found that

10 mg/ml (150 nM) GST-Lum can significantly promote healing

of scratched HTCE cells, while 1 mg/ml had little effect on wound

healing and 100 mg/ml had adverse effects on HTCE cells. A

similar dosage was reported in wound healing activity of Lum

purified from amniotic membrane [38]. Thereafter, 150 nM of

GST-Lum and equimolar concentration of Lum derivatives were

used in subsequent experiments. Fig. 1E represents time-lapse

images of the healing HTCE cells under different conditions.

These images were used to draw the healing plot (Fig. 1F), which

demonstrated that the recombinant GST-Lum fusion protein

promoted wound healing with biphasic kinetics similar to that seen

in cells treated with complete medium (CM) containing pituitary

gland extracts and TGFa, whereas those treated with basic

medium (BM) only supplemented with glutamine and GST

followed monophasic kinetics (Table 1).

Lum and Kera are sister core proteins of the SLRP family

found in the corneal stroma. Our previous studies of Lum2/2 and

Kera2/2 null mice demonstrated that Lum modulates the

expression of Kera, but not vice versa [32]. Analysis of amino

acid sequence alignment indicates that the major sequence

diversity is located within the C-terminal domains of the two core

proteins, implicating that the LumC terminal domain may

account for the wound healing effects of Lum. To examine this

possibility, a GST-LumC50 fusion protein containing the last 50

amino acids of Lum was tested for its effects on the healing of

scratched HTCE cells. As shown in Fig. 1F, GST-LumC50 does

indeed promote wound healing similar to that of full length

recombinant Lum.

The biphasic healing rate constants were summarized in

Table 1. Our previous studies have demonstrated that during

wound healing there is a suppression of cell proliferation in

migrating epithelial cells [43,44]. We hypothesized that the

biphasic healing kinetics of HTCE cells in complete medium

and in the presence of Lum may result from the promoted cell

migration at the early phase of healing while the accelerated

second phase of healing may be derived from the combined effects

of cell proliferation and migration.

Recombinant Lum promoted cell migration at the
wound edge

Lum promoted cell adhesion and locomotion is required for

PMN extravasation during inflammation and corneal wound

healing [33,45]. Lum has also been shown to promote epithelial

cell adhesion and migration [46]. Additionally, Lum has a role on

tumor cell migration, through cytoskeletal rearrangement [47–49].

Therefore, attempts were made to find out if Lum may also have a

role in epithelial cell migration during the healing of scratched

HTCE cells in vitro. As shown in Fig. 2, six hours after a scratch

wound there was an increase of adhesion complexes found in the

presence of Lum and CM as determined by immunofluorescence

staining of phospho-paxillin and FAK. In contrast, BM and

administration of GST failed to promote the formation of such

adhesion complexes. The role of lumican and C-terminal peptides

of Lum on epithelium migration of debrided cornea is to be

further examined in vivo using Lum2/2 mice as described below.

Recombinant Lum promoted wound healing was
accompanied by sustained activation of pERK1/2 and
lifted suppression of cell proliferation at the wound edge

Previous reports indicate that overexpression of Lum in HTCE

cells or pancreatic carcinoma activates Erk [46,50]. Therefore, we

attempted to examine if recombinant Lum could also stimulate the

activation of ERK via phosphorylation during the healing of

scratched HTCE cells. As shown in Fig. 3A, fifteen minutes after

wounding, immunofluorescence staining showed that activation of

pERK1/2 signal was observed in all treatments. The signal for

pERK1/2 activation decreased 2–6 h after wounding in HTCE

cells treated with BM and GST. In contrast activation of pERK1/

2 was sustained for 6 hours in cells cultured in the presence of

GST-Lum and CM. Statistical analyses are presented in Fig. 3B.

Western blot analysis was performed to verify the observation. As

shown in Fig. 3C, the sustained levels of pERK1/2 was seen in the

presence of CM or GST-Lum for up to 6 hours, whereas the level

of pERK1/2 initially increased at 15 min and then decreased 2–

6 h after healing in cells treated with BM or GST.

Lum purified from amniotic membrane is known to enhance

cell proliferation accounting for the accelerated wound healing of

corneal epithelium debridement in vivo and ex vivo [38]. Herein, we

examined if recombinant Lum from E. coli also has that activity. A

scratch wound assay was performed and expression of Ki67, a

marker for cells in all phases of the active cell cycle, was

Lumican/ALK5 Promotes Wound Healing
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determined. As expected, administration of GST-Lum and CM

resulted in more Ki67 positive cells seen at the wound edge; in

contrast BM or GST treatment contained few Ki67 positive cells

(Fig. 4A and 4B). To determine if treatment of Lum does indeed

result in enhanced cell proliferation, HTCE cells were subjected to

a scratch wound in various culture conditions as described above.

At different time intervals, the scratched HTCE cells were pulse

labeled with EdU (5-ethynyl-29-deoxyuridine) for 2 h prior to

fixation with 4% paraformaldehyde as described in Methods. The

number of EdU positive cells at the wound edge (100 mm from

wound edge) were counted with an inverted microscope (ZEISS

Axio Observer Z1 Apo Tome). As shown in Fig. 4C and 4D, in the

presence of CM and GST-LumC50 recombinant protein the

number of EdU positive cells increased in scratched HTCE cells

12 and 18 h after wounding. In contrast in the presence of BM

and GST, a slight increase in the number of EdU positive cells was

only seen at 18 h. These observations substantiate the hypothesis

that the accelerated second phase of healing in scratched HTCE

cells is a combined effect of cell migration and proliferation in the

presence of CM and LumC.

ALK5 is a Lum-binding protein
Results from our previous studies suggest that there is a cell

surface receptor which mediates the matrikine functions of Lum

[2]. Conventional affinity purification with cell extracts prepared

from cultured cells incubated with immobilized Lum column failed

to identify the perspective Lum receptor (our unpublished data).

We and others have reported the role of Lum modulating TGFb
signaling, such as epithelial-to-mesenchymal transitions and Smad

phosphorylation [37,51]. We, therefore, performed molecular

docking followed by 20 ns dynamic simulation in search of

potential binding partners of Lum in the TGFb pathway, such as

TGFbs and TGFBR1 (ALK5). Fig. 5A and 5B show a model of

the binding of Lum and Kera to ALK5 as predicted by molecular

Figure 1. Purification of recombinant Lumican and the healing of scratched HTCE cells. Purification of GST-Lum and GST-LumC50

recombinant proteins Purification of recombinant GST-Lum and GST-LumC50 was monitored by Coomassie Brilliant Blue (CBB) staining and western
blot anlaysis. (A) CBB staining revealed two major bands eluted with glutathione. The upper band with a Mr. ,70 kDa was GST-Lum and the lower
band with a Mr. ,25 kDa was GST. (B) Immunostaining with an anti-LumN oilgopeptide antibody (CDDLKLKSVPMVPPGIK) only labeled the 70 kDa
band (GST-Lum fusion protein) while the lower band did not react to the antibody and is likely related to GST. (C) CBB stained two bands at 30 and
25 kDa from E.coli transfected with GST-LumC50 plasmid. (D) Immunostaining with an anti-LumC peptide antibody (NPLTQSSLPPDMYEC) labeled the
30 kDa GST-LumC50 fusion protein. Effect of recombinant GST-Lum and GST-LumC50 on healing of scratched HTCE cells Confluent HTCE cells were
wounded in CM (complete medium), BM (basic medium), BM + GST (glutathione S-transferase recombinant protein), BM+recombinant GST-Lum
(0.15 mM) and GSTLumC50. The wound gap was determined by time-lapse microscopy. (E) Representative time-lapse images of the healing of
scratched HTCE cells; (F) The healing followed biphasic kinetics in cells treated with BM+GST-Lum and CM, whereas those of BM and BM+GST
followed monophasic kinetics. R2 values were as follows: BM 0.957; CM 0.994; GST 0.985; LumC50 0.985; Lum 0.995. The rate constants are summarized
in Table 1.
doi:10.1371/journal.pone.0082730.g001

Lumican/ALK5 Promotes Wound Healing
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docking, suggesting that the C-terminus of Lum interacts with the

GS-domain of ALK5 (DG = 2100 kJ/mol), whereas the LRR

domain of Kera weakly interacts with the extracellular domain of

ALK5 (DG = 30.39 kJ/mol). It is of interest to note that the

molecular dynamic data predicts a strong interaction between

LumC50 and the GS domain of ALK5 with a DG of 21086 kJ/

mol. This observation suggests that the C-terminus of Lum may

mediate the binding to ALK5. The outcome of in silico analysis is

consistent with the finding that GST-LumC50 promoted healing of

scratched HTCE cells as shown in Fig. 1E and 1F, and Table 1.

The data of molecular dynamics also indicate that Lum does not

significantly bind to TGFb1, 2 and 3 with DG of 82, 31 and 44 kj/

mol, respectively. This observation also suggested that the Lum

and LumC50 effects on HTCE wound healing was not due to the

sequestration of TGFbs by Lum and LumC50.

The interaction between Lum and ALK5 was then biochem-

ically verified through a series of reciprocal pull-down experi-

ments. First, we employed a direct GST pull-down assay.

HEK293 cells transfected with ALK5-Flag plasmid were incubat-

ed with GST-Lum at 4uC for 1 h and then treated with a

reversible cross-linker Dithiobis Succinimidyl Propionate (DSP) to

stabilize the potential protein complex of GST-Lum/ALK5-Flag

or GST/ALK5-Flag. DSP has dual amine reactive groups

covalently bonded by disulfide. Thus, it cross-links two closely

interacting proteins through covalent bonds of the free amine of

lysine residues in the proteins. DSP was used in all pull down

experiments. The complex was subsequently isolated by a

glutathione column and subjected to Western blotting in the

presence of a reducing agent as described in the Methods. As

shown in Fig. 5C, ALK5-Flag was co-eluted with GST-Lum, but

not GST, suggesting a direct interaction between Lum and ALK5.

GST-Lum was used to obtain enough recombinant Lum from E.

coli for biological studies. To verify Lum/ALK5 interaction in

HEK293 cells, a smaller epitope peptide (c-myc) was used to tag

the Lum and its derivatives. Next, we investigated the ALK5-

binding ability of different Lum domains. In this experiment,

HEK293 cells were co-transfected with ALK5-Flag plasmid and c-

myc tagged full length Lum (pSecTag-c-myc-Lum), N-terminal

Lum (LumN) or C-terminal-Lum (LumC50) plasmids. The cell

lysates were immunoprecipitated with anti-myc antibodies and

subjected to Western blot with anti-Flag and anti-myc. ALK5-Flag

was co-precipitated with LumC50-c-myc and Lum-c-myc, but not

LumN-c-myc (Fig. 5E). As molecular docking predicted the C-

terminus of Lum interacted with ALK5, we next used Flag

immunoprecipitation to see if GST-LumC50 could be co-

immunoprecipitated with ALK5-Flag. HEK293 cells were trans-

fected with ALK5-Flag plasmid DNA. The cell lysate was

incubated with GST-LumC50 and subjected to IP with an anti-

Flag antibody immobilized bead. Fig. 5D shows that GST-

LumC50, but not GST, is co-precipitated with ALK5-Flag.

Caution should be taken when interpreting data from pull down

experiments using cross-linking agents, because these agents have

a tendency to increase non-specific interactions between proteins.

The key to resolving this issue is to set up proper controls. In our

experiments GST or c-myc-tagged LumN served as the control.

Our data clearly show that ALK5 does not bind to GST or LumN,

which supports our argument that the interaction between ALK5

and Lum is not an artifact caused by the cross-linker DSP.

Together these data provide direct physical evidence showing that

Lum does indeed bind to ALK5.

Table 1. Effect of Lum, LumC50 and LumC-peptides on
wound healing of HTCE cells.

Culture condition Rate constant 1 D%/h Rate constant 2 D%/h

Basic medium (9) 3.3760.71 N.A.

Complete medium (8) 6.1260.85(P,0.01)a 16.8661.71

GST (9) 3.3960.68(P = 0.95)a N.A.

GST-Lum (7) 5.3761.17(P,0.01)a 14.8361.61

GST-LumC50 (8) 5.3561.21(P,0.01)a

(P = 0.97)b
14.0461.34(P = 0.98)c

LumC33DC20 (3) 3.4560.33(P = 0.87)a

(P,0.05)b
N.A.

LumC18DC5 (3) 3.6260.42(P = 0.59)a

(P,0.05)b
N.A.

LumC13 (5) 4.6260.68(P,0.01)a

(P = 0.23)b
13.562.13(P = 0.28)c

LumC13C-A (5) 5.160.85 (P,0.01)a

(P = 0.67)b
13.9562.38(P = 0.59)c

Statistical analysis using one way ANOVA: a compared to BM; b,c compared to
GST-Lum. Numbers in parenthesis represent the number of experiments
performed. P value ,0.05 is considered significant. NA – not applicable.
doi:10.1371/journal.pone.0082730.t001

Figure 2. Lum promotes formation of adhesion complexes in vitro. Confluent HTCE cells were wounded and treated in various conditions for
6 h as described in Fig. 1. 2-D images of wounded HTCE cells (A–E) and 3-D images (A’-E’) showing expression/staining of F-actin, FAK and p-paxillin.
In the presence of CM and GST-Lum, there is an increase in the number of adhesion complexes formed (yellow dots) when compared to treatment
with BM and GST, consistent with promoted healing in HTCE cells treated with CM and GST-Lum (increased rate constants shown in Table 1). Dashed
lines represent the wound edge. Phalloidin, red; FAK, green; p-paxillin, far red. Scale bar = 20 mm.
doi:10.1371/journal.pone.0082730.g002

Lumican/ALK5 Promotes Wound Healing
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Lum functions via binding to ALK5
To verify the role of ALK5 in Lum-mediated wound healing,

loss-of-function studies were employed. A wound healing assay was

performed with HTCE cells treated with an ALK5 inhibitor

(SB431542). As shown in Fig. 6A, SB431542 blocked the wound

healing activity of Lum. Next, we knocked down ALK5 through

lentivirus-based ALK5-shRNAi. The pGIPZ based lentivirus also

carries a GFP gene for convenient titration of the virus. Three

clones of ALK5 shRNAi were purchased from Openbiosystem

(Fisher-Thermo Scientific, Pittsburgh, PA). The plasmids were

packed into viruses and the viruses were transduced into HTCE

cells. Because both pGIPZ-based ALK5 shRNAi lentiviruses and

HTCE cells were generated by transducing retrovirus also

carrying puromycin resistance gene in addition of human

telomerase [52], ten times more puromycin was used to enrich

positive transduced cells. After one week of puromycin selection,

100% of the cells were GFP positive (data not shown). The

knockdown efficiency was determined by qRT-PCR. Among the

three clones examined, clone_42382 has over 80% knockdown

efficiency (Fig. 6B). This clone was then chosen for further studies

to elucidate the role of ALK5 in mediating Lum effect on wound

healing. Fig. 6C showed that down regulation of ALK5 by

shRNAi abolished the Lum effect on wound healing, while it did

not significantly affect the healing of scratched HTCE cells in CM.

These experimental results can be explained by the fact that CM

contains TGFa, a ligand of EGFR, which can also promote

wound healing independent from TGFb signaling pathways [53].

These data support the notion that ALK5 is critical for the wound

healing activity of Lum. Table 2 summarizes the rate constants

showing biphasic healing kinetics of HTCE cells and the

abrogation and display of monophasic kinetics with inhibition of

ALK5 with SB431542 and down regulation of ALK5 expression

by shRNAi.

Lum C-terminal peptides stimulated wound healing both
in vitro and in vivo

Molecular docking predicted that the C-terminal domain of

Lum binds to ALK5 (Fig. 5B) and biochemical pull down assays

also verified the role of LumC50 in the ALK5 interaction (Fig. 5C,

5D and 5E), in addition GST-LumC50 was capable of promoting

HTCE wound healing (Fig. 1 and Table 1). However, the minimal

domain of Lum essential for promoting wound healing remains

Figure 3. Lum sustained pERK1/2 activation at the wound edge of HTCE cells. HTCE cells were wounded and subjected to immunostaining
with an anti-pERK1/2 antibody. (A) Representative images of pERK1/2 immunostaining at different time points after wounding. pERK1/2 was detected
15 min after wounding in all treatments. Expression decreased 2–6 h after wounding with BM and GST treatments. In contrast, expression was
sustained out to 6 hours in the presence of GST-Lum or CM. (B) Analysis of the percent of pERK1/2 positive cells at the wound edge. In CM and GST-Lum,
more pERK1/2 positive cells are present between 30 min and 360 min. (C) Western blot analysis of pERK1/2. In BM and BM+GST, there is a transient
activation of pERK1/2 15 min after wounding. Activation of pERK1/2 decreased at 2 and 6 h after wounding. In contrast, the activation of pERK1/2 is
sustained in the presence of CM and GST-Lum up-to 6 h after wounding. Densitometric measurements are compared to unwounded (UW) in basic
medium. Statistical analysis was performed using ANOVA. Double asterisks represent p ,0.01.
doi:10.1371/journal.pone.0082730.g003

Lumican/ALK5 Promotes Wound Healing
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elusive. Wound healing assays were then performed using

chemically synthesized peptides covering different regions of the

C-terminus of Lum. LumC13 (the last 13 amino acids at the C-

terminus of Lum) is capable of promoting wound healing of

scratched HTCE cells (Fig. 7A). LumC13 contains a cysteine

residue, which renders it susceptible to oxidation and dimer

formation via bisulfite-bond, resulting in loss of its activity. Our

mass spectrometry data verified the existence of such a LumC13

dimer in solution (data not shown); therefore, the cysteine residue

was substituted with alanine. The resulting peptide (LumC13C-A) is

effective in promoting wound healing with similar efficacy as full

length Lum and LumC50. No significant difference in the rate

constants was noted among Lum, LumC50, LumC13 and

LumC13C-A (Table 1). Interestingly, both LumC18DC5 and

LumC33DC20 that lack the last 5 C-terminal amino acids EVTLN

do not promote the healing of scratched HTCE cells (Fig. 7A and

Table 1).

We have previously demonstrated that the addition of Lum can

promote the healing of epithelium debridement in Lum2/2 mice

by enhanced cell proliferation and reduction of apoptosis [3]. It is

not known, however, whether C-terminal peptides of Lum can

promote epithelium migration in vivo. To examine this possibility,

epithelium debridement in Lum2/2 mice were treated with eye

drops containing LumC peptides. Epithelial debridement wounds

were made in adult Lum2/2 mice, after which, PBS, LumC33DC20

and LumC13C-A were applied to the eyes via eye drops every

15 min for 2 h. Wild type mice were used as controls. Corneas

were collected and whole mount staining was carried out with

phalloidin and DAPI. There is a morphological change in the

injured cornea; the removal of epithelium causes a slight elevation

of stroma at the denuded corneal surface possibly due to stromal

hydration. For example, Fig. 7C shows a cut view of Z-stacked

images of debrided cornea from a wild type mouse which healed

for 2 h. The epithelium migration was greatly retarded in the

healing epithelium of Lum2/2 mouse (Fig. 7D). Treatment with

LumC13C-A greatly improved the epithelium migration (Fig. 7E),

whereas administration of LumC33DC20 had little effect on wound

healing (Fig. 7F). Fig. 7G summarized the data from four different

treatments with each treatment including a total of five eyes from

two separate experiments. Administration of LumC13C-A also

promoted wound healing of epithelium debridement in wild type

mice to the same extent of injured corneas of Lum2/2 mice treated

with LumC13C-A. These results showed that the LumC13C-A

peptide significantly promoted epithelium wound healing in both

wild type and Lum2/2 mice.

Figure 4. Administration of Lum lifts cell cycle suppression at the wound edge. Expression of Ki67, a marker of cells engaged in the cell
cycle, was determined by immunostaining with an anti-Ki67 antibody at various time periods following wounding. (A) Images of Ki67 expression
pattern Treatment with BM or BM+GST contained few Ki67 positive cells at the wound edge 0.5, 2 and 4 h after wounding but showed an increase in
expression at 6 h. Treatment with CM and GST-Lum resulted in many Ki67 positive cells at all time points examined. Scale bar = 50 mm. (B) Graphical
representation of the percentage of Ki67 positive cells at the wound edge (average6std, n = 12). (C) Representative images of EdU-labeled cells (cells in S-
phase) at the wound edge. Few cells at the wound edge were EdU positive at 6 h and 12 h under the treatment of BM and BM+GST, while many EdU
positive cells were seen in cells treated with CM and GST-LumC. Scale bar = 50 mm (D) Graphical representation of the percentage of EdU positive cells at
the wound edge (mean6std, n = 4). No significant difference was seen at the 6 h time point. More cells at the wound edge enter S-phase 12 hours
after wounding in CM and GST-Lum than those with BM and GST treatment. Statistical significance was analyzed by ANOVA. P value of,0.05 was
considered significant and indicated by double asterisks. Dashed white lines mark the wound edge.
doi:10.1371/journal.pone.0082730.g004
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Discussion

Lum promotes wound healing via interaction with ALK5
In this study, we have demonstrated that recombinant GST-

Lum and GST-LumC50 fusion proteins purified from E. coli, which

lack all eukaryote-specific post-translational modifications, pro-

mote biphasic wound healing kinetics of scratched HTCE cells in

vitro. Furthermore synthetic lumikines (Lum derivative peptides

regulating cell activity), e.g., LumC13 and its LumC13C-A

derivative are capable of promoting similar wound healing both

in vitro and in vivo. We have shown that this promotion of wound

healing is attributed to the interaction of Lum to ALK5.

Cell migration and proliferation
During the early phase of corneal epithelium wound healing,

cell proliferation is suppressed at the migrating edge of the

epithelium [43,44,54]. In the present study, we observed sustained

Erk phosphorylation at the wound edge that was accompanied

by lifted cell cycle suppression as seen from Ki67 expression in

GST-Lum treated HTCE cells as shown by western blot and

immunofluorescence staining. To determine the number of cells in

the S-phase, EdU incorporation was examined and showed that

there was an increase in the number of EdU-labeled cells at the

wound edge of scratched HTCE cells at 12 h of healing in the

presence of Lum and CM. In contrast, HTCE cells treated with

BM did not have an increase in the number of EdU-labeled cells

until 18 h of healing. The increase of cells in S-phase in CM was

slightly increased to that of Lum-treated HTCE cells, an

observation consistent with the notion that cell proliferation at

the wound edge had a significant effect on wound healing.

TGFb signaling during wound healing
The results of in silico analysis, pull down assays and HTCE

wound healing in the presence of ALK5 inhibitor SB431542 and

ALK5-shRNAi suggest that the Lum/ALK5 complex plays a

significant role on epithelium wound healing albeit the underlying

molecular mechanism is still not known. In response to a wound,

cells release TGF-b to facilitate the healing process [55–57].

Figure 5. Lumican binds to ALK5: in silico analysis and pull down assays. In silico molecular dynamic analysis was performed to identify a
binding partner of Lum. Panels A and B represent potential binding of Kera and Lum to ALK5 (TGFb type 1 receptor), respectively. ALK5 in green and the
GS domain of ALK5 (TGFbR1) in pink. (A) Keratocan interacts via its Leucine Rich Repeat domain with the extracellular domain of ALK5 with low
affinity (DG = 30.39 kJ/mol). (B) Lum favorably interacts via its C-terminal domain with the GS domain of ALK5 (DG = 2100 kJ/mol). The LumC domain
has an even higher affinity with ALK5 (DG of 21086 kJ/mol). (C) GST pull down assay shows in vitro interaction between ALK5 and GST-Lum. ALK5-Flag
was co-eluted with GST-Lum, but not GST, suggesting a direct interaction between Lum and ALK5. (D) In vitro interaction between ALK5 and the C-
terminal Lumican. Both ALK5-Flag and GST-LumC were visible in lysates incubated with GST and GST-LumC. IP with an anti-flag antibody resulted in a
GST positive band in the mixture of GST-LumC50 and cell lysate, but not in the mixture of GST and lysate, indicating that GST-LumC50, but not GST, is
co-precipitated with ALK5-flag by anti-flag antibodies. (E) C-terminal of Lum binds to ALK5. ALK5-Flag was co-precipitated with LumC50-myc and Lum-
myc, but not LumN-myc.
doi:10.1371/journal.pone.0082730.g005
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Figure 6. Inhibition and down regulation of ALK5 abrogates the effect of Lum on healing. (A) ALK5-specific chemical inhibitor (SB431542)
blocked the wound healing activity of Lum. SB431542 completely blocked the wound-healing activity of GST-Lum. R2 values were as follows: BM 0.984;
GST 0.986; GST-Lum 0.989; BM+SB431542 0.853; GST+ SB431542 0.958; Lum+ SB431542 0.920 (B) Selection of ALK5 shRNAi clone. A virus of scrambled
control RNA did not change ALK5 mRNA level while ALK5-shRNAi down regulated the target mRNA level from 20% to 80%. The clone (42382) with an
80% knock-down efficiency was used in further experiments. (C) Effects of shRNAi on wound healing of HTCE cells. Down regulation of ALK5 by shRNAi
did not significantly affect the biphasic healing of wounded HTCE cells in CM while it abolished the promotion of biphasic wound healing in GST-
Lum. Control shRNAi did not affect Lum mediated wound healing. R2 values were as follows: Lum+scamble 0.968; Lum+ALK5shRNA 0.917.The rate
constants are summarized in Table 2.
doi:10.1371/journal.pone.0082730.g006

Table 2. Effects of ALK5 inhibitor and shRNA on Wound Healing of HTCE cells.

Culture condition Rate constant 1 D%/h Rate constant 2 D%/h

Basic medium (9) 3.3760.71 N.A.

Basic medium + ALK5 inhibitor (3) 1.8260.15 (P,0.01)a N.A.

GST (9) 3.3960.68(P = 0.95)a N.A.

GST + ALK5 inhibitor (3) 1.8360.17 (P,0.01)a N.A.

GST-Lum (7) 5.3761.17(P,0.01)a 14.8361.61

GST-Lum+ALK5 inhibitor (3) 1.8960.33 (P,0.01)a P,0.01)b N.A.

Complete medium (9) 6.1260.85(P,0.01)a 16.8661.71

Complete medium + control RNA (3) 5.7260.86 17.2860.45

Complete medium + ALK5 shRNAi (3) 5.0960.83(P = 0.40)c 16.3361.44(P = 0.34)c

Basic medium + control RNA (3) 3.4560.63 N.A.

Basic medium + ALK5 shRNAi (3) 2.9460.32 (P = 0.27)d N.A.

GST-Lum + control RNA (3) 5.2960.85 16.160.93

GST-Lum + ALK5 ShRNAi (3) 2.8560.71 (P,0.05)e N.A.

Statistical analysis using one way ANOVA: a compared to basic medium; b, c compared to GST-Lum; d compared to complete medium + control RNA; e compared to basic
medium + control RNA; f compared to GST-Lum + control RNA. P value ,0.05 is considered significant.GST – Glutathione S-transferase.
doi:10.1371/journal.pone.0082730.t002
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During epithelium wound healing, several TGF-b pathways can

potentially be activated; these include Smad, p38MAPK and ERK

[44,58–60]. Cell cycle arrest and cell migration are two important

events during the initial phase of wound healing. Cell cycle arrest

can be mediated by the Smad-dependent pathway and phosphor-

ylation of ATF2 by p38MAPK and JNK pathways [44,60,61]. In

the absence of ligand binding, ALK5 binds to inhibitory

immunophilin FKBP12 in the GS region to block ligand-

independent phosphorylation of ALK5 by TGFBR2 [62,63].

Upon TGF-b stimulation, ALK5 is phosphorylated at the GS

region by TGFBR2. FKBP12 is replaced by Smad2 which is

subsequently phosphorylated by ALK5 [64]. Phosphorylated

Smad2 then polymerizes with Smad 4, the Smad2/Smad4

complex is transported into the nucleus to drive the expression

of the cell cycle arrest gene p15. Meanwhile, the Smad-

independent Erk pathway can also be activated by TGF-b.

TGF-b induces phosphorylation of tyrosine residues on both

ALK5 and ShcA. The domain containing phosphorylated tyrosine

is then capable of recruiting Grb2/Sos to activate Erk through

Ras, Raf, and their downstream MAPK cascade. Erk then

regulates target gene transcription through its downstream

transcription factors to promote cell migration [65]. Further

studies are needed to examine this possibility. It also waits to be

proven if Lum/ALK5 effects on epithelium wound healing may be

mediated through pathways independent of TGFBR2. For

example, Lum/ALK5 may trigger a signal transduction cascade

similar to what has been described for the direct ligand binding of

ALKs as is seen in the case of IL-13 inducing CTGF expression in

HSCs by activating TGF-b–independent activin receptor-like

kinase/Smad signaling via the Erk-MAPK pathway [66–68].

Currently, we do not know the exact mechanism by which Lum

promotes wound healing through ALK5. There are at least two

possibilities that may account for the Lum function on epithelium

wound healing and can be examined in future studies: 1). The

binding of Lum and its C-terminal peptides to the GS-domain of

ALK5 may interfere with the phosphorylation of Smad by ALK5

after TGF-b binding to TGFBR2; 2). The Lum/ALK5 complex

triggers signaling cascades that are independent of canonical

signaling cascades of TGFBR2 binding. Furthermore, there is a

remote possibility that the binding of Lum to ALK5 may serve as a

mechanism to attenuate TGF-b signaling pathways via the

internalization of the Lum/ALK5 complex similar to what has

been reported for decorin binding to EGFR [69,70]. Further

studies are needed to examine these possibilities.

In summary, we found and verified the long-sought receptor of

Lum. Several observations made in this study also lead us to a

Figure 7. Identification of Lumikines (Lum C-terminal peptide(s) capable of stimulating wound healing in vitro and in vivo. (A)
Amino acid sequences of synthetic LumC peptides, LumC33DC20, LumC18DC5, LumC13 and LumC13C-A (substitution of C with A). (B) In vitro analysis of
the function of LumC peptides on the healing of HTCE cells. Healing followed biphasic kinetics in cells treated with CM, BM+GST-Lum, BM+LumC13

and BM+LumC13C-A; whereas those of BM, BM+LumC33DC20 and BM+LumC18DC5 followed monophasic kinetics. The R2 values were as follows:
full_Lum 0.993; LumC18DC5 0.970; LumC33DC20 0.936; LumC13 0.952; LumC13c-a 0.902. These data suggest that the last C-terminal 13 amino acids have
wound healing activity. (C–G) In vivo wound healing activity of Lumican peptides. To confirm LumC13C-A can also promote corneal epithelium wound
healing in vivo, Lum-/- mice were subjected to epithelium debridement. C–F are representative cut view images showing the migration distance.
Migration distance was measured between the original wound edge and the wound front. In LumC13C-A treated corneas, the wound front moved
,144 mm. The control peptide, LumC33DC20, did not promote epithelium wound healing. (G) Summary of epithelium migration. The average
epithelium migration (mm) and standard deviation were calculated from five corneas of two separate experiments. In PBS and peptide LumC33DC20

peptide treated cornea, the epithelium moved ,38 mm, while corneas treated with LumC13C-A migrated ,140 mm. Injured corneal epithelium of wild
type mice migrated about 100 mm.
doi:10.1371/journal.pone.0082730.g007
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tentative model as described above, which can explain the

phenomena reported in this and previous studies. Verification of

the model will provide more insight into mechanisms not only on

Lum function but also on TGF-b signaling as well. We also found

that peptides from the C-terminal domain of Lum can promote

wound healing both in vitro and in vivo, making them promising

therapeutic reagents for epithelium wound healing.

Materials and Methods

Cell culture
HEK293 cells were purchased from Invitrogen (Carlsbad, CA)

and maintained in DMEM (Gibco-Invitrogen) supplemented with

10% fetal bovine serum. HTCE Cells were originally prepared

from human corneal epithelial cells immortalized by human

telomerase. Characterization of the immortalized cell line was

published in by Robertson, et al. (Invest Ophthalmol Vis Sci 46:

470–478, 2005) [52]. Primary culture epithelial cells were

harvested individually from 21 donor eyes (ages range, 26–67

years), over a period of 5 months. All donor corneas were obtained

from the Tissue Transplant Services Lions’ Eye Bank (Dallas, TX)

in accordance with the provisions of the Declaration of Helsinki

for research involving human tissue. HTCE cells were maintained

in serum free keratinocyte culture medium, DermalifeHK com-

plete medium kit (Lifeline Cell Technology, Frederick, MD),

supplemented with 6 mM L-Glutamine, 0.4% bovine pituitary

extra, 1.0 mM Epinephrine, 0.5 ng/ml rh (recombinant human)

TGFa, 100 ng/ml Hydrocortisone Hemisuccinate, 5 mg/ml rh

Insulin and 5 mg/ml Apo-Transferrin. Medium was changed every

2 days.

Preparation of GST-Lum, and GST-LumC fusion proteins
PCR was used to generate the mouse lumican full-length cDNA

digested with Mfe1 (compactable to E.CoR1), which was cloned

into the EcoR1 site of pGEX-2T plasmid (GE Healthcare,

Piscataway, NJ). The sequences of PCR primers are as following:

LumF GGCCAATTGCCATGAATGTATGTGCGTTCTC-

TCTTG;

LumR GCCGCAATTGTTAGTTAACGGTGATTTCATT-

TGC

GST-LumC was generated by cloning PCR product into

BamHI/EcoRI site of pGEX-2T using the following primer set:

Lum1262F GAGGAAGCTTCTTGAAAAGTTTGATGT-

GAAG and LumR. The origami (DE3) E. coli strain (Novagen-

EMD Chemicals, Philadelphia, PA) was transformed with the

plasmids. Recombinant bacteria were grown in Luria-Bertani

medium containing ampicillin (50 mg/ml), kanamycin (15 mg/ml)

and tetracycline (12.5 mg/ml) at 37uC to a density of 0.6–0.8

A600. IPTG was then added to a final concentration of 0.05 mM

and protein expression was allowed to proceed for 4 h at room

temperature. The bacteria were then collected by centrifugation

(5,000 rpm, 10 min) and lysed for 30 min in STE buffer (10 mM

Tris-HCl, 1 mM EDTA, 150 mM NaCl, pH 8.0) with lysozyme

(100 mg/ml). To the specimens added 1 mM DTT, 0.1 mM

PMSF, cocktail of protease inhibitors (x100) and 0.5% N-

Lauroylsarcosine, the lysates were sonicated, power 3.5, total

1.5 min, and then centrifuged for 20 min at 16,000 rpm. Triton-

X100 was added to the supernatants to 0.5% and the mixtures

were loaded on glutathione Sepharose columns. After elution with

20 mM glutathione in 50 mM Tris-HCl, pH 8.0, purified GST

fusion protein was checked by Coomassie Brilliant Blue staining

and western blot. Purified protein was dialyzed with PBS

overnight and stored in 280uC.

pSecTag-Lum-c-myc, LumC50-c-myc and LumN288-c-myc
plasmids

Mammalian expression vector expressing full length lumican

(pSecTag-Lum-c-myc) was constructed as reported previously

[71]. N-terminal deletion (LumC50-c-myc) and C-terminal

deletion (LumN288-c-myc) were made by HindIII digestion

together with SfiI or NotI, respectively.

Molecular modeling and docking of Lum and molecular
dynamics

A 3D-model of the lumican and keratocan molecules were built

using MODELLER 9v1, based on the structure of DCN (PDB

1XCD) as a template [72,73]. The best structure for each

molecule was selected using the Discrete Optimized Protein

Energy (DOPE) model score [74], GROMACS simulation suite,

version 4.5.1 [75] and GROMOS96 43a1 force field [76,77].

Docking calculations of the modeled Lum and Kera, intracel-

lular ALK5 kinase domain (pdb ID 2X7O)[78], extracellular

domain (pdb ID 3KFD) [79], decorin (pdb ID 1XEC), TGFbI

(pdb ID 3KFD), TGFbII (pdb ID 2PJY) and TGFbIII (pdb ID

1TGJ) were performed using Hex 4.5 the Macro Docking option

[80]. The HEX docking algorithm employs molecular shape

comparison using spherical harmonics and polar Fourier correla-

tions. The docking calculation was performed using 57 intermo-

lecular separations in steps of 0.075 nm. A total of 200 docking

solutions were obtained and post-processed using the bump option

to calculate the number of steric clashes in each solution. The low

resolution spherical harmonic representation of the receptor was

kept at 5. The top five ranked clustered solutions were analyzed

and the lowest energy complex was submitted to molecular

minimization (http://hex.loria.fr/). This provides visualized

simulation of docked complexes.

Molecular dynamics (MD) simulation, trajectory and interaction

energy analysis were performed using the GROMACS simulation

suite employing united atoms gromos96 43a1 force field, as

described elsewhere [81]. The docked complexes were solvated in

rectangular boxes using periodic boundary conditions and SPC

water model [82]. Counter ions (Na+, Cl2) were added to

neutralize the system, whenever needed. The employed MD

protocol was based on previous studies [83]. The Lincs method

was applied to constrain covalent bond lengths [75,84], allowing

an integration step of 2 femtosecond (fs) after an initial energy

minimization using Steepest Descents algorithm. Electrostatic

interactions were calculated using Particle Mesh Ewald method

[85]. Temperature and pressure were kept constant by coupling

protein complexes, ions and solvent to external temperature and

pressure baths with coupling constants of t= 0.1 and 0.5 ps [86],

respectively. The dielectric constant was treated as e= 1. The

systems were heated slowly from 50u to 310uK, in steps of 5 ps,

each one increasing the reference temperature by 50uK. After this

heating, all simulations were further extended to 20 ns under a

constant temperature of 310uK. Hydrogen bonds were defined

when the donor-acceptor heavy atom distance was 0.35 nm and

the acceptor atom–donor hydrogen angle was 30 degrees. The

final structures of the complexes were analyzed with Pymol and

VMD [87].

Preparation of stable shRNAi-ALK5-HTCE transformants
HTCE were infected with scrambled control shRNA or ALK5-

shRNAi lentivirus (pGIPZ clones V2LHS_42382, V2LHS_55962,

V2LHS_42384), which were packaged with Trans-LentiviralTM

Packaging Kit (Openbiosystems, Thermo Fisher Scientific, Inc).

Stable ALK5-shRNAi-HTCE transformants were selected with
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20 mg/ml puromycin. ALK5 expression was verified using qRT-

PCR.

Scratch wound healing of HTCE cells
HTCE cells and ALK5-shRNAi transformants were inoculated

in 24 well culture plates and grown to confluence in complete

medium. Confluent cultures of the cells were starved in basic

medium supplemented with 6 mM L-glutamine for 24 h and then

subjected to a scratch wound in the presence of either recombinant

GST-Lum (10 mg/ml = 0.15 mM) and GST-LumC50 (C-terminal

regions of Lum, at 0.15 mM), GST (10 mg/ml) recombinant

proteins in basic medium. Complete medium was used as a

positive control and basic medium as a negative control. The

wound healing rate of the scratch wound was determined by

calculating the mean area of the cell-gap which was imaged every

3 h until wound closure; therefore, 100% at 0 h and 0% at

complete wound closure, using a Time Lapse microscope (Axio

Observer A1, ZEISS). The cell-gap area was calculated using Axio

vision software (Zeiss, Vertrieb, Germany). Three images were

collected for each experimental point and the experiment was

carried out in triplicates. The percentage of cell-gap area at each

time point was normalized by the cell-free area at 0 h, and the

values were plotted on a semi-log chart as a function of time. The

rate of healing is calculated as ‘‘healing rate constant =D%(%t+6 -

%t) 4 6 h) =D%/h) ’’ where D is the percentage difference of cell

gap between any two time points 6 h apart and t is any time point

within the first phase or second phase. The method for

determining the ‘‘goodness of fit’’ for this kinetic model is given

in the Statistical Analysis section below.

Confluent cultures of HTCE were starved in basic medium

supplemented with 6 mM L-glutamine for 24 h. Then cells were

pretreated with SB431542 (10 mM) (Reagentdirect, Encinitas, CA)

overnight and scratch wound was performed in the presence of

either GST-Lum (10 mg/ml) or GST (10 mg/ml). Complete and

basic medium were used as controls.

Lum effects on healing of epithelium debridement in
vivo

Animal care and use conformed to the ARVO Statement for the

Use of Animals in Ophthalmic and Vision Research. All animal

protocols were approved by the Institutional Animal Care and Use

Committee (IACUC) of the University of Cincinnati. Lum

knockout mice (Lum2/2) (8 weeks old) were anesthetized by

intraperitoneal injection of ketamine hydrochloride (5 mg/gm

body weight) and xylazine (0.625 mg/gm body weight). Epithelium

debridement was made with Alger-BrushH. PBS, LumC33DC20

and LumC13C–A were applied as eye drop every 10 min for 2 h.

Corneas were collected and fixed in 4% paraformaldehyde (PFA)

in PBS at room temperature for 30 min. Excess PFA was removed

by wash and quenched with 0.1% NaBH4, and whole mount

stained with phalloidin and DAPI at 4uC overnight. Images were

taken with a Zeiss Apo Tome microscope (Observer Z1). The

removal of epithelium leads to a slight elevation of stroma at the

wound edge due to hydration. The front moving distance can be

measured between the moving front and original wound edge.

Immunofluorescence
Confluent HTCE cells were cultured in 2-well chamber slides

(Thermo Fisher Scientific Inc. Pittsburgh, PA). After a 24 h

starvation in basic medium, a linear wound was produced in the

monolayer with a 1 ml pipet tip. The cells were allowed to heal for

different period of times as indicated in Figures with basic medium

(BM), complete medium (CM), GST-LumC50 (0.15 mM) or GST

(10 mg/ml) in the basic medium. The cultured cells were fixed with

4% paraformaldehyde in PBS for 30 min and then subjected to

immunofluorescence staining with either anti-Paxillin (Cell

Signaling, Danvers, MA), Ki67 (Abcam, Cambridge, MA) and

pERK1/2 (Cell Signaling) antibodies according the manufactur-

ers’ instructions, counter stained with phalloidin, and examined

with a fluorescence microscope (Axio Observer Z1, ZEISS) as

previously described [44].

Western blotting of pERK1/2
Confluent HTCE cells were incubated in basic medium for

24 h, 8 linear scratches intersecting at the center of the culture

dish were produced with a 1 ml pipet tip. The cells were allowed

to heal for various periods of times in the presence of GST-Lum

(10 mg/ml) or GST (10 mg/ml) in basic medium. Thereafter, cells

were homogenized in lysis buffer (100 ml of CelLytic-M mamma-

lian cell lysis/extraction reagent; Sigma) supplemented with

protease inhibitors cocktail (Sigma). The cell lysate was clarified

by centrifugation, mixed with 56 sample buffer, and subjected to

SDS- PAGE in 10% acrylamide (sodium dodecyl sulfate-

polyacrylamide gel electrophoresis), transferred to polyvinylidene

difluoride (PVDF) membrane, and immunostained with anti-

pERK1/2 and total ERK2 (Cell Signaling) as described previ-

ously[88].

Pull-down assays
HEK293 cells were transfected with pRK5-ALK5-flag plasmid

(plasmid 14831) (Addgene, Cambridge, MA) for 48 hours, cells

were harvested and lysed in lysis buffer (0.3% CHAPS in PBS with

Ca/Mg). Recombinant GST or GST-LumC50 was added to the

lysate and incubated at 4uC for 1 h in the presence of 0.5 mg/ml

Dithiobis succinimidyl propionate (DSP), a reversible crosslinking

reagent (Thermo Fisher Scientific, Inc). Flag-tagged proteins were

pulled down by anti-flag Sepharose-beads (Sigma) in lysis buffer.

The beads were washed with lysis buffer 5 times and the protein

bound was eluted with flag peptide. Samples were subjected to

SDS-PAGE (10–20% acrylamide gradient) and were visualized by

anti-flag and anti-GST antibody.

HEK293 were transfected with pRK5-ALK5-flag plasmid and

cultured for 48 h. The transfected cells were cooled to 4uC and

then incubated with GST-Lum (10 mg/ml) or GST (10 mg/ml) at

4uC for 1 h, and then incubated with 0.5 mg/ml DSP for 1 h. The

cells were lysed in lysis buffer and the lysates were applied to

glutathione-Sepharose column and washed with PBS, the bound

proteins were eluted with glutathione (20 mM in PBS) and eluents

were subjected to Western blot analysis in the presence of 1%

MeSH as described above to dissociate the cross-linked proteins.

Alternatively, HEK293 cells were co-transfected with pRK5-

ALK5-flag and pSecTag-Lum-myc, or pSecTag-LumN288-myc,

or pSecTag-LumC50-myc plasmids, and cultured for another

48 h, the cells were treated with 0.5 mg/ml DSP on ice for 45 min

and the reaction was stopped by adding 100 mM TrisHCl pH 7.4.

The cell lysates were prepared with lysis buffer (50 mM Tris/HCl

pH 7.4, 150 mM NaCl, 1% TritonX100, Protease Inhibitor

Cocktail). Protein complex was pulled down by anti-c-myc

Sepharose-beads (Sigma). The beads were washed with lysis

buffer 5 times and then the bound ALK5-flag/LumC50-myc was

eluted with c-myc peptide. Samples were subjected to SDS-PAGE

in the presence of 1% b-mercaptoethanol and were visualized by

anti-flag and anti-c-myc antibodies (Cell Signaling).

EdU labeling
Cell proliferation was determined by EdU incorporation.

HTCE cells cultured at different conditions were incubated with
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10 mM of EDU in culture medium at 37uC for 2 h. EDU Cells

were then fixed with 2% PFA and followed by adding cocktail

(100 mM CuSO4, 1 M Sodium Ascorbate and 2 mM Azide) for

30 minutes at room temperature protected from light. Cells were

also counterstained with DAPI. Fluorescence images were

visualizing using fluorescence microscope as described above.

Statistical Analysis
To determine the ‘‘goodness of fit’’ for the kinetics model we

performed the following to obtain the R2 value. 1) Calculated the

total sum of square (TSS): sum of the square of the distances of the

points from a horizontal line through the mean of all Y values. 2)

Calculated the sum of the squares of the distances of the points

from the curve (SSC). 3) Used the following equation: R2 = 1-

SSC/TSS [89].

All statistical analyses were performed using the StatPlus:macLE

software for MacOSX (Analyst Soft, Alexandria, VA, USA). Data

were statistically analyzed by ANOVA with Bonferroni post hoc

analysis and P values of ,0.05 were considered significant.

Acknowledgments

We thank Dr. Liyun Zhang for assistance with the statistical analysis and

Semin Goins for technical support.

Author Contributions

Conceived and designed the experiments: OY YY VJCT TFG MKC CYL

SS JVJ WWYK. Performed the experiments: OY YY VJCT TFG MKC

YZ JZ SHC WWYK. Analyzed the data: OY YY VJCT TFG MKC JZ

SHC CYL SS JVJ WWYK. Contributed reagents/materials/analysis tools:

YZ CYL TFG WWYK. Wrote the paper: OY YY VJCT TFG MKC CYL

SS JVJ WWYK. HTCE cells: JVJ. GST-Lum and GST-LumC50

recombinant proteins: YZ. Goat anti-LumC antibodies: CYL. Statistics

analysis, calculate R2 value for ‘‘goodness of fit’’: CX.

References

1. Kao WW, Liu CY (2002) Roles of lumican and keratocan on corneal

transparency. Glycoconj J 19: 275–285.

2. Kao WW, Funderburgh JL, Xia Y, Liu CY, Conrad GW (2006) Focus on

molecules: lumican. Exp Eye Res 82: 3–4.

3. Saika S, Shiraishi A, Saika S, Liu C-Y, Funderburgh JL, et al. (2000) Role of

Lumican in the Corneal Epithelium during Wound Healing. J Biol Chem 275:

2607–2612.

4. Moreth K, Iozzo RV, Schaefer L (2012) Small leucine-rich proteoglycans

orchestrate receptor crosstalk during inflammation. Cell Cycle 11: 2084–2091.

20316 [pii];10.4161/cc.20316 [doi].

5. Chen S, Birk DE (2013) The regulatory roles of small leucine-rich proteoglycans

in extracellular assembly. FEBS J. 10.1111/febs.12136 [doi].

6. Chen S, Sun M, Iozzo RV, Kao WW, Birk DE (2013) Intracellularly-Retained

Decorin Lacking the C-Terminal Ear Repeat Causes ER Stress: A Cell-Based

Etiological Mechanism for Congenital Stromal Corneal Dystrophy. Am J Pathol

183: 247–256. S0002-9440(13)00267-8 [pii];10.1016/j.ajpath.2013.04.001

[doi].

7. Dellett M, Hu W, Papadaki V, Ohnuma S (2012) Small leucine rich

proteoglycan family regulates multiple signalling pathways in neural develop-

ment and maintenance. Dev Growth Differ 54: 327–340. 10.1111/j.1440-

169X.2012.01339.x [doi].

8. Feugaing DD, Tammi R, Echtermeyer FG, Stenmark H, Kresse H, et al. (2007)

Endocytosis of the dermatan sulfate proteoglycan decorin utilizes multiple

pathways and is modulated by epidermal growth factor receptor signaling.

Biochimie 89: 637–657. S0300-9084(07)00012-0 [pii];10.1016/j.bio-

chi.2006.12.012 [doi].

9. Schaefer L, Grone HJ, Raslik I, Robenek H, Ugorcakova J, et al. (2000) Small

proteoglycans of normal adult human kidney: distinct expression patterns of

decorin, biglycan, fibromodulin, and lumican. Kidney Int 58: 1557–1568.

10. Bidanset DJ, Guidry C, Rosenberg LC, Choi HU, Timpl R, et al. (1992) Binding

of the proteoglycan decorin to collagen type VI. J Biol Chem 267: 5250–5256.

11. Font B, Eichenberger D, Rosenberg LM, van der Rest M (1996) Character-

ization of the interactions of type XII collagen with two small proteoglycans

from fetal bovine tendon, decorin and fibromodulin. Matrix Biol 15: 341–348.

12. Ehnis T, Dieterich W, Bauer M, Kresse H, Schuppan D (1997) Localization of a

binding site for the proteoglycan decorin on collagen XIV (undulin). J Biol

Chem 272: 20414–20419.

13. Font B, Aubert-Foucher E, Goldschmidt D, Eichenberger D, van der Rest M

(1993) Binding of collagen XIV with the dermatan sulfate side chain of decorin.

Journal of Biological Chemistry 268: 25015–25018.

14. Schmidt G, Hausser H, Kresse H (1991) Interaction of the small proteoglycan

decorin with fibronectin. Involvement of the sequence NKISK of the core

protein. Biochem J 280 (Pt 2): 411–414.

15. Groeneveld TWL, Oroszl+ı́n M, Owens RT, Faber-Krol MC, Bakker AC, et al.

(2005) Interactions of the Extracellular Matrix Proteoglycans Decorin and

Biglycan with C1q and Collectins. J Immunol 175: 4715–4723.

16. Casar JC, McKechnie BA, Fallon JR, Young MF, Brandan E (2004) Transient

up-regulation of biglycan during skeletal muscle regeneration: delayed fiber

growth along with decorin increase in biglycan-deficient mice. Dev Biol 268:

358–371.

17. Sulochana KN, Fan H, Jois S, Vivekanandan S, Sun F, et al. (2005) Peptides

derived from human decorin leucine rich repeat 5 inhibit angiogenesis. J Biol

Chem.

18. Gressner AM, Krull N, Bachem MG (1994) Regulation of proteoglycan

expression in fibrotic liver and cultured fat-storing cells. [Review] [31 refs].

Pathology, Research & Practice 190: 864–882.

19. Santra M, Eichstetter I, Iozzo RV (2000) An anti-oncogenic role for decorin:

downregulation of ErbB2 leads to growth suppression and cytodifferentiation of

mammary carcinoma cells. J Biol Chem.

20. Santra M, Reed CC, Iozzo RV (2002) Decorin binds to a narrow region of the

epidermal growth factor (EGF) receptor, partially overlapping but distinct from

the EGF-binding epitope. J Biol Chem 277: 35671-35681. 10.1074/

jbc.M205317200 [doi];M205317200 [pii].

21. Tralhao JG, Schaefer L, Micegova M, Evaristo C, Schonherr E, et al. (2003) In

vivo selective and distant killing of cancer cells using adenovirus-mediated

decorin gene transfer. FASEB J 17: 464-466. 10.1096/fj.02-0534fje [doi];02-

0534fje [pii].

22. Schonherr E, Sunderkotter C, Iozzo RV, Schaefer L (2005) Decorin, a novel

player in the insulin-like growth factor system. J Biol Chem 280: 15767-15772.

M500451200 [pii];10.1074/jbc.M500451200 [doi].

23. Hayashi Y, Liu CY, Jester JJ, Hayashi M, Wang IJ, et al.(2005) Excess biglycan

causes eyelid malformation by perturbing muscle development and TGF-alpha

signaling. Dev Biol 277: 222–234.

24. Hildebrand A, Romaris M, Rasmussen LM, Heinegard D, Twardzik DR, et al.

(1994) Interaction of the small interstitial proteoglycans biglycan, decorin and

fibromodulin with transforming growth factor beta. Biochem J 302 (Pt 2): 527–

534.

25. Schaefer L, Babelova A, Kiss E, Hausser HJ, Baliova M, et al. (2005) The matrix

component biglycan is proinflammatory and signals through Toll-like receptors

4 and 2 in macrophages. J Clin Invest 115: 2223–2233. 10.1172/JCI23755

[doi].

26. Chen Z, de Paiva CS, Luo L, Kretzer FL, Pflugfelder SC, et al. (2004)

Characterization of putative stem cell phenotype in human limbal epithelia.

Stem Cells 22: 355–366.

27. Moreno M, Munoz R, Aroca F, Labarca M, Brandan E, et al. (2005) Biglycan is

a new extracellular component of the Chordin-BMP4 signaling pathway.

EMBO J 24: 1397–1405. 7600615 [pii];10.1038/sj.emboj.7600615 [doi].

28. Chakravarti S, Magnuson T, Lass JH, Jepsen KJ, LaMantia C, et al. (1998)

Lumican regulates collagen fibril assembly: skin fragility and corneal opacity in

the absence of lumican. J Cell Biol 141: 1277–1286.

29. Liu H, Zhang J, Liu CY, Wang IJ, Sieber M, et al. (2010) Cell therapy of

congenital corneal diseases with umbilical mesenchymal stem cells: lumican null

mice. PLoS ONE 5: e10707. 10.1371/journal.pone.0010707 [doi].

30. Yeh JT, Yeh LK, Jung SM, Chang TJ, Wu HH, et al. (2010) Impaired skin

wound healing in lumican-null mice. Br J Dermatol 163: 1174–1180. BJD10008

[pii];10.1111/j.1365-2133.2010.10008.x [doi].

31. Austin BA, Coulon C, Liu CY, Kao WW, Rada JA (2002) Altered collagen fibril

formation in the sclera of lumican-deficient mice. !Lost Data 43: 1695–1701.

32. Carlson EC, Liu CY, Chikama T, Hayashi Y, Kao CW, et al. (2005) Keratocan,

a cornea-specific keratan sulfate proteoglycan, is regulated by lumican. J Biol

Chem 280: 25541–25547.

33. Carlson EC, Lin M, Liu CY, Kao WW, Perez VL, et al. (2007) Keratocan and

lumican regulate neutrophil infiltration and corneal clarity in lipopolysaccha-

ride-induced keratitis by direct interaction with CXCL1. J Biol Chem 282:

35502–35509.

34. Carlson EC, Sun Y, Auletta J, Kao WW, Liu CY, et al. (2010) Regulation of

corneal inflammation by neutrophil-dependent cleavage of keratan sulfate

proteoglycans as a model for breakdown of the chemokine gradient. J Leukoc

Biol. jlb.0310134 [pii];10.1189/jlb.0310134 [doi].

35. Hayashi Y, Call MK, Chikama T, Liu H, Carlson EC, et al. (2010) Lumican is

required for neutrophil extravasation following corneal injury and wound

healing. J Cell Sci 123: 2987–2995. jcs.068221 [pii];10.1242/jcs.068221 [doi].

Lumican/ALK5 Promotes Wound Healing

PLOS ONE | www.plosone.org 12 December 2013 | Volume 8 | Issue 12 | e82730



36. Meij JT, Carlson EC, Wang L, Liu CY, Jester JV, et al. (2007) Targeted

expression of a lumican transgene rescues corneal deficiencies in lumican-null

mice. Mol Vis 13: 2012–2018.

37. Saika S, Miyamoto T, Tanaka S, Tanaka T, Ishida I, et al. (2003) Response of

lens epithelial cells to injury: role of lumican in epithelial-mesenchymal

transition. !Lost Data 44: 2094–2102.

38. Yeh LK, Chen WL, Li W, Espana EM, Ouyang J, et al. (2005) Soluble lumican

glycoprotein purified from human amniotic membrane promotes corneal

epithelial wound healing. Invest Ophthalmol Vis Sci 46: 479–486. 46/2/479

[pii];10.1167/iovs.04–1014 [doi].

39. Lohr K, Sardana H, Lee S, Wu F, Huso DL, et al. (2012) Extracellular matrix

protein lumican regulates inflammation in a mouse model of colitis. Inflamm

Bowel Dis 18: 143–151. 10.1002/ibd.21713 [doi].

40. Wu F, Vij N, Roberts L, Lopez-Briones S, Joyce S, et al. (2007) A novel role of

the lumican core protein in bacterial lipopolysaccharide-induced innate immune

response. J Biol Chem 282: 26409–26417. M702402200 [pii];10.1074/

jbc.M702402200 [doi].

41. Wu F, Chakravarti S (2007) Differential expression of inflammatory and

fibrogenic genes and their regulation by NF-kappaB inhibition in a mouse model

of chronic colitis. J Immunol 179: 6988–7000. 179/10/6988 [pii].

42. Funderburgh JL, Mitschler RR, Funderburgh ML, Roth MR, Chapes SK, et al.

(1997) Macrophage receptors for lumican. A corneal keratan sulfate proteogly-

can. Invest Ophthalmol Vis Sci 38: 1159–1167.

43. Saika S, Okada Y, Miyamoto T, Yamanaka O, Ohnishi Y, et al. (2004) Role of

p38 MAP Kinase in Regulation of Cell Migration and Proliferation in Healing

Corneal Epithelium. Invest Ophthalmol Vis Sci 45: 100–109.

44. Terai K, Call MK, Liu H, Saika S, Liu CY, et al. (2011) Crosstalk between

TGF-{beta} and MAPK Signaling during Corneal Wound Healing. Invest

Ophthalmol Vis Sci. iovs.11–8017 [pii];10.1167/iovs.11–8017 [doi].

45. Hayashi Y, Call M, Liu CY, Hayashi M, Babcock G, et al. (2010) Monoallelic

Expression of Krt12 Gene during Corneal-type Epithelium Differentiation of

Limbal Stem Cells. Invest Ophthalmol Vis Sci. iovs.10–5331 [pii];10.1167/

iovs.10–5331 [doi].

46. Seomun Y, Joo CK (2008) Lumican induces human corneal epithelial cell

migration and integrin expression via ERK 1/2 signaling. Biochem Biophys Res

Commun 372: 221–225. S0006-291X(08)00924-8 [pii];10.1016/

j.bbrc.2008.05.014 [doi].

47. Radwanska A, Baczynska D, Nowak D, Brezillon S, Popow A, et al. (2008)

Lumican affects actin cytoskeletal organization in human melanoma A375 cells.

Life Sci 83: 651–660. S0024-3205(08)00371-8 [pii];10.1016/j.lfs.2008.09.008

[doi].

48. Radwanska A, Litwin M, Nowak D, Baczynska D, Wegrowski Y, et al. (2012)

Overexpression of lumican affects the migration of human colon cancer cells

through up-regulation of gelsolin and filamentous actin reorganization. Exp Cell

Res 318: 2312–2323. S0014-4827(12)00325-4 [pii];10.1016/j.yexcr.2012.07.005

[doi].

49. Coulson-Thomas VJ, Coulson-Thomas YM, Gesteira TF, Andrade de Paula

CA, Carneiro CR, et al. (2013) Lumican expression, localization and antitumor

activity in prostate cancer. Exp Cell Res 319: 967-981. S0014-4827(13)00041-4

[pii];10.1016/j.yexcr.2013.01.023 [doi].

50. yamamoto t, Matsuda Y, Kawahara K, Ishiwata T, Naito Z (2012) Secreted

70kDa lumican stimulates growth and inhibits invasion of human pancreatic

cancer. Cancer Lett 320: 31–39. S0304-3835(12)00056-0 [pii];10.1016/j.can-

let.2012.01.023 [doi].

51. Nikitovic D, Chalkiadaki G, Berdiaki A, Aggelidakis J, Katonis P, et al. (2011)

Lumican regulates osteosarcoma cell adhesion by modulating TGFbeta2

activity. Int J Biochem Cell Biol 43: 928–935. S1357–2725(11)00084-7

[pii];10.1016/j.biocel.2011.03.008 [doi].

52. Robertson DM, Li L, Fisher S, Pearce VP, Shay JW, et al. (2005)

Characterization of growth and differentiation in a telomerase-immortalized

human corneal epithelial cell line. Invest Ophthalmol Vis Sci 46: 470–478. 46/

2/470 [pii];10.1167/iovs.04-0528 [doi].

53. Tuli SS, Liu R, Chen C, Blalock TD, Goldstein M, et al. (2006)

Immunohistochemical localization of EGF, TGF-alpha, TGF-beta, and their

receptors in rat corneas during healing of excimer laser ablation. Curr Eye Res

31: 709–719.

54. Zelenka PS, Arpitha P (2008) Coordinating cell proliferation and migration in

the lens and cornea. Semin Cell Dev Biol 19: 113–124. S1084-9521(07)00159-0

[pii];10.1016/j.semcdb.2007.10.001 [doi].

55. Kane CJ, Hebda PA, Mansbridge JN, Hanawalt PC (1991) Direct evidence for

spatial and temporal regulation of transforming growth factor beta 1 expression

during cutaneous wound healing. J Cell Physiol 148: 157–173. 10.1002/

jcp.1041480119 [doi].

56. Ciacci C, Lind SE, Podolsky DK (1993) Transforming growth factor beta

regulation of migration in wounded rat intestinal epithelial monolayers.

Gastroenterology 105: 93–101. S0016508593002392 [pii].

57. Zieske JD, Hutcheon AEK, Guo X, Chung EH, Joyce NC (2001) TGF-+
Receptor Types I and II Are Differentially Expressed during Corneal Epithelial

Wound Repair. Invest Ophthalmol Vis Sci 42: 1465–1471.

58. Secker GA, Shortt AJ, Sampson E, Schwarz QP, Schultz GS, et al. (2008)

TGFbeta stimulated re-epithelialisation is regulated by CTGF and Ras/MEK/

ERK signalling. Exp Cell Res 314: 131–142. S0014-4827(07)00411-9

[pii];10.1016/j.yexcr.2007.09.001 [doi].

59. Saika S, Okada Y, Miyamoto T, Ooshima A, McAvoy JW (2001) Smad

translocation and growth suppression in lens epithelial cells by endogenous

TGFbeta2 during wound repair. Exp Eye Res 72: 679–686.

60. Hutcheon AE, Guo XQ, Stepp MA, Simon KJ, Weinreb PH, et al. (2005) Effect

of wound type on Smad 2 and 4 translocation. !Lost Data 46: 2362–2368.

61. Feng XH, Lin X, Derynck R (2000) Smad2, Smad3 and Smad4 cooperate with

Sp1 to induce p15(Ink4B) transcription in response to TGF-beta. EMBO J 19:

5178–5193. 10.1093/emboj/19.19.5178 [doi].

62. Wang T, Li BY, Danielson PD, Shah PC, Rockwell S, et al. (1996) The

immunophilin FKBP12 functions as a common inhibitor of the TGF beta family

type I receptors. Cell 86: 435–444. S0092-8674(00)80116-6 [pii].

63. Chen YG, Liu F, Massague J (1997) Mechanism of TGFbeta receptor inhibition

by FKBP12. EMBO J 16: 3866–3876. 10.1093/emboj/16.13.3866 [doi].

64. Huse M, Muir TW, Xu L, Chen YG, Kuriyan J, et al. (2001) The TGF beta

receptor activation process: an inhibitor- to substrate-binding switch. Mol Cell 8:

671–682. S1097-2765(01)00332-X [pii].

65. Lee MK, Pardoux C, Hall MC, Lee PS, Warburton D, et al. (2007) TGF-beta

activates Erk MAP kinase signalling through direct phosphorylation of ShcA.

EMBO J 26: 3957–3967. 7601818 [pii];10.1038/sj.emboj.7601818 [doi].

66. Derynck R, Zhang YE (2003) Smad-dependent and Smad-independent

pathways in TGF-beta family signalling. Nature 425: 577–584.

67. Yu L, Hebert MC, Zhang YE (2002) TGF-beta receptor-activated p38 MAP

kinase mediates Smad-independent TGF-beta responses. EMBO J 21: 3749–

3759.

68. Zhang YE (2009) Non-Smad pathways in TGF-beta signaling. Cell Res 19: 128–

139. cr2008328 [pii];10.1038/cr.2008.328 [doi].

69. Csordas G, Santra M, Reed CC, Eichstetter I, McQuillan DJ, et al. (2000)

Sustained downregulation of the epidermal growth factor receptor by decorin: A

mechanism for controlling tumor growth in vivo. J Biol Chem.

70. Iozzo RV, Moscatello DK, McQuillan DJ, Eichstetter I (1999) Decorin is a

biological ligand for the epidermal growth factor receptor. J Biol Chem 274:

4489–4492.

71. Carlson EC, Mamiya K, Liu CY, Gendron RL, Birk DE, et al. (2003) Role of

Cys41 in the N-terminal domain of lumican in ex vivo collagen fibrillogenesis by

cultured corneal stromal cells. Biochem J 369: 461–468.

72. Scott PG, McEwan PA, Dodd CM, Bergmann EM, Bishop PN, et al. (2004)

Crystal structure of the dimeric protein core of decorin, the archetypal small

leucine-rich repeat proteoglycan. Proc Natl Acad Sci U S A 101: 15633–15638.

0402976101 [pii];10.1073/pnas.0402976101 [doi].

73. Gesteira TF, Coulson-Thomas VJ, Ogata FT, Farias EH, Cavalheiro RP, et al.

(2011) A novel approach for the characterisation of proteoglycans and

biosynthetic enzymes in a snail model. Biochim Biophys Acta 1814: 1862–

1869. S1570-9639(11)00219-6 [pii];10.1016/j.bbapap.2011.07.024 [doi].

74. Shen MY, Sali A (2006) Statistical potential for assessment and prediction of

protein structures. Protein Sci 15: 2507–2524. 15/11/2507 [pii];10.1110/

ps.062416606 [doi].

75. van der Spoel D, Lindahl E, Hess B, Groenhof G, Mark AE, et al. (2005)

GROMACS: fast, flexible, and free. J Comput Chem 26: 1701–1718. 10.1002/

jcc.20291 [doi].

76. Fraternali F, van Gunsteren WF (1996) An efficient mean solvation force model

for use in molecular dynamics simulations of proteins in aqueous solution. J Mol

Biol 256: 939–948. S0022-2836(96)90139-4 [pii];10.1006/jmbi.1996.0139 [doi].

77. Peng JW, Schiffer CA, Xu P, van Gunsteren WF, Ernst RR (1996) Investigations

of peptide hydration using NMR and molecular dynamics simulations: A study

of effects of water on the conformation and dynamics of antamanide. J Biomol

NMR 8: 453–476. 10.1007/BF00228147 [doi].

78. Roth GJ, Heckel A, Brandl T, Grauert M, Hoerer S, et al. (2010) Design,

synthesis, and evaluation of indolinones as inhibitors of the transforming growth

factor beta receptor I (TGFbetaRI). J Med Chem 53: 7287–7295. 10.1021/

jm100812a [doi].

79. Radaev S, Zou Z, Huang T, Lafer EM, Hinck AP, et al. (2010) Ternary complex

of transforming growth factor-beta1 reveals isoform-specific ligand recognition

and receptor recruitment in the superfamily. J Biol Chem 285: 14806–14814.

M109.079921 [pii];10.1074/jbc.M109.079921 [doi].

80. London NaS-FO (2012) Chapter 8: High-resolution Protein-ProteinDocking. in

Protein-Proten Complexes: Snalysis, Modeling and Drug Design, M. Zacharias,

ed. 209–235.

81. Gesteira TF, Pol-Fachin L, Coulson-Thomas VJ, Lima MA, Verli H, et al.

(2013) Insights into the N-sulfation mechanism: molecular dynamics simulations

of the N-sulfotransferase domain of ndst1 and mutants. PLoS One 8: e70880.

10.1371/journal.pone.0070880 [doi];PONE-D-13-03843 [pii].

82. Berendsen HJC (1987) Biophysical Applications of Molecular-Dynamics.

Computer Physics Communications 44: 233–242.

83. de Groot BL, Grubmuller H (2001) Water permeation across biological

membranes: mechanism and dynamics of aquaporin-1 and GlpF. Science 294:

2353–2357. 10.1126/science.1062459 [doi];294/5550/2353 [pii].

84. Hess B, Bekker H, Berendsen HJC, Fraaije JGEM (1997) LINCS: A linear

constraint solver for molecular simulations. Journal of Computational Chemistry

18: 1463–1472.

85. Darden T, York D, Pedersen L (1993) Particle Mesh Ewald - An N.Log(N)

Method for Ewald Sums in Large Systems. Journal of Chemical Physics 98:

10089–10092.

Lumican/ALK5 Promotes Wound Healing

PLOS ONE | www.plosone.org 13 December 2013 | Volume 8 | Issue 12 | e82730



86. Berendsen HJC, Postma JPM, Vangunsteren WF, Dinola A, Haak JR (1984)

Molecular-Dynamics with Coupling to An External Bath. Journal of Chemical

Physics 81: 3684–3690.

87. Humphrey W, Dalke A, Schulten K (1996) VMD: Visual molecular dynamics.

Journal of Molecular Graphics & Modelling 14: 33–38.

88. Zhang Y, Kao WW, Pelosi E, Schlessinger D, Liu CY (2011) Notch gain of

function in mouse periocular mesenchyme downregulates FoxL2 and impairs
eyelid levator muscle formation, leading to congenital blepharophimosis. J Cell

Sci 124: 2561–2572. jcs.085001 [pii];10.1242/jcs.085001 [doi].

89. Everitt BS (2002) Cambridge Dictionary of Statistics (2nd ed.). Cambridge, New York:
Cambridge University Press.

Lumican/ALK5 Promotes Wound Healing

PLOS ONE | www.plosone.org 14 December 2013 | Volume 8 | Issue 12 | e82730


