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Corneal Dystrophy-associated R124H Mutation Disrupts
TGFBI Interaction with Periostin and Causes Mislocalization
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The 5q31-linked corneal dystrophies are heterogeneous auto-
somal-dominant eye disorders pathologically characterized by
the progressive accumulation of aggregated proteinaceous
deposits in the cornea, which manifests clinically as severe
vision impairment. The 5q31-linked corneal dystrophies are
commonly caused by mutations in the TGFBI (transforming
growth factor-B-induced) gene. However, despite the identifica-
tion of the culprit gene, the cellular roles of TGFBI and the
molecular mechanisms underlying the pathogenesis of corneal
dystrophy remain poorly understood. Here we report the
identification of periostin, a molecule that is highly related to
TGEFBI, as a specific TGFBI-binding partner. The association of
TGFBI and periostin is mediated by the amino-terminal cys-
teine-rich EMI domains of TGFBI and periostin. Our results
indicate that the endogenous TGFBI and periostin colocalize
within the trans-Golgi network and associate prior to secretion.
The corneal dystrophy-associated R124H mutation in TGFBI
severely impairs interaction with periostin in vivo. In addition,
the R124H mutation causes aberrant redistribution of the
mutant TGFBI into lysosomes. We also find that the periostin-
TGFBI interaction is disrupted in corneal fibroblasts cultured
from granular corneal dystrophy type II patients and that peri-
ostin accumulates in TGFBI-positive corneal deposits in granu-
lar corneal dystrophy type II (also known as Avellino corneal
dystrophy). Together, our findings suggest that TGFBI and peri-
ostin may play cooperative cellular roles and that periostin may
be involved in the pathogenesis of 5q31-linked corneal
dystrophies.

Corneal dystrophies are characterized by the progressive loss
of corneal transparency as a result of extracellular amyloid and
non-amyloid deposits, which accumulate in different layers of
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corneal tissues. 5q31-linked corneal dystrophies are patholog-
ically heterogeneous, autosomal-dominant disorders caused by
mutations in the TGFBI (transforming growth factor-B-in-
duced) gene, which encodes the TGFBI protein (also known as
keratoepithelin or Big-H3) (1, 2). To date, more than 30 differ-
ent mutations leading to corneal dystrophies have been attrib-
uted to mutations in TGFBI, the most frequent of which are
mutations within exons 4 and 12, which result in amino acid
substitutions in Arg'?* and Arg®>®, respectively (3, 4). The dif-
ferent mutations in TGFBI cause clinically distinct types of cor-
neal dystrophies, which are classified according to the accumu-
lation patterns of the deposits, including lattice corneal
dystrophies type [ and IIIA, deep stromal lattice corneal dystro-
phy, granular corneal dystrophies (GCDs)” type I and II (also
known as Avellino corneal dystrophy), Reis-Bucklers corneal
dystrophy (also known as corneal dystrophy of Bowman’s layer
type I), or Thiel-Behnke corneal dystrophy (also known as cor-
neal dystrophy of Bowman’s layer type II) (reviewed in Refs. 5
and 6). Histological examinations of corneal tissues demon-
strate the presence of amyloid deposits in lattice corneal dys-
trophies and GCD II, hyaline accumulations in GCDs, and sub-
epithelial fibrous material in Reis-Bucklers corneal dystrophy
and Thiel-Behnke corneal dystrophy (7—14).

TGEFBI was originally identified as a gene induced by trans-
forming growth factor- stimulation in adenocarcinoma cells
and is expressed in many tissues (15). The human TGFBI con-
sists of 683 amino acids, with the mature protein predicted to
have a molecular mass of ~68 kDa. As shown in Fig. 14, TGFBI
contains an NH,-terminal signal peptide that targets it for
insertion into the lumen of the endoplasmic reticulum (ER) for
eventual secretion, a cysteine-rich EMI domain, four tandem
repeats of fasciclin-1 like (FAS1) domains, and a COOH-termi-
nal RGD sequence (15-19). The FAS1 domains of TGFBI dis-
play homology to the cell adhesion protein fasciclin-I in Dro-
sophila, an axon guidance protein that is involved in neuronal

2 The abbreviations used are: GCD, granular corneal dystrophy; FAS1, fasciclin
1; EMI, NH,-terminal cysteine-rich domain of the EMILIN family; ECM, extra-
cellular matrix; ER, endoplasmic reticulum; HCF, human corneal fibroblast;
PBS, phosphate-buffered saline; NPCF, primary cultured corneal fibroblast
from normal human; HCE, human corneal epithelial; TGN, trans-Golgi net-
work; GFP, green fluorescent protein.
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development (20). Based on the presence of multiple FAS1
domains, TGFBI has been assigned to a larger family of pro-
teins, which includes periostin, stabilin-1, and stabilin-2 (16,
21). To date, many TGFBI homologues have been reported in
various vertebrates, including mouse, chicken, pig, and
zebrafish, but no homologues have been identified in inverte-
brates (16, 19, 21). TGFBI has been shown to interact with a
number of extracellular matrix (ECM) proteins, including
fibronectin, biglycan, decorin, and several types of collagen (19,
22-25). Furthermore, TGFBI also functions as a ligand for sev-
eral integrins, including 331, avf5, avB3, and amf32 (26 —29).
The COOH-terminal RGD domain of TGFBI is the putative
integrin-binding motif. However, several studies have sug-
gested that the interactions between TGFBI and integrins are
mediated via the YH (tyrosine-histidine) motifs and DI (aspar-
tate-isoleucine) motifs present in the TGFBI FAS1 domains
(30). Although the precise roles of TGFBI are not fully under-
stood yet, emerging evidence suggests a role for TGFBI as a
secreted factor involved in cell adhesion, proliferation, and
migration.

TGFBI and periostin show a high degree of similarity in
amino acid sequence and in overall domain structure, diverging
primarily at the COOH terminus (Fig. 1A4) (16, 21). Similar to
TGEFBI, periostin contains a NH,-terminal secretory signal
peptide followed by a cysteine-rich EMI domain, four tandem
repeats of FAS1 domains, and a hydrophilic region in its COOH
terminus (Fig. 14) (16, 17, 31, 32). Periostin has been found to
be ubiquitously expressed in multiple tissues in mammals (31,
33, 34). In addition, the expression of periostin has been impli-
cated in the development of variety of cancers, including neu-
roblastoma, head and neck cancer, and non-small cell lung can-
cer, possibly by regulating the metastatic growth (32, 35).
Periostin is also associated with epithelial-mesenchymal tran-
sition during cardiac development (36) and is induced during
the proliferation of cardiomyocytes, thereby promoting cardiac
repair after heart failure (37, 38). In addition, interlukin-4 and
-13 have been found to induce the secretion of periostin from
lung fibroblasts, implicating periostin in subepithelial fibrosis
in bronchial asthma (39).

Despite the similarities between TGFBI and periostin, it is
not known whether periostin is involved in the pathogenesis of
5q31-linked corneal dystrophies. In this study, we find that
periostin specifically interacts with TGFBI via the NH,-termi-
nal cysteine-rich EMI domain and colocalizes with TGFBI in
the trans-Golgi network of COS-7 and corneal fibroblast cells.
In addition, corneal dystrophy-linked mutations in TGFBI dis-
rupt its subcellular localization and impair its interaction with
periostin. Furthermore, we find that periostin accumulates in
extracellular corneal deposits in GCD II patients bearing
homozygous R124H mutations in TGFBI. These findings pro-
vide new insights into the pathogenic mechanisms of TGFBI
mutations in 5q31-linked corneal dystrophies and have impor-
tant implications for understanding and treating corneal
dystrophies.

EXPERIMENTAL PROCEDURES

Plasmids—pcDNA3-Periostin-GFP  (34) and pcDNA3.1-
Periostin-His (35) constructs were kind gifts from Dr. Hirokazu

JULY 17, 2009-VOLUME 284+NUMBER 29

Inoue (Siga University of Medical Science, Japan) and Dr. Xiao-
Fan Wang (Duke University, Durham, NC). Full-length human
TGFBI ¢cDNA was cloned into the pcDNA3.1 mammalian
expression vector (Invitrogen) with a V5 and His, tag at the
COOH terminus of TGFBI Deletion and point mutation
mutants of TGFBI and periostin were generated in using con-
ventional PCR methods and the QuikChange site-directed
mutagenesis kit (Stratagene), following the manufacturer’s
instructions. The sequences of all constructs were verified by
direct sequencing.

Antibodies—The primary antibodies used in this study were
as follows: mouse monoclonal anti-TGFBI antibody, a kind gift
from Dr. In-San Kim (Kyoung Pook University, Korea) (48);
goat polyclonal anti-TGFBI (R&D Systems); rabbit polyclonal
anti-periostin (ab14041; Abcam); mouse monoclonal anti-V5
(Invitrogen); goat polyclonal anti-periostin (C-20), anti-actin
(A-19), mouse monoclonal anti-tenascin-C (300-3), anti-
GFP(B-2), mouse monoclonal anti-Myc(9E10), rabbit poly-
clonal anti-collagen type VI, and TGN38 (Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA); mouse monoclonal anti-Lamp2
(H5C6; BD Pharminogen); horseradish peroxidase-conjugated
anti-mouse (GE Healthcare); horseradish peroxidase-conju-
gated anti-rabbit (GE Healthcare); and anti-goat IgG (Santa
Cruz Biotechnology, Inc.). The secondary antibodies used for
immunofluorescence were as follows: goat anti-mouse or goat
anti-rabbit conjugated to Alex Fluor 488 or 594 (Invitrogen).

Cell Culture and Transfections—HeLa, COS-7, HEK293, and
human corneal fibroblast (HCF) cell lines were grown in Dul-
becco’s modified Eagle’s medium (Invitrogen) supplemented
with 2 mm L-glutamine, 100 units/ml penicillin, 100 ug/ml
streptomycin, and 10% (w/v) fetal bovine serum (Invitrogen) at
37°C in a 5% CO, incubator. The human corneal epithelial
(HCE) cell line was grown in Dulbecco’s modified Eagle’s
medium and F-12 (1:1) media supplemented with 2 mm L-glu-
tamine, 100 units/ml penicillin, 100 ug/ml streptomycin, 10%
(w/v) fetal bovine serum, 10 ng/ml recombinant human epider-
mal growth factor (R&D Systems) at 37 °C in a 5% CO, incuba-
tor. Human corneal epithelial and fibroblast cell lines were a
kind gift from Dr. Shigeru Kinoshita (Kyoto Prefectural Univer-
sity of Medicine, Japan) and Dr. James V. Jester (University of
California, Irvine, CA). Primary corneal fibroblasts were cul-
tured from corneal buttons obtained from a 60-year-old control
and a 27-year-old homozygous GCD II patient during penetrat-
ing keratoplasty. The endothelial and epithelial layers were
removed from the corneas, and stroma was used as explants to
initiate corneal fibroblast cultures. The cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 2 mm
L-glutamine, 100 units/ml penicillin, 100 wg/ml streptomycin,
and 10% (w/v) fetal bovine serum at 37 °C in a 5% CO,, incuba-
tor. Donor confidentiality was maintained according to the
Declaration of Helsinki and was approved by the Severance
Hospital IRB Committee (CR04124). Transfections were per-
formed using GeneJammer (Stratagene) according to the man-
ufacturer’s instructions, analyses were conducted 24 h post-
transfection, and immunoprecipitations were carried out as
described previously (49).

Western Blot—Cells were washed with PBS, and extracts
were obtained by passing the suspension through a 26-gauge
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needle in ice-cold lysis buffer (50 mm Tris-HCI, pH 7.4, 150 mm
NaCl, 1% Nonidet P-40, 0.1% Triton X-100 supplemented with
protease inhibitor mixtures (Applied Biological Materials
Inc.)). Soluble supernatants were analyzed by SDS-PAGE under
reducing conditions and transferred to nitrocellulose mem-
branes (Millipore). The membrane was then blocked with 5%
skim milk (Difco) in 1X TBST buffers (20 mm Tris-HCI, 137
mM NaCl, pH 7.6, 0.1% Tween 20) and incubated with the indi-
cated antibodies. The SuperSignal West Pico chemilumines-
cent substrate Kit (Thermo Scientific) was used for protein
detection. The band intensities were quantified using the
Image] program (version 1.38).

Human Corneal Epithelium Protein Extracts—Normal
human corneal epithelial cells were obtained by scraping the
epithelial layer during photorefractive keratectomy. Patient
corneal epithelial cells from a GCD II patient were obtained by
scraping the epithelial layer during deep lamellar corneal trans-
plantation. After scraping the corneal surface using a blunt
blade, samples were immediately placed into ice-cold lysis
buffer, and proteins were extracted.

His Tag Pull-down Assays—For His tag pull-down assays,
COOH-terminal His-tagged wild type of TGFBI was purified as
described previously (25), and NH,-terminal His-tagged peri-
ostin was purchased from BioVendor. Twenty micrograms of
His-tagged recombinant TGFBI or periostin was immobilized
on nickel-agarose resin (Applied Biological Materials) and
incubated overnight at 4 °C with 500 pg of HCF cell lysates.
Bound proteins were resolved by SDS-PAGE and detected by
Western blotting with the indicated antibodies.

Immunofluorescence Microscopy and Immunohistochemistry—
For immunofluorescence microscopy, cells were grown on cov-
erslips, fixed in cold methanol/acetone (1:1, v/v) for 10 min at
—20 °C, and blocked with 2% bovine serum albumin for 30 min.
Cells were incubated with primary antibodies in 2% bovine
serum albumin for 1 h at room temperature. Cells were washed
with PBS and subsequently incubated with secondary antibod-
ies in 2% bovine serum albumin for 1 h at room temperature.
After washing with PBS, cells were mounted using Vectashield
(Vector Laboratories, Inc.). Images were acquired using a TCS
SP5 confocal microscope (Leica).

For immunohistochemistry analyses, corneas from normal
human, R124H mutated heterozygous and homozygous GCD
II patients were fixed in 10% neutral-buffered formalin and
embedded in paraffin. The paraffin-embedded samples were
sectioned on a microtome at a thickness of 5 wm, mounted on
slide glasses, deparaffinized in xylene, and rehydrated in etha-
nol. The sections were incubated in 0.3% H,O, for 30 min and
blocked with 2.5% normal horse serum for 20 min. The sections
were then incubated with normal rabbit IgG serum and/or rab-
bit polyclonal anti-periostin antibody (1:500, v/v) in 2.5% nor-
mal horse serum and 0.1% bovine serum albumin for 1 h at
room temperature. The sections were washed with PBS and
incubated in ImPress universal reagent (Vector Laboratories)
for 30 min. After washing with PBS for 5 min, the sections were
incubated with DAB solution and visualized according to the
manufacturer’s instructions (Vector Laboratories). Sections
were washed with PBS three times and mounted using Vectash-
ield (Vector Laboratories). Masson’s trichrome stains were
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used to confirm the mutated TGFBI deposits in the corneal
stroma. Images were acquired using a BX 40 light microscope
(Olympus).

RESULTS

Periostin Is Expressed in Cornea-derived Cell Lines and Cor-
neal Tissues—Despite the fact that TGFBI and periostin share
several similarities in structure and expression patterns (Fig.
1A) (15, 33), little is known about the roles of periostin in
corneal tissues. To examine the expression of periostin in
cornea and cornea-derived cells, we first performed Western
blot analysis with specific anti-periostin antibodies (C-20
and ab14041) (Fig. 1B). Western blot analysis revealed
expression of periostin in all of the tested cells and tissues,
including COS-7, HeLa, HEK293, and HCF (40); primary
cultured corneal fibroblast from normal human (NPCF) and
HCE cell lines (41); and normal human corneal epithelium
(Fig. 1B, top, lanes 1-7). In HeLa, COS-7, HEK293, HCF, and
NPCEF, endogenous periostin was detected primarily as a sin-
gle band that migrated with an apparent molecular mass of
~85 kDa, consistent with the predicted molecular weight
(Fig. 1B, lanes 1-5). A second high molecular mass band of
~170 kDa was observed in some cell lines. This band may
represent the previously reported covalently linked periostin
multimer (42) or perhaps some other covalent postransla-
tional modification. However, in HCE and corneal epithe-
lium, periostin was detected as a single band of ~60 kDa (Fig.
1B, top, lanes 6 and 7). The C-20 anti-periostin antibody was
raised against a COOH-terminal periostin peptide (amino
acids 725-775), and preabsorption with a periostin peptide
completely abolished the immunoreactivity of anti-periostin
antibody (C-20), confirming the specificity of this antibody
(Fig. 1B, second panel). To further determine the identity of
the periostin-immunoreactive band, we performed addi-
tional Western blot analyses using an independent anti-peri-
ostin antibody generated against a separate epitope
(ab14041, amino acids 22— 669) and found that this antibody
also recognized the ~60 kDa band in human corneal epithe-
lium (supplemental Fig. 1). Together, these results suggest
that periostin is expressed in cornea-derived fibroblast and
epithelial cell lines as well as in corneal epithelium. In addi-
tion, the detection of a form of periostin of reduced molec-
ular weight with two anti-periostin antibodies that recognize
separate periostin epitopes raises the possibility of cell type-
specific proteolytic processing of periostin or cell type-spe-
cific periostin splice variants.

Periostin Interacts with TGFBI in Vivo and in Vitro—Perios-
tin has previously been shown to form dimers (42), and given
the structural similarity between periostin and TGFBI, we
next sought to determine whether the two proteins interact.
We first performed pull-down assays using immobilized His-
tagged TGFBI or periostin with HCF cell lysates. Bound pro-
teins were separated by SDS-PAGE and visualized by West-
ern blotting. As shown in Fig. 2A, His-tagged TGFBI
efficiently pulled down endogenous periostin from HFC cell
lysates (Fig. 2A). Consistent with previous reports (19, 23,
24), we found that collagen VI was readily pulled down from
HEFC cell lysates by His-tagged recombinant TGFBI (Fig. 24).
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FIGURE 1. Periostin is expressed in human cornea. A, schematic represen-
tation of TGFBI and periostin. TGFBl and periostin contain NH,-terminal signal
peptides, followed by a cysteine-rich EMI domain and four tandem FAS1
domains. TGFBI also contains a COOH-terminal RGD motif that is not present
in periostin, which instead contains a COOH-terminal hydrophilic region. The
following domains of TGFBI and periostin are indicated: EMI, FAS1, fasciclin 1,
and Arg-Gly-Asp (RGD). Antigenic regions of antibodies used in this study
(ab14041 and C-20) are represented by black lines. B, cell and tissue lysates
were separated by SDS-PAGE and Western blotted using the indicated anti-
bodies. Anti-periostin antibody (C-20) recognizes an ~85-kDa protein in sev-
eral cell lines and corneal fibroblast cell lines. In contrast, anti-periostin anti-
body recognizes a ~60-kDa form in corneal epithelial cell lines and corneal
epithelium tissues (top, black arrow). The specificity of periostin antibody
(C-20) was confirmed by preabsorption with 10 g of C-20 antigen peptide
(second panel). WB, Western blot.
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In addition, His-tagged TGFBI did not pull down the
cytoskeletal protein actin, confirming the specificity of this
experiment. In the reciprocal experiment, we found that
His-tagged periostin efficiently pulled down endogenous
TGEFBI, but not actin or collagen VI. These in vitro binding
studies indicate that periostin is able to interact with TGFBI.
These results also show that periostin does not interact with
the TGFBI-binding partner collagen VI (Fig. 2B), indicating
that despite the large degree of sequence similarity, periostin
and TGFBI are not interchangeable.

To verify that the periostin-TGFBI interaction occurs in vivo,
we performed co-immunoprecipitation experiments using
antibodies specific for periostin and TGFBI. As shown in Fig.
2C, anti-TGFBI antibodies, but not the IgG control, efficiently
co-immunoprecipitated endogenous periostin from HCF cell
lysates. Furthermore, anti-periostin antibodies specifically co-
immunoprecipitated endogenous TGFBI from HCF cell lysates
(Fig. 2D, lane 3). Taken together, the pull-down assays and co-
immunoprecipitation experiments demonstrate that periostin
interacts with TGFBI in vitro and in vivo.

The Periostin and TGFBI Interaction Is Mediated by the
Amino-terminal, Cysteine-rich EMI Domain—To map the
binding sites mediating the interaction between periostin and
TGEFBI, we generated a series of COOH-terminally V5/His-
tagged TGFBI deletion mutants and COOH-terminally GFP-
tagged periostin deletion mutants (Fig. 3, A and C) and per-
formed coimmunoprecipitation analyses. As shown in Fig. 3B,
all of the NH,-terminal deletion mutants of TGFBI (AN1-
AN4) abolished the interaction with GFP-tagged wild type of
periostin (lanes 2-5). In contrast, the full-length and AN5 dele-
tion mutant of TGFBI, in which the first and second FAS1
domain regions are deleted, both efficiently precipitated GFP-
tagged full-length periostin (Fig. 3B, lanes 1 and 6). These
results suggest that the NH,-terminal, cysteine-rich EMI
domain of TGFBI s critical for the interaction with periostin. In
addition, using NH,-terminal deletions of periostin, we found
that the NH,-terminal, cysteine-rich EMI domain of periostin
is critically required for the interaction with TGFBI. As shown
in Fig. 3, GFP-tagged full-length periostin efficiently coimmu-
noprecipitated V5/His-tagged full-length TGEFBI (Fig. 3D, lane
1). In contrast, NH,-terminal deletion mutants of periostin
(AN2-ANS5) completely abolished the interaction with V5/His-
tagged full-length TGFBI (Fig. 3D, lanes 2—6). To test whether
the predicted binding region (EMI domain) of TGFBI and peri-
ostin are responsible for the interactions, we generated the
COOH-terminally V5/His-tagged TGFBI-EMI and COOH-
terminally GFP-tagged periostin-EMI constructs (Fig. 3, E and
G) and performed coimmunoprecipitation using the indicated
antibodies. The results confirmed that the NH,-terminal EMI
domains are sufficient for the interactions between TGFBI and
periostin (Fig. 3, Fand H). Taken together, these deletion map-
ping analyses provide evidence supporting a model in which the
binding between TGFBI and periostin is mediated via NH,-
terminal, cysteine-rich EMI domains in both TGFBI and peri-
ostin (Fig. 31).

Periostin Colocalizes with TGFBI in the trans-Golgi Network—
To provide further evidence for an in vivo association of peri-
ostin with TGFBI, we employed immunofluorescence confocal
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microscopy to examine the subcellular localization of periostin
and TGFBI. As shown in Fig. 44, GFP-tagged periostin
expressed in COS-7 cells localizes to a perinuclear region (a and
d) that colocalizes with TGN38, a trans-Golgi network (TGN)
marker (a—c). GFP-tagged periostin fluorescence did not colo-
calize with the late endosome and lysosome marker, Lamp2
(d—f). The COOH-terminally V5/His-tagged full-length TGFBI
showed a similar staining pattern that also colocalized with
TGN38 (g—i) but not Lamp2 (j—/). Immunostaining of COS-7
cells co-expressing GFP-tagged full-length periostin and
V5/His-tagged TGFBI revealed clear overlapping subcellular
distributions (m-0), indicating that periostin and TGFBI colo-
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FIGURE 2. Periostin specifically interacts with TGFBI. A and B, in vitro His pull-down assays were performed
by incubation of nickel-nitrilotriacetic acid beads alone, immobilized His-tagged recombinant TGFBI, orimmo-
bilized His-tagged periostin with HCF cell lysates. Bound periostin and TGFBI were detected by Western blot-
ting using specific antibodies (first panel). Collagen VI and actin were used for positive and negative controls
using specific antibodies as indicated (second and third panels). Immobilized His-recombinant TGFBI and peri-
ostin were detected using anti-His antibody (fourth panel). C and D, co-immunoprecipitation of endogenous
periostin and TGFBI in HCF cell lysates. Endogenous TGFBI or periostin was immunoprecipitated from HCF cell
lysates with anti-TGFBI or anti-periostin antibodies, respectively, followed by Western blotting for periostin or
TGFBI (lane 3). Normal mouse or rabbit IgG was used as negative control (lane 2). WB, Western blot; IP,

immunofluorescence microscopy
™ results strongly suggest that perios-
tin and TGFBI cooperated in the
same pathways in the cells. To fur-
ther our understanding of the
pathophysiology of 5q31-linked
corneal dystrophies, we next exam-
ined the effects of 5q31-linked cor-
neal dystrophy mutations in TGFBI
on its interaction with periostin.
COS-7 cells co-expressing GFP-
tagged periostin and V5/His-tagged
wild type and mutant TGFBI were
subjected to immunoprecipitation
with GFP antibodies. Several cor-
neal dystrophy-associated TGFBI
mutants were examined, including
R124H (GCD II), R124C (lattice
corneal dystrophy I), R124L (Reis-
Bucklers  corneal  dystrophy),
R555W (GCD I), and R555Q (Thiel-
Behnke corneal dystrophy). Inter-
estingly, we found that R124H
mutant TGFBI significantly de-
creased binding of periostin (lane 2)
compared with wild type TGFBI as
well as other TGFBI mutants (Fig. 5, lanes I and 3—6). Quanti-
fication of three independent experiments confirmed that the
R124H mutation in TGFBI disrupts the interaction between
TGFBI and periostin (Fig. 5B). The R124H mutation causes
granular corneal dystrophy type II. To further examine whether
the interaction between TGFBI and periostin is indeed dis-
rupted by the R124H mutation, we performed coimmunopre-
cipitation experiments using primary cultured corneal fibro-
blasts from normal human control and homozygous R124H
GCD II patients. Consistent with our results, endogenous wild
type of TGFBI coprecipitated with an anti-periostin-specific
antibody (Fig. 5C, lane 2). In contrast, binding of the R124H

- periostin
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== TGFBI
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FIGURE 3. Identification of periostin and TGFBI binding sites by deletion analyses. A, C, E, and G, schematic representation of human TGFBI and periostin
full-length and deletion constructs used in this study. B, D, F, and H, the TGFBI-periostin interaction is mediated by the EMI domain. COS-7 cells coexpressing
theindicated V5/His-tagged wild type or deletion mutants of TGFBI with GFP-tagged wild type or deletion mutants of periostin were immunoprecipitated with
anti-V5 or anti-GFP antibodies, followed by Western blotting with the indicated antibodies. /P, immunoprecipitation; WB, Western blot. /, model illustrating the

identified binding sites of TGFBI and periostin.

mutant TGFBI to periostin is dramatically reduced in corneal
fibroblasts from GCD II patients (Fig. 5C, lane 4). Together,
these results demonstrate that the R124H mutation in TGFBI,
which is responsible for GCD II, impairs binding of periostin,
suggesting the possibility that impaired binding of periostin
may be one contributing factor to the pathophysiology of
GCD IL

To test whether 5q31-linked corneal dystrophy mutations in
TGEFBI affect its secretion, we analyzed both the intracellular
TGFBI and the TGEFBI secreted into the cell media from
HEK293 cells expressing V5/His-tagged wild type and mutant
TGFBI by Western blotting. As shown, we did not find any
significant differences in the secretion of wild type and mutant
TGFBI (Fig. 5D). Experiments in which corneal fibroblasts cul-
tured from normal human and GCD II patients were employed
yielded similar data (data not shown), indicating that 5q31-
linked corneal dystrophy mutations in TGFBI do not signifi-
cantly affect its secretion.

The GCD II-associated R124H Mutant TGFBI Mislocalizes to
Lysosomes—Since the R124H mutation of TGFBI seriously
impaired the interaction with periostin, we performed immu-
nofluorescence confocal microscopic analyses to examine the
subcellular localization of R124H mutant TGFBI. Consistent
with the above result in immunofluorescence analysis, V5/His-
tagged wild type TGFBI showed a typical perinuclear localiza-
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tion pattern, which colocalized with the TGN38 immuno-
staining (Fig. 64, a— ¢) but not Lamp2 immunostaining (Fig. 6B,
a—-c). In contrast, the V5/His-tagged R124H mutant TGFBI
showed significant changes in subcellular localization. In addi-
tion to a slight overlap with TGN immunostaining, the R124H
mutant TGFBI was found to be predominantly associated with
cytosolic vesicles that largely colocalized with Lamp2-immuno-
reactive puncta (Fig. 6B, d—f). Quantification of the subcellular
distribution of the R124H mutant of TGFBI revealed a signifi-
cant shift from TGN to late endosomes and lysosomes when
compared with the distribution of wild type TGFBI (Fig. 6C).
To confirm these results in the endogenous state, we examined
the distribution of endogenous TGFBI in cultured corneal
fibroblasts from normal human control and homozygous
R124H GCD II patients. As shown in Fig. 6D, we found that the
number of TGFBI-positive cytosolic vesicles was increased in
cultured corneal fibroblasts from the GCD II patient (bottorm)
when compared with the more typical TGN localization of wild
type TGFBI in cultured corneal fibroblasts from the normal
control patient (top). Furthermore, the degree of overlap
between TGFBI and periostin was reduced in GCD 1I cultured
corneal fibroblasts (Fig. 6D). Interestingly, Western blot analy-
ses of lysates prepared from normal and GCD II patient corneal
fibroblasts indicate an increase in the levels of periostin but not
TGEFBI (data not shown). Together, these results indicate that
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FIGURE 4. Periostin TGFBI colocalize in the trans-Golgi network. A, COS-7
cells expressing the GFP-tagged periostin were immunostained with anti-
bodies against TGN38 (a- ¢) or Lamp2 (d-f). COS-7 cells expressing the V5/His-
tagged TGFBI were immunostained with antibodies against V5 and TGN38
(g-i) or Lamp2 (j-/). GFP-tagged periostin and V5/His-tagged TGFBI were
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the R124H mutation disrupts the normal TGFBI localization,
resulting in the abnormal presence of a lysosomal pool of
R124H mutant TGFBL

Periostin Accumulates in R124H Mutant TGFBI Deposits in
GCD II Corneal Tissues—The biochemical and cell biological
analyses in our studies strongly suggest the possibility that
periostin plays a role in the pathogenesis of GCD II. There-
fore, we next examined the distribution of periostin in con-
trol as well as heterozygous and homozygous R124H GCD II
patient corneal tissues. As expected, Masson’s trichrome
staining revealed the presence of large deposits in the cor-
neal stroma from both heterozygous and homozygous
R124H GCD II but not the control tissues (Fig. 7A4). Immu-
nostaining with anti-TGFBI (Fig. 74, g) and anti-periostin
(Fig. 74, j) antibodies showed strong immunoreactivity in
corneal epithelium and a small amount of diffuse staining
within the corneal stroma in the normal human control cor-
neal tissue. In contrast, in the corneas from heterozygous
and homozygous R124H GCD II patients, strong immunore-
activity was detected in the deposits in the corneal stroma by
both the TGFBI-specific (Fig. 7A, & and i) and periostin-
specific antibodies (Fig. 7A, k and /). Importantly, the depos-
its were not stained by the normal rabbit IgG control (Fig.
7A, d—f), indicating the specificity of these staining patterns.

These findings indicate that periostin accumulates in mutant
TGEFBI corneal deposits and raise the possibility that periostin
may co-aggregate with mutant TGFBI in GCD II patients. To
examine this possibility, we performed Western blotting anal-
yses of protein extracts from scraped corneal epithelial layers of
normal human control and homozygous R124H GCD II
patients. As shown in Fig. 7B, we found that the TGFBI anti-
body recognized monomeric TGFBI in control and GCD II
patients. Moreover, there was an increase in the total amount of
TGEFBI protein and the appearance of high molecular weight
forms of TGFBI in the GCD II patient tissue (Fig. 7B, first
panel). We also found that the anti-periostin antibody strongly
reacted with high molecular weight forms of periostin in the
samples from the GCD II patient that were absent in control
tissues (Fig. 7B, second panel). These TGFBI and periostin high
molecular weight bands were completely absent in the control
samples even when 20 times more sample was loaded (data not
shown), indicating that these bands are specific to the disease
state. In contrast to TGFBI and periostin, other extracellular
matrix proteins previously reported to interact with TGFBI and
periostin, such as fibronectin and tenascin C, did not show dif-
ferential levels in normal or GCD II patient samples (Fig. 7B,
panels 3—5). In addition, reverse transcription-PCR analyses of
the TGFBI and periostin transcripts indicate that there is little
change in the mRNA levels in normal and disease tissues (data
not shown), suggesting that the increase in protein levels is due
to accumulation within the extracellular deposits. Taken
together, these results strongly indicate the possibility that peri-
ostin co-aggregates in mutant TGFBI corneal deposits and raise

coexpressed into COS-7 cells and immunostained with antibodies against V5
(m-0). GFP-periostin was directly visualized by GFP fluorescence. B, HCF cell
lines were immunostained with antibodies against periostin and TGN38
(a-c), TGFBI and TGN38 (d-f), or periostin and TGFBI (g-i). Scale bars, 25 pm.
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FIGURE 5. GCD type llI-associated R124H mutant TGFBI disrupts the interaction with periostin. A, COS-7 cells coexpressing GFP-tagged periostin and
V5/His-tagged wild type and 5g31-linked corneal dystrophies-associated mutant forms of TGFBI were subjected to immunoprecipitation with anti-GFP
antibody, followed by Western blotting with anti-V5 and anti-GFP antibodies. B, quantification of the precipitated amounts of mutant TGFBI. Amounts

of precipitated V5/His-tagged TGFBI were normalized to the amount of pr

ecipitated GFP-tagged periostin. Data represent mean = S.E. from three

independent immunoprecipitation experiments. C, primary cultured corneal fibroblasts from a normal human patient and a GCD |l patient bearing
homozygous R124H mutations in TGFBI were subjected to immunoprecipitation with anti-periostin antibody, followed by Western blotting with

anti-TGFBI and anti-periostin antibodies. D, cell lysate or cell media from CO
and 5g31-linked corneal dystrophy-associated mutant forms of TGFBI were
Western blot; IP, immunoprecipitation.

the possibility that periostin is involved in the pathogenesis of
5q31-linked corneal dystrophies.

DISCUSSION

Despite many recent studies on TGFBI in 5q31-linked cor-
neal dystrophies, the precise molecular mechanisms by which
mutations in TGFBI cause the characteristic disease pheno-
types remain poorly understood. In addition, although there is a
high degree of overall similarity between TGFBI and periostin,
periostin has not been previously implicated in corneal biology
or in the pathogenesis of 5q31-linked corneal dystrophies. In
this study, we show that periostin is expressed by human cor-
nea-derived cells, and we identify a specific interaction between
TGFBI and periostin. Moreover, our results demonstrate that
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S-7 cells coexpressing GFP-tagged periostin with V5/His-tagged wild type
analyzed by Western blotting with anti-V5 and anti-GFP antibodies. WB,

the R124H mutation in TGFBI impairs the interaction with
periostin and results in the mislocalization of a portion of
TGFBI to lysosomes. Finally, we find that periostin accumulates
in deposits of aggregated mutant TGFBI in the corneal stroma
of GCD II patients.

Periostin was originally identified as a ~90-kDa secreted
protein in murine osteoblasts and originally termed OSEF-2
(osteoblast-specific factor-2) (31). Later, it was renamed peri-
ostin due to its expression in the periosteum and periodontal
ligament (33). Although it has been shown that periostin is
widely expressed in many different cell types, including con-
nective, bone, periodontal ligament, and several types of cancer
(31-34), its expression in corneal cells and tissues has not been
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reported. Using two anti-periostin antibodies that recognize
distinct periostin epitopes, we show that periostin is expressed
by cornea-derived fibroblast and epithelial cells, suggesting the
possibility that periostin plays a role in corneal cells. Interest-
ingly, despite the predicted molecular mass of periostin, which
is ~90 kDa, it was detected as a ~60-kDa species in HCE cells
and human corneal epithelium by two different periostin-spe-
cific antibodies, C-20 and ab14041. The specificity of this lower
band was confirmed by preabsorption experiments employing
a periostin peptide. A lower molecular weight form of periostin
has previously been reported by Kern et al. (44) in chick devel-
oping heart using a periostin antibody recognizing a more NH,-
terminal epitope, providing further support for the identity of
this anti-periostin-reactive band. Potential splicing events
could result in this lower molecular weight periostin species.
However, although it was previously reported that several alter-
native splicing variants of periostin exist (32, 39), all of the
spliced forms are ~80-90 kDa (32, 38, 39). A second possibility
is that the lower molecular weight form of periostin represents
the product of proteolytic processing. Thus, it may be that peri-
ostin undergoes a proteolytic processing event that is specific to
corneal tissues. Our findings indicate that a novel, lower molec-
ular weight form of periostin exists in human corneal epithe-
lium. Further studies will be important to understand the pre-
cise molecular events that give rise to this lower molecular
weight form of periostin.

Our in vitro and in vivo biochemical analyses revealed a spe-
cific interaction between exogenously expressed TGFBI and
periostin in COS-7 cells and endogenous TGFBI and perios-
tin in human corneal fibroblasts. These results raise the pos-
sibility that TGFBI and periostin function in the same regu-
latory pathways in human cornea. Indeed, previous reports
have shown that both TGFBI and periostin function as cel-
lular adhesion molecules and are involved in the promotion
of cancer metastasis (35, 45). Our coimmunoprecipitation
experiments using deletion mutants of TGFBI and periostin
revealed that TGFBI and periostin association is mediated by
the NH,-terminal, cysteine-rich EMI domain of both TGFBI
and periostin (Fig. 3, A-I). The EMI domain was first named
after its presence in proteins of the EMILIN family and sug-
gested to be the protein-protein interaction motif (17, 33,
46). Interestingly, previous reports have shown that the
interaction of periostin and the ECM proteins fibronectin,
tenascin C, and collagen V is mediated via the FAS1 domain
(39). Thus, the interaction of TGFBI and periostin via the
EMI domain would potentially leave the FAS1 domain free
for interaction with other binding partners, suggesting that
the TGFBI-periostin interaction would not necessarily pre-
clude simultaneous binding to effector proteins. We further
found that the deletion of the FAS1 domain had no effect on
the TGFBI-periostin interaction, and the expression of the
EMI domain alone was sufficient to recapitulate the interac-
tion between the two molecules. In addition, we noted that
despite the high degree of similarity between TGFBI and
periostin, periostin does not interact with the TGFBI-inter-
acting protein collagen VI (Fig. 2B). These results are
intriguing and provide evidence that, although highly simi-
lar, TGFBI and periostin are not interchangeable.
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Both TGFBI and periostin contain NH,-terminal signal
sequences, which are expected to be necessary for their co-
translational insertion into the endoplasmic reticulum, the port
of entry into the cellular secretory system. After folding within
the endoplasmic reticulum, proteins destined for secretion are
transported to the Golgi apparatus prior to their secretion.
Our immunofluorescence microscopic analyses are consist-
ent with this folding and processing pathway and show that
endogenous TGFBI and periostin colocalize in the TGN. In
addition, we show that both proteins are efficiently secreted
from cells and that corneal dystrophy-associated mutations
in TGFBI have no effect on its secretion. In fact, the levels of
mutant TGFBI secretion were indistinguishable from wild
type TGFBI, indicating a failure in the ER quality control
mechanisms to recognize and degrade these mutant pro-
teins. It is possible that these mutations do not result in gross
misfolding of TGFBI, which would be expected to expose
buried hydrophobic regions that would allow quality control
proteins to recognize and dispose of them. Instead, these
mutations may disrupt local TGFBI surfaces that affect
interactions with critical binding partners, such as periostin.

Our findings indicate that several corneal dystrophy-associ-
ated mutations in TGFBI display reduced binding of perios-
tin, with the R124H mutation causing the most severe
impairment in periostin binding. We further confirmed this
result using primary cultured corneal fibroblasts from a
GCD 1I patient bearing homozygous R124H mutations.
These results clearly show that the interaction between peri-
ostin and TGFBI was severely reduced by the R124H muta-
tion in TGFBI (Fig. 5C, lane 4), providing the first evidence
implicating periostin in GCD II. Our immunofluorescence
analyses provide further support for the importance of the
Arg'** residue. We found that in COS-7 cells expressing
R124H mutant TGFBI, a large portion was aberrantly local-
ized to Lamp2-immunoreactive late endosomes and lyso-
somes. We also found that R124H mutant TGFBI showed a
similar redistribution in primary cultured corneal fibroblasts
from a GCD II patient bearing homozygous R124H muta-
tions. The precise reason for this redistribution is currently
unclear and will require further study. It is possible that a
portion of the R124H mutant TGFBI is recognized as mis-
folded and is degraded via the lysosome through a special-
ized autophagic process termed ER-phagy. Indeed, this has
been shown to occur for the Z-variant of al-antitrypsin,
which causes severe misfolding and aggregation in the ER
(47). However, our analyses indicate that the R124H mutant
is secreted normally, and a second possibility is that this
mutant is endocytosed and trafficked to the lysosome for
degradation. Further studies will be necessary to determine
the molecular basis underlying the lysosomal localization of
the R124H mutant TGFBLI. It is interesting to note that the
Arg'** residue is found within the initial NH,-terminal seg-
ment of TGFBI near the EMI domain, which mediates an
association with periostin. Mutations to the Arg®>® residue
had no affect on the association with periostin, probably
because the Arg®>® residue is within the fourth FAS1 domain
and is spatially separated from the periostin-binding site.
Interestingly, R124L and R124C also had no effect on peri-
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ostin binding. One possibility is
that the R124H mutation induces
more severe structural changes in
the NH, terminus than the other
TGFBI mutations and that these
changes affect periostin binding.
Previous structural analyses of the
FAS1 domain indicate that the
Arg'** residue would be solvent-
exposed, and distinct amino acid
substitutions could have very dif-
ferent effects on TGFBI intermo-
lecular contacts and local protein
structure (50, 51). A second possi-
bility supported by our data is that
the redistribution of RI124H
mutant TGFBI to lysosomes
results in subcellular segregation
of the proteins, decreasing their
overall ability to interact in the
cell.

Similar to TGFBI, mutant transt-
hyretin is also a nonglycosylated,
secreted protein that accumulates
into extracellular deposits (43). The
secretory system has a robust qual-
ity control system that functions to
recognize and degrade terminally
misfolded proteins through a proc-
ess called ER-associated degrada-
tion. Previous studies have estab-
lished that mutant transthyretin is
recognized, degraded via this path-
way, and displays reduced secretion
(43). In contrast to transthyretin,
our analyses indicate that disease-
associated mutations in TGFBI have
no effect on its secretion. These data
indicate that mutant TGFBI eludes
the secretory pathway protein qual-
ity control systems, resulting in the
aberrant secretion of a mutant
protein.

Based on the interaction between
TGFBI and periostin and the clearly
disruptive effects of the R124H
mutation, we analyzed the distribu-
tion and expression pattern of peri-
ostin in the cornea of normal and
GCD II patients. We observed anti-
periostin staining in the corneal epi-
thelial layer of normal corneal tis-
sue. Within the corneal epithelium,
periostin appeared to be mostly
within the cell body and was
excluded from the nucleus. In con-
trast, in GCD II, periostin accumu-
lated in mutant TGFBI stromal
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A Normal GCD Il (hetero) GCD Il (homo) deposits, which were highly granu-
" lar in appearance and stained bright
S red with Masson’s trichrome stain.
s Western blot analyses of corneal tis-
:é sues from control and GCD II
2 patients revealed a significant
St increase in the overall amounts of

TGFBI and periostin in the diseased
tissue. In addition, both TGFBI and
periostin accumulated into a high
molecular weight smear, suggesting
that these proteins are in an aggre-
gated form that is resistant to SDS
denaturation. Not all ECM proteins
showed this pattern. ECM proteins
tenascin C, fibronectin, and collag-
ens I and VI (Fig. 7) (data not
shown) did not exhibit any changes
in levels or molecular weight, indi-
cating that not all TGFBI-interact-
ing ECM proteins accumulate into
the corneal deposits. Our results
demonstrate that the TGFBI-inter-
acting protein periostin is a specific
component of the mutant TGFBI
deposits in GCD I1.

Our studies indicate that TGFBI
and periostin are expressed in both
corneal fibroblast and corneal epi-
thelial cell types. Moreover, our cor-
neal epithelial explants contain epi-
thelial tissue and stromal tissue and
show a mix of both the large and
small form of periostin (Fig. 7), sug-
gesting that periostin secreted from
corneal fibroblasts and epithelial
cells accumulates in the extracellu-
lar deposits observed in these
Ponceau S patients. Together, these data sup-

port the validity and importance of
our studies in these cell types. In the
studies reported here, we have
focused on TGFBI and periostin in
. corneal epithelial cellsand COS-7 as

WB: a-TGFBI a-periostin  a-actin a-fibronectin a-tenascin C a model cell line. Further studies
with corneal epithelium would be of

Normal IgG
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FIGURE 7. Periostin accumulates in GCD type ll-associated TGFBI corneal deposits. A, corneas from a K
normal control (a, d, g, and i), a heterozygous GCD type Il patient after lamellar keratoplasty (b, e, h, and k), and value for understanding the role of
a homozygote GCD Il patient (¢, f, i, and /) were stained by Masson’s trichrome (a-¢), normal rabbit I9G (d-), = TGFBI and periostin. In summary,
anti-TGFBI (g-i), and anti-periostin antibody (j-/). The arrows indicate the region of the TGFBI deposit. Scale bar, ST PP
200 um. B, analysis of TGFBI and periostin expression in corneal epithelium extracts from normal human our f‘“‘%mg‘s reveal that periostinisa
control and homozygous GCD Il patients. Lysates were examined by Western blotting (WB) using the indicated novel binding partner of TGFBI and
antibodies.

FIGURE 6. GCD type ll-associated R124H mutation in TGFBI causes mislocalization to the lysosome. A and B, COS-7 cells expressing V5/His-tagged wild
type or R124H mutant of TGFBI were immunostained with primary antibodies against V5 and TGN38 (a-c) or Lamp2 (d-f) and analyzed by confocal fluores-
cence microscopy. The yellow color indicates overlapping localization in the merged image. C, quantification of subcellular distribution of V5/His-tagged wild
type and R124H mutant of TGFBI in COS-7 cells. COS-7 cells expressing V5/His-tagged wild type or R124H mutant TGFBI were immunostained with primary
antibodies against V5 and TGN38 or Lamp2. Cellular distribution of TGFBI was determined based upon the colocalization of TGFBI with TGN38 or Lamp2. Data
represent mean = S.E. from three independent experiments. D, primary cultured corneal fibroblasts from a normal control (a-c) and a GCD |l patient (d-f)
bearing homozygous R124H mutations in TGFBI were fixed, permeabilized, and immmunostained with monoclonal anti-TGFBI (red) and polyclonal anti-
periostin (green) antibodies. Cells were examined by confocal fluorescence microscopy. Scale bars, 50 um.
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that impairment of interaction of TGFBI with periostin by the
corneal dystrophy-associated mutations in TGFBI may be
involved in pathogenesis of 5q31-linked corneal dystrophies.
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