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Figure 2. Cornea-derived precursors differentiate into mesenchymal
cells. {A): Keratocyte phenotype in scrum-free culture. (B): Anti-o-
smooth muscle actin staining of myofibroblasts induced by transtorming
growth factor (TGF1-B. {C): Adipogenic cells stained with ot red O.
Cells cultured in medium containing TGF-83 formed chondrogenic
pellets (D) (arrow) expressing collagen 11 (E} and aggrecan {F). Scale
bars = 50 pm (A}, 20 wn (B, C), and 100 pm (E, F).

COPs Differentiate into Neural and Mesenchymal
Lineage Cells

COPs differentiate into keratocytes when cultured on plastic
{Fig. 2A). into fibroblasts when cultured with serum. and into
myofibroblasts under TGF-8 sumulation (Fig. 2B) {9]. To
determine whether these cells possess the ability to differen-
tiate into other cells of mesenchymal hneage, COPs were
cultured in various differentiation-inducing media. After 10
days of culture in medium contatning insulin. approximately
7.9% (mean. n = 2) of the cells differentiated nto oil red
O-positive lipid-producing adipocytes (Fig. 2C). In addition,
cell pellets were formed when cells were culiured in chon-
drogenic-inducing medium containing TGF-83 (n = 9} (Fig.
2D). Immunofluorescent staining showed expression of the
chondrocyte markers, type Il collagen and aggrecan {28} in
the pellets (Fig. 2E. 2F).

The NSC marker Msil, an RNA-binding protein involved
in the maintenance of NSCs and activation of Noteh signaling
[26. 29, 30}, was expressed in COP spheres (Fig. 3A, 3C).
COP spheres ulso expressed the NSC markers nestin [25. 31}
and Norch] (Fig. 3A); the latter is a gene invelved wn the
self-renewal of various types of tissue stem cells, including
NSCs [32]. Because Nestin is an intermediate fitament ex-
pressed by several cell types [33], COP spheres were pre-
pared from E/nestin-EGFP transgenic mice. which carry the
EGFP transgene under the contrel of a NSC-selective en-
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Figure 3. COP spheres express neoral stem/precursor amd differentia-
tion murkers. {A): Reverse transcription-polymerase chain reaction
analysis of newral stem cell markers Norchl, Musashil, snd nestin
expressed in COPs. Gapd was loaded as ap internal control. (B):
Fluorescent image merged with tansmitted-Hight image of 2 COP sphere
prepared from an E/nestin-EGFP mouse. EGFP expression confirms the
activation of neuronal nestin. (C): lmmwnocytochemical analysis
showed high levels of Musashi-1 expressed in COP spheres. Ditferen-
tiated cells from COP spheres express the neuronal markers GFAP (D),
class I1-B-tubulin (E). and NF-M (F). Cells were counterstained with
4.6-diamidino-2-phenylindole tblue) to show nuclei. Scale bars = 20
wm (B, €) and 50 pm (D-F). Abbreviations: COP, corpea-derived
precursor; EGFP, enhanced green fluorescent protein: GFAP, gliul
fibrillary acidic protein: NF-M, neurefilament-M; RT, reverse transcrip-
tion.

hancer {25]. As expected, EGFP-positive spheres were
formed {Fig. 3B) from these mice, which originally did not
show EGEFP-related fluorescence in the cornea.

Neural differenuation of COPs was shown by the expression
of class 11 B-tubulin, GFAP, and NF-M in cells cultured on
poly(i.-ornithine)-coated slides in differentiation-inducing me-
dium (Fig. 3E. 3F). Approximaiely 1.4% of cells stamed with
anti-NF-M antibody (7 = 3). 36.9% * 17.7% expressed GFAP
(tn = 3), and 32.8% = 15.8% expressed B-Hi-tubulin (n = 3).

COP Spheres Are Rich in SP Cells

Several stadies have shown that the ability to exclude Hoechst
dye is a property of stem cells commonly referred 1o as SP cells
[34]. which are distinguished from the “main population”™ by
flow cviometric analysis. The SP cell phenotype is defined by
the dye exclusion ability of an ABC transporter, ABCG2. which
is inhibited by ABC-transporter inhibitors such as reserpine. We
found that COP spheres expressed ABCG2 when examined by
reverse transcription (RT)-PCR and immunocytochemisury (Fig.
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Figure 4. Murine COPs show ABCG2 expression and the SP cell
phenotype. {A): RT-polymerase chain reaction analysis revealed
Abcg2 expression in COP spheres and in cells freshly dissociated
from mouse corneal stroma. (B): Immunofivorescent staining of
ABCG2 in COP spheres. Nuclei were counterstained with 4,6-dia-
midino-2-phenylindole. Scale bar = 100 um. (C): Approximately
3.3% of sphere cells were SP cells as shown by flow cytometry.
Hypofluorescent SP cells are distinct from MP cells and disappear
when treated with reserpine, an inhibitor of ABCG2. Celis in the
S/G., phase were not gated as SP cells, even though they disappeared
with reserpine treatment. Abbreviations: COP. coraca-derived pre-
cursor; MP, main population; RT, reverse transcription; SP, side
population.

4A, 4B). Reserpine-sensitive SP cells were detected i dissoci-
ated sphere cells, representing 3.3% * 1.2% (n = §) of viable
cells analyzed by flow cytometry (Fig. 4C).

We also analyzed several stem cell-related surface markers by
flow cytometry. COP spheres expressed CD34 (Fig. SA, 5B), a cell
surface marker reporied in rodent epithelial stem cells in the bulge
area [35, 36]. skeletal muscle stem cells {37, 38}, and comeal
stromal cells [9, 39]. In addition, expression of stem cell antigen-1
(Sca-1), a cell surface protein expressed in BM-derived hemato-
poietic stem cells (BM-HSCs) [40], mammary epithehial stem cells
{411, a subpopulation of BM stromal cells [42]. skeletal muscle
stem cells {38}, and SKP spheres [12], was found m 56.1% &
19.2% (n = 7) of viable cells (Fig. 5). The expression of CD133,
found in different types of primitive cells such as BM-HSCs,
NSCs, and SKPs [43-46]. was not observed (data not shown).
Another cell surface marker, ¢-kit ({CD1T), the receptor for stem
cell factor and a marker of BM-HSCs [47], was also not detected
by flow cytometric analysis (Fig. 33 and RT-PCR (not shown).

COPs Are Neural Crest Lineage Cells
Although we found CD347 cells in COP spheres, Sosnova et al.
[48] reported that all CD34 7 cells in mouse corneal stroma are

Sca-1

Figure 5. Cornca-derived precursors (COPs) express stem cell sur-
face markers. {A): Single cells dissociated from COP spheres were
stained with antibodies for CD45, e-kit. Sca-1, or CD34 and analyzed
by flow cyvtometry (biue lines). Red lines represent jsotype-maiched
negative control. COP sphere cells did not express CD45 or ¢-kit but
did express Sca-1 and CD34. (B): Fluorescent images of cells stained
with phycoerythrin-lubeled anti-Sca-1 (left, red) or FITC-labeled
anti-CD34 (right, green). Scale bar = 20 pm. Abbreviation: FITC,
fluorescein isothiocyanate.

CD45"% BM-derived cells. In addition, the ability of BM-derived
mesenchymal stem cells (BM-MSCs) to differentiate into mul-
tiple cell types has been reported {49, 50]. However, we found
that COPs did not express CD45 (0.2% * 0.2%, »n = 6; Fig.
SA), indicating a novhematopoletic origin for these cells. We
further prepared COPs from mice transplanted with GFP~
WBM cells. GFP™ cells were not found in COP spheres pre-
pared from the recipient mice § weeks after transpiantation (Fig.
6C). although numerous GFP™ cells were observed in the re-
cipient cormnea (Fig. 6A, 6B). GFP™ cells in sphere cuhure
preparattons were found attached to the bottom of the culture
dish, and immunofluorescent staining showed that the GFP™
cells were CD45” and some also expressed CD34 (Fig. 6D).
CD34 was therefore expressed in both BM-derived GFP™ cells
as well as GFP-COPs, indicating that WBM-derived cells are
not likely to contribute to COP sphere-imitiating cells.

Given that craniad neural crest-derived miesenchymal cells con-
tribute to corneal stroma development, we next mvestigated
whether COPs were of neural crest ovigin [6, 7). COP spheres were
prepared from Wintl-Cre/Floxed-EGFP and PO-Cre/Floxed-EGFP
transgenic mice in which neural crest-derived cells are tagged by
EGFP expression [14, 51} As expected, COP spheres prepared
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Figure 6. Bone marrow cells do not fonm comca-derived precursor
{COP) spheres. Sphere cultures prepared from C57BL6/T mice trans-
planted with whole bone mamrow (WBM) cells of green fluorescent
protein (GFP} mice did not prodoce GFP" spheres. (A): Fluorescent
image of a cornea § weeks after WBM cell ransplantation. Migration of
numerous GFP™ cells into the cornea was observed. (B): High-magni-
fication view of the boxed wea in (A). (C): Phase-contrast image
merged with fluorescent image of sphere culture at 7 days after plating.
GFP* WBM-derived cells were found attached 1o the calture dish
{arrow), whereas GFP™ cells were not observed in forming spheres
(arrowhead). (D): Adberent cells were suined with phycoerythrin-la-
beled anti-CD34 antibody (red). CD34 (arrows) was also expressed in
transplanted WBM-derived cells {green). Scale bars = 200 pm (C, D).

from both transgenic mice were GFP™ (Fig. 7D, 7E). To visualize
GFP™ neural crest-derived cells in the cornea, sections of Wntl-
Cre/Floxed-EGFP mouse were immunostained vsing anti-GFP an-
tibody. Expression of GFP was detected n stromal keratocyvtes,
although the expression level was low in vivo (Fig. 7B). Strong
immunoreactivity was detected in the comeal endothelium (Fig.
7A), which are also neural crest-dertved {52, 33]. We also exam-
ined embryonic neural crest-associated genes by RT-PCR analysis.
Twist, Slug, Snail, and Sox9 were expressed in COPs (Fig. 7F).
These data confirm that COPs are neural cresi-derived stem cells
that arc not recruited from the BM.

DiSCUSSION

The expansion of stem cells in vitro while maintaining proper-
ties of progenitor cells 1s critical from the standpoint of using
stem cells for research as well as medical purposes. Culture
condittons for several adult somatc stem cells, inclading BM-
HSCs and NSCs. have been well-established. The sphere colture
technique, which was originally developed for culturing NSCs
as neurosphere from the central nervous system (CNS). was
recently applied to isolate sphere-initiating cells from adult
tissues other than CNS [2, 1012, 17. 51, 54}. COPs have been
subcultured for more than 13 months {more than 18 passages,
corvesponding to more than 90 population doublings) to date. As
we discovered. not only do these cells have the ability to
differentiste into keratocytes. fibroblusts, and myofibroblasts as
observed in primary siromal keratocytes [9], COPs can also be
induced to differentiate into adipocytes. chondrocytes, and neu-
raf cells.
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Figure 7. COPs are neural crest-derived cells. (A~C): Confocal images
of Wntl-Cre/Floxed-EGFP mouse (A, B) and WT mouse comea (C)
stained with anti-GFP antibody and cyanine 3-conjugated secondary
antibody. (B): High-magnification view of the boxed region in {(A).
Expression of EGFP is detected in keratocytes, although the expression
level is Jow in vivo (B) tarrowheads). Positive staining is alse detected
in cornea] endothelium, which is also neural crest-derived (A) (arrow).
Cells dissociated from corneal stroma of Watl-Cre/Floxed-EGFP (D)
(day 14) and PO-Cre/Floxed-EGFP mice (E} (day 6) formed EGFP™
COP spheres. {F): Expression of embryenic neural crest markers by
COPs and corneal stomal tissue. Gepd was loaded as an internal
control. Expression of Snail, Sheg. and Sox9 was upregulated in COP
spheres, whereas Twist was found in both COPs and stroma. Mpz was
detected from stromal tissue only. Scale bars = 30 pum (A, D, E) and 20
wi (B, C). Abbreviations: COP, cornea-derived precursor; EGFP. en-
hanced green fluorescent protein; GFP, green fluorescent protein; RT,
reverse transcription; WT, wild-type.

Clonal spheres in this study were initiated using methylcel-
tulose, which is an established method to clone hematopoietic
cells and. more recently, embrvonic stem cells and NCSs {17~
24]. Cells within a sphere arising from a single cell were not
necessarily homogeneous, which may be due to the position
within a sphere or to antocrine and paracrine mechanisms. Dark
cells in spheres (Fig. 1) were not GFP-negative but simply had
low fluorescence under the conditions of our photography,
which were set with exposwre settings that do not cause satura-
tion of fluorescent levels. This is vital because long exposure
times can give the misleading impression of strong fluorescence
in 100% of the cells, which is not the case.

We have also demonstrated that COPs include « high ratio of
SP cells with Hoechst dye exclasion activity, which are regarded as
a generad property of progemior-candidate cells. Although a higher
percentage of cells seem to be ABCGZ-positive by imnwnocyto-
chemical analysis compared with flow cyiometry, not all ABCG2-
positive cells are drawn into the SP gate, which was defined by the
inhibition of functional ABC transporters. Indeed, reserpine-sensi-
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tive SP-lke cells were found outside the SP gate, which may have
been dividing cells exhibiting higher fluorescent intensity. The
results of ABCG?2 expression in COPs and the high fraction of SP
cells suggest that the Hoechst dye exclusion assay may be used to
further charucterize COPs. A recent study by Du et al. also dem-
onstrated the presence of SP cells in the human peripheval corneal
stroma, which were shown to express neural and cartilage markers
in addition 10 keratocyte markers [55]. We have confiwmed that
COP SP cells re-formed spheres after cell sorting (data not shown).

Other stem cell-related markers, inclading nesiin, Notchl,
and Msil, were also expressed in COP spheres. Although the
apregalation of Nestin is often uvsed as evidence of a NSC
phenotype, expression of this intermediate filament protein mn
non-neuronal cells has also been reported [56]. We therefore
prepared COP spheres from transgenic mice carrying EGFP
under the control of a neural-selective enhancer of the nestin
gene [57-59]. Given that no fluorescence was observed in
corneas of these mice, expression of nestin in comeal stromal
cells revealed by RT-PCR analysis is probably due to non-
neuronal expression. However, the fluorescence observed in
COPs prepared from E/mestun-EGFP transgenic mice suggests
that the newural stem/progentitor cell-specific enhancer was acti-
vated. Interestingly. we also found that expression of Msi] was
upregulated only in COPs but not in the corneal stroma of the
original mice. Recent reports demonstrated that Msil s ex-
pressed by epithelial stem cells in wntestine [60, 611 and mam-
mary gland [62], making Msil a candidate marker of adult stem
cells In a vanety of tissae sources.

There are only a limited pumber of reports describing pu-
tative progenitor cells for corneal keratocytes |2, 3]. Stromal
keratocytes develop from mesenchymal cells oniginating in the
cramal newral crest {6, 7]. A recent study demonstrated that late
embryonic keratocytes maintain plasticity 1o differentate into
other neural crest-derived tissue when transplanted into embryos
[63). On the other hand, several reports have shown that BM-
derived cells migrate to the corneal stroma {64, 65]. Recently,
Sosnova et al. {48] reported that keratocytes do not express
CD34 in the mouse comesl stroma and that all CD34™ cells
coexpressed CD45 and were therefore BM-derived. However,
Espana et al. [39] reported CD34 expression in cultured human
keratocytes. We found CD347CD45™ cells in COP spheres
{Fig. 5), which were distinct from the CD347CD45™ adhesive
cells isolated from comeas of GFP" WBM wansplanted mice
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(Fig. 6). Given that GFP™ COP spheres were not observed in
GFP" WBM wransplanted mice, COPs appear to be non-BM
progenitors that express CD34, at least during sphere cultures.
Furthermore, COPs prepared from Watl-Cre/Floxed-EGFP and
PO-Cre/Floxed-EGFP mice were EGFP™ (Fig. 7), strongly sug-
gesting that these cells prepared from the comea are of neural
crest origin. Anti-GFP imnwnostaining also revealed neural
crest-derived cells in the corneal stroma of Wntl-Cre/Floxed-
EGFP mice. with weaker levels of GFP expression in the stroma
{Fig. 7B) compured with the endothelium (Fig. 7A). The weak
expression of GFP in the stroma is probably due 1o the thin
dendritic morphology of keratocytes, as well as the fact that
stromal Keratocytes are quiescent in vivo [66-68].

Further investigations are required to determine whether
COPs are unique cells that reside in the corneal stroma or
whether they represent a lineage of NSCs common with SKPs
that migrate to the cornea. Although there is still controversy
as to the identity of SKPs [69], the similarity of COPs with
SKPs also has several clinical implications for the possible
use of dermal cells for reconstructing the commeal stroma. If
abundant dermal SKPs can be induced to differentiate into
keratocytes, the development of corneal equivalents using
autologous tissue may become a reality. Further studies to
isolate COPs from humans for regenerative purposes are
under way.
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Proliferation and Differentiation of Transplantable
Rabbit Epithelial Sheets Engineered with or without an

Ammniotic Membrane Carrier
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Hideyuki z‘ylzyasbita,z Yuji Ttabashi,® Keiichi Fukuda,® Jun Shimazaki,"” and
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Kazuo Tsubota'™

Purross. To report a novel method of engineering transplant-
able, carrier-free corneal epithelial sheets by using a biodegrad-
able fibrin sealant and to compare jts characteristics with
epithelial sheets cultivated on denuded amniotic membrane
carriers.

Mernovs, Stratified corneal epithelial sheets were prepared in
cutture dishes coated with biodegradable fibrin ghre. Amniotic
membrane (AM) carriers served as the control. The quality of
cuiltivated sheets was compared by immunohistochemistry for
cytokeratin (K)3, K12, Ki4, p63, occludin, and integrin B1;
electron microscopy; and colony-forming assays. X3 protein
expression was compared by Western blot analysis. In a limbal-
deficient rabbit transplantation medel, postoperative adapta-
tion and proliferation of BrdU-abeled cell sheets were exanm-
ined by histology and anti-Ki67 staining.

Resuirs. Epithelial sheets were successfully engineered by us-
ing a biodegradable fibrin sealant. Cell sheets in both groups
were multilayered, expressed K3, K12, and Ki4, and had
fanctioning occhudin™ apical tight junctions as well as p63 and
integrin B1 staining in basal cells. The carrier-free sheets ap-
peared to be more differentinted than the AM sheets, which
was also demonstrated by the higher levels of K3 in the West-
ern blots. The colony-forming efficiency of dissociated cells
was similar in both groups, although larger colonics were
observed on the AM sheets. AM sheets retained higher levels of
BrdUHabeled cells and fewer KiG7 ™ cells compared with carrier-
free sheets after transplantation.

Concuusions. Tissue engineering with a comynercially available
tibrin sealant was an effective picans of creating a carrier-free,
transplantable corneal epithelial sheet. Carrier-free sheets were
more differentiated compared with AM sheets, while retaining
similar levels of colony-forming progenitor cells. (Isivest Oph-
thalbinol Vis Sci. 2007;48:597- 604) DOL10.1167/i0ovs.06-0664
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he use of allogenic or autologous cell sources for regener-

ative surgery is already commuon practice in the reconstruc-
tion of the ocular surface in patients with stem cell deficiency. -
After the success of limbal uansplantation, a second generation
of regenecrauve corneal surgery has emerged in the form of cell
sheet transplantation by tissue-engineering techniques.® Cell
sheet transplants currently in clinical use are prepared by using
biclogical carriers such as fibrin” or ammniotic membrane
(AM)*™7 or as carrier-free cell sheets ™ Although there is still
debate as to whether the cultivated sheets include progenitor
or stem cells, both carrier and carrier-free techniques have
restored a clear ocular surface for at least 1 year. the empiric
goal for successful stem cell surgery.””

One of the major benefits of cell sheet transplants, is that it
can avoid the problem of donor availability. In vitro expansion
provides a stratificd cell sheet suitable for transplantation from
a millimeterscale tissue source procured from the healthy eye
of the same patient or from a living relative in the case of
bilateral discase. Ectopic cell sources such as the buccal mem-
brane can slso be modified in vitro to fonm a stratified epithelial
sheet for ocular surface reconstruction with autologous tis-
sue® '’ Yet, the number of clinical cases has not met the
needs of patients because of ethical and technical constraints.
Using AM as a carrier is one possibility as a standardized
technique to produce transplantable epithelial sheets; how-
ever, AM tissue may not be readily available.

The development of a carrier-free method to produce cor-
neal epithelial sheets was first reported by Nishida et al.,® who
used a novel temperature-responsive polymer that changes
molecular conformation and hydrophobicity at 20°C to release
intact sheets. Clinical cases in which this technique has been
used have shown that a carrier-free strategy is teasible and that
transplantation can be performed without the use of sutures.
In the present study, we developed a different technique by
using commercially available fibrin sealants 1o produce carrier-
free sheets. Our method is different from the fibrin carrier
sheets described by Rama ¢t al.,* as we allowed the fibrin to be
degraded by intrinsic proteases before transplantation.

MATERIALS AND METHODS

Antibodies

Mouse monoclonal antibodics (mAbs) for cytokeratin (K)3, K14, lami-
nin, p63, integrin B1, and Ki67 were purchased from Progen (AES;
Heidelberg, German), Abcam (B429; Cambridgeshire, UK), Laboratory
Vision (4C7; Fremont, CA). Calbinchem (4A4; Merck KGaa, Darmstadt,
Germany), Chemicon Internationad Inc. (LM334: Temecula, CA), and
DakoCytomation (MIB-1; Glostrup. Denmark), respectively. Mouse IgM
antibody for fibrin was purchased from Monosan (Liden, The Nether-
iands). Rabbit polyclonal antibody for K12, goat polyclonal antibody
for type TV collagen and rat mab for BrdU (JCR1) were purchased from
TransGenic, Inc. (Kumamoto, Japany, Southern Biotechnology Associ-
ates, Inc. (Birmingham, AL) and Abcam. Isotype goat 1gG. mouse IgG1,
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A Rabbit limbal epithelial celis
{Cell suspension culture)

L—— SHEM + aprotinin
313 cells

Submerged culture
for 1-2 weeks
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SHEM - Aprotinin

Alr-ift culture {Tweek)
Fibrin digested by cells

Aprotinins

mouse igM. rabbit IgG and rat IgG as conirol were purchased from
Santa Cruz Biotechnology (Santa Cruz, €A), Dako Cytomation, and
Jackson ImmunoResearch Laboratories (West Grove, PA), respectively.
FITC-, rhodamine-, and Cy3-conjugated secondary antibodies were
purchased from Jackson ImmunoResearch Laboratories and Chemicon

international Inc.

Preparation of Epithelial Cells Sheets

All experimental procedures and protocols were approved by the
Animal Care and Use Committee of Tokyo Dental College and con-
formed to the National Instituted of Health Guide for the Care and Use
of Laboratory Animals. Fibrin scalant was purchased from Fujisawa
(Bolheal; Osaka, Japan), and its constitution was performed as reported
previously.'? In brief, a solution containing 40 mg of human fibrinogen
and 0.18 U of thrombin was diluted with 7.5 mL saline, and 0.3 mL was
spread rapidly onto the upper chambers of a six-well plate with culture
inserts (Transwell; Costar Corning, Coming, NY). Two hours later, the
pulymerized fibrin-coated top chambers were obtained and stored at
4°C. AMs were donated by mothers who were seronegative for human
immunodeficiency virus and hepatitis B and C virus at the time of
cesarean section, after writien informed consent was obtained, in
accordance with the Declaration of Helsinki. AM was stored with 15%
dimethylsulfoxide (Sigma-Aldrich, St. Louis, MO) with PBS at —80°C
until use. Denuded AM was prepared as previously described.” Mem-
brancs were rinsed in PBS, spread onto the upper chambers of a
six-well insert, frozen at —80°C, and air-dried at room temperature.
Primary cultares of mbal epithehial cells were prepared from cyes
of 2.5- 10 3.0-kg female Japanese white rabbits (Japan CLEA, Tokyo,

Aprotinin-

JOVS, February 2007, Vol. 48, No. 2

<~ Fibrin or AM coated chamber

Carrier-free

Fireure 1. Cultivation of carrier-free
epithelial sheers. Limbal epithelial
cells were collected and seeded on
fibrin- or AM-coated chambers (A).
After 1 10 2 weeks in submerged cul-
wre with MMCreated 3T3 feeder fi-
broblasts, the cells were allowed 10
stratify at the air-liquid interface for
1 week. HE staining (B, O and im-
munohistochemistry  against  fibrin
{green) and K12 (red) (D, E) showed
that fibrin acted as a scaffold during
cultivation with the protease inhibi-
tor aprotinin (B, D) and was allowed
to dissolve by removing the aprotinin
before transplantation (C, E).

Japan) with anesthesia induced by intravenous injection of 4 mlL
pentobarbital sodium (50 mg/mL). Limbal rims of comeoscleral tissue
were prepared by careful removal of excess sclerea, iris, comeal endo-
thelium, and central corpea. Epithelial sheets were isolated as de-
scribed previously.'® Dispersed cpithelial sheets were treated with
trypsin-cthylenediaminetetracetic acid (EDTA) for 10 minutes, to sus-
pend cells, which were seeded onto fibrin- or AM-coated wells (2 X
10° celis/ml) with supplemented hopmonal epithelial medium
(SHEM)" containing 666 KIU/ml aprotinin (Wako, Osaka, Japan) and
cocultured with mitomycin C (MMO)reated 3T3 fibroblasts (Fig. 1A).
The cultures were submerged in medium until confluence, cuttured in
air-liquid interface for 1 weck, and finally incubated without aprotinin
for 4 days. To evaluate the proliferation of ransplanted epithelium and
to identify cells of donor origin, cell sheets were Iabeled with 10 pM
BrdU for 48 hours before surgery. After labeling with BrdU, the ept
thelial cell sheets were washed with fresh medivm and then used for
SUrgery.

Transmission Electron Microscopy

Epithelial cell sheets were processed for transmission electron micros-
copy. Epithelial cell sheets from both groups were fixed in 25%
glutaraldehyde sohution in 60 mM HEPES buffer solution for 4 hours.
After washing, samples were postfized in 1% osmium tetroxide, dehy-
drated in a series of ethanol and propylence oxide, and embedded in
epoxy resin. Semithin sections (1-pm) were stained with toluidine
blue. Then, ultrathin specimens were sectioned with a4 microtome
(LKB, Gaithersburg, MD). Sections in the range of gray to silver were
coilected on 1530-mesh grid, stained with uranyl acetate and lead
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H.E.

K3

K1z

Ki4

pb3

Figure 2. Differentiation  markers
in ¢pithelial sheets. Hematoxylin and
cosin staining of AM (A) and carrier
free (B) epithelial cefl sheets. (C-1)

Immusohistochemistry of X3, Ki2, K L =
K14, and pH3 in cpithelial sheets. AM Carrier-free A
Carrierfree sheets showed stronger ;’1’5 r
K3/K12 staining and weaker K14/ Ke)
po63 staining than did AM sheets. Nu- K3 P12 b
clei of cells were stained with DAPL 84KDa §
Scale bar, 50 um. The difference in 2.0 g b
K3 cxpression was confinned by e
Western blot (K), which showed sig- . ) - S |
nificantly higher levels of K3 in car- p-actin 42KDa %GA
rier-free sheets than in AM sheets, -go 0
e )
AM Carrier-free

when compared semigquantitatively
A, n =6, P = 0.002).

Integrin
g1

Collagen |
typely

Laminin

Cecludin|

Fcure 3. Basement membrane
components and barrier function in
cpithelial sheets. Imnunohistochem-
istry of integrin 81, collagen type IV,
faminin, and occludinin AM (A, C. E,

. e N HRP ;
Gy and carrier-free (B, D, F, H) epi- y
thehal sheets. Nuclei of cells were penneabiiity~
stained with DAPL (1, ) Barrier func- :
tion (HRP permeability) of the epi-
thelial sheets. Scale bar, 50 um. AM Carvier-free

-107-



600 Higa et al.

citrate, and examined vnder an elecron microscope {model 1200
EXI; IEOL, Tokyo, Japan).

Colony-Forming Efficiency

To evaluate the proliferative potential of cells in the cultured sheets,
MaCreated 3T3 fibroblasts were used in a colony-forming efficiency
(CFE) assay, as previously described.”* ¢ NIH 373 fibroblasts in DMEM
containing 10% FCS were treated with MMC (4 ug/mb) for 2 hours ot
> and then treated with trypsin-EDTA and plated at a density of 3 X
10° celfs in 100-mm culture dishes. Single cells were prepared from
both treated epithelial cell sheets (Acutase; Innovative Cell Technolo-
gies, Inc., San Diego, CA) for 60 minutes at 37°C. Each dish was seeded
at 1 X 10 celisydish. CFE was calculated by the percentage of colonies
at day 14 generated by the number of epithelial cells plated in the dish.
Quantification of size {(in square millimeters) and pumber of colonies
obrained from AM or fibrin sheets (n = 5) was performed by NIH
Image (available by fip at zippy.nimh.nih.gov/ or at http://rsh.info.nih.
gov/nih-image; developed by Wayne Rasband., National Institutes of
Health, Bethesda, MD). Growth capacity was evaluated on day 14
when cultured cells were stained with rhodamine B {(Wako) for 30
minutes,

Epithelial Sheet Transplantation

All animals were handled in full accordance with the ARVO Statement
for the Use of Animals in Ophthahunic and Vision Research and inst-
tutional guidelines. Rabbits were anesthetized with intramuscular in-
jection of xylazine hydrochlonide (2.5 mg/ml) and ketamine hydro-
chloride (37.5 mg/mL). The left eye in each rabbit was rendered totally
limbal stem cell deficient by i-n-heptanol (Sigma-Aldrich) mechanical
debridement of the comeal epithelium. and surgical removal of the
limbal and conjunciival epithebum was performed up to 2 mm from
the limbus. Carrier-free sheets were genily detached from the mesh
with a cell scraper,'? transferred by microforceps and then expanded
on the bare corpeal suwoma with a surgical sponge or forceps. Cell
sheets were allowed to attach for 5 minutes without sutures. AM
carrier sheets were sutured 1o the corneal surface with 100 nylon
sutures. Rabbits with denuded corneas without sheet transplants
served as the control. After surgery, ail rabbits were fitted with a
bandage contact lens and topical antibiotic (evofloxacin), and steroids
(hetamethasone) were applied twice daily.

The percentage of the comea covered by epithelium at 1 week
after surgery was calculated by measuring the area of the epithelial
defects. The defect area was analyzed by tracing fluorescein images
and calculated using the NIH Image program. Rabbits were then killed
to observe BrdlU-abeled cells as a means to confirm the donor origin of
epithelium. The proliferation of trunsplanted epithelial cells was ex-
amined by calculating the percentage of BrdU™ and Ki67 " nuclei by
immunohistochemistry.

Immunochistochemistry

Paraffin sections (K3, K14, p63, BrdU, and Ki67) were deparaffinized
in xXylene and rehydrated. Frozen sections (type IV collagen and lami-
nin) were fixed for 10 minutes in cold acetone before blocking. Frozen
sections (integrin $1 and K12) were fixed for 10 minutes in 2%
paratormaldehyde (Wako). Secrions were blocked by incubation with
10% normal donkey serum (Chemicon International Inc., Temecula,
CA) and 1% bovine serum altbumin Sigma-Aldrich) for 1 hour at room
temperature (RT). Antibodices to K3 (1:50), K12 (31:100), K14 (1:100),
P63 (1:50), Brdl (1:100), Ki67 (1:50), type IV collagen (1:58), laminin
(1:50), and integrin 81 €1:100) were applied and incubated for 90

minutes at RT, followed by incubation with rhodamine- or Cy3-conju-
gated secondary antibody. After three washes with TBST, the sections

were incubated with T mgéml 47 6-diamidino-Z-phenylindole (DAPL
Dojindo Laboratories, Tokyo, Japan) at RT for 5 minutes. Finally, the
sections were washed three times in TBST and coverslipped after
mounting with an antifade medium (30 mM Tris buffer saline, 90%
ghycerin: Wako), 10% 1,4-diazabicyclo-2,2.2-octane (Wako).

TOVS. February 2007, Vol 48, No. 2

AM Carrier-free

Fieumre 4. Transmission clectron micrographs of AM and carrierfree
sheets. Both AM (A, G, E, G) und carrier-free (B, D, ¥, H) sheets formed
five to six layers of wellstratificd epithelial cells, with columnar basal
epithelial cells. High-magnification views show tight junction forma-
ton in apical cells (C, D, white arrowheads), and desmosome forma-
tion in the intermediate Iayers (B, ¥, black arrowhbeads). Basal cells
formed an intact basement membrane in the AM sheets (G, arrows),
whereas carrierfree sheets had residual material attached to the basal
cell membrane (8, white wrrows).

Western Blot Analysis

Epithelial sheets were dissociated with Iysis buffer (50 mM Tris-HCL
fpH 7.4]. 150 mM NaCl, 1% Nonidet P-40; Calbiochem, Darmstadt,
Germany) and homogenized. Each epithelial cell sheet was incubated
for 40 minutes at 4°C, and then centrifuged at 15,000 rpm for 30
minutes at §°C. Protein concentration of the supernatant was deter-
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A

Ficure 5. Colony formation by dis-
assembled cells. Colony formation by
epithelial cells dissociated from AM
(A) and carricr-free (B) sheets. Colo-
nics were stained with rhodamine B
after 2 weeks. (O Quuntification of
size and number of colonies obtained
from cpithelial sheets (= 5,
mean £ SD). There was no signifi-
cant difference in total colony forma-
tion. When cultures were compared
by the area of cach colony. a signifi-
cant difference was observed only in
the largest colony size (PP = 0.014;
Student’s rtest, 2 = 35).

mined by a protein assay (DC assay; Bio-Rad Laboratory, Hercules, CA).
All samples were then diluted in 2X sample buffer (300 mM Tris-HCH
[pH 6.8, 4% SDS (avitrogen, Carlshad, CA), 20% glycerol (Wako),
12% 2-mercaptocthanol (Wako), and boiled. Ten micrograms of each
sumple were loaded on a 10% Bis-Tris gel (Novex NuPAGE; Invitrogen)
and transferred onto polyvinylidene difluoride (PYDF) membrances
(Millipore, Billerica, MA). The membranes were blocked with 5% skim
milk (Difco Laboratories, Detroit, MD, 1.5% nonmal goat serum, and
PBS for 60 minutes at RT. The membrances were reacted with K3 (AES)
and Bactin (mabcam8226; Abcam) for 60 minutes at RT. after the
membranes were washed three times in TBST. donkey biotinylated
anti-mouse IgG Jackson ImmunoRescarch Laboratories) was added for
30 minutes at room temperature. Protein bands were visualized (Vee-
wastain ABC Elite Kit; Yector Laboratorics, Burlingame, CA) with DAB
(Vector Laboratories) as the subsirate. The plot profile of the bands
was analyzed with the NIH image 1.63 software with band density of
AM sheets in each group standardized at 1.0.

Statistical Analysis

Statistical comparisons of Western blot band intensity, CFE, epithelial-
ization, and BrdU and Ki67 staining were performed with the non-
paired Student’s est {Excel: Microsoft, Redmond, WA).

Resuirs

Generation of Carrier-Free Epithelial Cell Sheets

Rabbit corneal epithelial cells were cultured with 3T3 feeder
cells for 1 1o 2 weeks, followed by airlift cultures to produce
stratified epithelium on plastic coated with fibrin polymer (Fig.
1A). Fibrin remained at the bottom of the cell sheet when
cultured with aprotnin (Figs. 1B. 1D) and was dissolved after
removal of aprotinin, presumably due 10 intrinsic proteolytic
activity (Figs. 1C, 1E).

Carricr-Free Epithelial Sheets 601
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In Vitro Characteristics of Cultivated Sheets

We performed a comparative study of carrier-free comeal ep-
ithelial sheets with epithelial sheet cultivated on AM carriers.
Stratificd epithelium was engineered on both AM (Fig. 2A) and
plastic coated with degradable fibrin polymer (Fig. 2B). The
use of aprotinin did not affect cell growth or stratification on
the AM carriers.

Immunohistochemistry using anti-K3 and K12 antibodies
showed that carrier-free cultures produced uniform layers of
cells expressing both differentiation markers (Figs. 2C-F). Spo-
radic cells in the busal Jayer were K3 negative, which is char-
acteristic of immature limbal basal cells in vivo. Both AM and
carrier-free sheets expressed K14 (Figs. 2G, 2H) and p63 (Figs.
21, 2D. The epithelium on AM carriers appeared to express
higher levels of K14 and p63, and less K3, K12, suggesting that
the AM maintains cpithelial cells in a less differentiated state.
The difference in K3 expression was also demonstrated by
Western blot analysis (Figs. 2K, 2L). Both AM and carrierfree
sheets show an intact superficial tight junction, as shown by
immunohistochemistry of occludin (Figs. 3G, 3H) and the
exclusion of HRP (Figs. 31, 3. Basement membrane compo-
nents such as collagen TV and laminin were more prominent in
the AM sheet in vitro (Figs. 3C, 3E). These proteins were not as
evident in the carrierfree sheets before transplantation (Figs.
3D, 3F). However, the adhesion molecule integrin 81 was
expressed in both sheets (Figs. 3A. 3B).

Transmission electron microscopy revealed that the ultra-
structure of the epithelium was similar between the AM and
carrier-free sheets, consisting of five to six Iayers of stratified
epithelial cells with typical columnar basal cells and superficial
cells with microvilli (Figs. 4A, 4B). Both cells sheets showed
tight junction formation in apical cells (Figs. -C, 4D) and
desmosome formation (Figs. 4E, 4F). Although a basement
membrane structure was observed in AM sheets (Fig. 4G), the
carricr-free sheets showed residual material attached to the
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basal epithehial membrane (Fig. 4H) which may represent com-
ponents of the basement membrane structure such as integrin
B1, coilagen 1V, and laminin observed by immunohistochem-
istry (Figs. 3B, 3D, 3F).

Colony-Forming Efficiency

Isolated epithelial cells from both carrderfree (6.6% * 1.2%)
and AM carrier sheets (8.6% & 2.7%) maintained the ability to
form colonies in a 373 feeder layer (Figs. 5A, 5B). Although the
number of large colonies (100 mm?”) was higher in AM sheets
(AM: 2.8 * 1.3 colonies, fibrin: 0.6 = 0.8 colonies, P = 0.014,
n = 5), the difference in the total number of colonies was not
statistically significant (Fig. 5C).

Cuitivated Sheet Transplantation

BrdU labeling was performed on the AM (Fig. 6A) and carrier-
free (Fig. 6B) sheets before surgery, showing that most of the
cells in both groups are viable with proliferative potential.
Rabbits without celf sheet transplants characteristicalfy had
epithelial defects at 1 week after surgery, as shown by the
positive staining with fluorescein dye in Figure 6H (dotted
line). An intact epithelial Javer excluded the dye in the AM (Fig.

Ficure 6. Epithelial  sheer  trans
plantation in rabbits. Immunohisto-
chemistry of BrdU (A, B) in epithelial
sheets before  transplamtation.  Slit
famp photographs (C-E) and fluores-
cein staining (F-H) of rabbit eyes 1
week after epitheliat sheet transplan-
tation. (C, F) AM, (D, G) carrierfree,
(E, ) sham. (D) Arca of intact epithe-
fam was larger in rabbit eyves after
epithelial sheet transplantation com-
pared with sham (P < 0.05). Carrier-
free sheets had a smoother epithelial
surface with minimal inflammation.
Scale bar, 36 pum.

Sham

6F) and carrierfree (Fig. 6G) sheet transplants. The irregular
staining in the AM sheet corresponds to folds in the transplant.
Optical clarity was higher in the carrierfree group (Fig., 6D)
than in the group with AM sheet transplants (Fig. 6C). Rabbits
in the AM sheet group also had inflammation of the conjunctiva
due to the presence of sutures. The area of intact epithelium at
1 week after surgery was significantly higher in both AM
(79.4% * 20.4%) and carrier-free (90.7% & 17.4%) cpithelial
sheet groups compared with the sham-surgery control (40.2%
* 18.3%, P < 0.05; Fig. 6D.

Immunohistochemistry of postoperative comeas showed
normal K3 expression in the transplant sheets (Figs. 7C, 7D).
Sham-surgery eyes exhibited partial epithelialization by K3-
negative epithelium of conjunctival origin. Basement mem-
brane components such as collagen IV were more prominent
in the AM sheet group (Figs. 7E, 7F). Proliferation of trans-
planted celis was observed by the distribution of BrdU staining,
which was uniformly present in cells before surgery. BrdU-
positive cells were observed in both groups, indicating that
these cells were of donor origin and swere slow cycling during
the I-week period after surgery (Figs. 7G. 7H). The number of
BrdU-positive cells in the AM group was significantly higher
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H.E.
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Type IV
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Kis7
FiGure 7. Postoperative  histology K
of epithelial sheet transplantation. o5
Light micrograph of hematoxylin and S
cosin-stained sections of AM (A) and jong 20
carrier-free (B) epithelial sheets. Im- ;3
munochistochemistry of K3 (C, D), % 3 15
Collagen type IV (E, F), Brdl] (G, H), = g
and Ki67 (d, J). AM sheets retained 2> 10
significantly higher levels of BrdU -'g
() and expressed lower levels of g 5
Ki67 (L) than did carrier-free sheets

P << 0.05, Student’s rtest). Scale
bar, 50 pm.

than that in the fibrin group (AM: 18.4% & 4.2%, fibrin: 1.1% *
1.1%, P = 0.0002, » = 4; Fig. 7K). Staining of the proliferation
muarker Ki67 was also observed in the basal layers of both
groups (Figs. 71, 7D, with significantly less Ki67-positive cells
in the AM group than in the fibrin group (AM: 6.3% * 1.2%,
fibrin: 12.6% * 3.1%, P = 0.0087, n = 4; Fig. 71). BrdU- and
KiG7-positive cells were uniformly distributed throughout the
epithelial sheet in both groups, and there was no tendency of
higher localization of Iabel retaining cells in the limbus under
the conditions of the study.

Discussion

The homeostasis of cells undergoing constant turnover de-
pends on the healthy supply of regenerating cells, as well as an
intact isteraction between surrounding tissues. In the case of
the corneal epithelium, stem cells in the basal Bmbus supply
transient amplifying (TA) cells to the cormenl basal layer, which
proliferate and slough off the ocular surface afier approxi-
mately 2 weeks. The proliferation and differentiation of epithe-
lial cells is regulated by stromal-epithelial interaction with
keratocytes, the major mesenchymal cell in the comeal stroma.
Chemokines and growth factors secreted by keratocytes are

AM
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Carricr-Free Epithelial Sheets

AM Carrier-free
* L
—
S
3
£
52
¥ o
o
=
&
c
£
Carrier-free AM Carrier-free

involved in the proliferation and differentiation of the overly-
ing epithelium.’” We found that although both AM sheets and
carrier-free sheets were viable in transplant-recipient eves, car-
rerfree transplants demonstrated a more robust layer of fully
differentiated cells.

We observed more BrdU Jabeled cells and fewer Ki67-
labeled cells in AM sheets compared with carrier{ree sheets
after transplantation. Previous studies have shown that cell-
cycle kinetics and cell phenotype characteristic of limbal epi-
thelial progenitor cells are preserved during ex vivo expansion
on AM.'™? The difference in cell-cycle kinetics may be due to
the presence of the AM basement membrane, which may
maodulate epithelial cell adhesion, proliferation, and differenti-
ation.”®?%?! In contrast, epithelial cells in carrierfree sheets
seem to become integrated into the host tissue earlier, suggest-
ing that the AM may be interfering with interactions between
the epitheliom and stromal cells. The absence of a carrier will
restore cpithelium-stromal interactions immediately after sur-
gery. may have several advantages in maintaining a healthy
epithelium, and may also allow the regeneration of a normal
subepithelial nerve plexus. It can be argued that a larger yield
of undifferentiated cells may be preferable in the treatment of
stem cell-depleted cases. However, a mature comeal epithe-
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Hium is also required for the ocular surface to act as a barrier
against invading organisms, as well as to provide a smooth
surface for visual clarity. The clinical data available 1o date
show that both AM sheets and carrier-free sheets can restore
the epithelium for more than 1 year,”” which would not be
possible without the restoration of progenitor cells.

Another major benefit of carrierfree cell sheets is the sur
gical technique, which does not require the use of sutures for
donor fixation. The mechanisms involved may be multipie,
however, Nishida et al.? show that intact basement membranc
substrates and adhesion molecules may play a major role. We
have confirmed the presence of 81 integrin in the carrierfree
group, which may have aided the cuarrier-free sheets in remain-
ing on the ocular surface without sloughing off. In contrast, AM
sheets require sutures for transplantation, and ingrowth of cells
was observed under the AM carrier in several cases. These
results show that attachment of cell sheets to the underlying
stroma is stronger with carrier-free sheets during the carly
postoperative stage. Furthermore, the method we describe for
engineering carrier-free sheets is different from previous ap-
proaches involving temperature-responsive dishes and does
not require any specialized equipment or high levels of tech-
nical expertise.

The design of our study made use of rabbits with denuded
epithelium, including the Hmbal area. We did pot take into
account any damage to the underlying stromal tissue, which is
sometimes observed in clinical cases after severe chermnical and
thermal burns. The conclusions drawn from our study there-
tore should be interpreted as being based on epithelial sheet
transplantation in sitwations with relatively intact stromal tis-
sue. The AM is rich in basement membrane components since
the amnion itself supports epithelial cells in the uterus. The use
of an AM carrier may therefore have benefits in cases with
extensive damage and inflammation in the underlying stroma.

There are siill several issues to be resolved before the
generalization of epithelial sheet surgery. The manufacnure of
stratified epithelial sheets requires the use of 3T3 fecder cells
and culture-grade serum. Although adverse effects have not
been reported, Xeno-free techniques should be pursued. Simi-
Iarly. the choice of whether to use carriers or not requires
elucidation. Our data clearly show that cell sheets engineered
without carriers reconstruct host tissue nearly 1o its original
state as early as 1 week after surgery. Further refinements in
surgical technique and quality control of cultured sheets
should expand the therapeutic indications for tissue-engi-
neered cell sheet transplantation.
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Abstract

Epidermal growth factor (EGF) and ErbB family molecules play a role in heart development and function. To investigate the role of
EGF family member, heparin-binding EGF-like growth factor (HB-EGF) in heart development, smooth muscle and endothelial cell line-
age-specific HB-EGF knockout mice were generated using the CrefloxP system in combination with the SM220 or T1E2 promoter. HB-
EGF knockout mice displayed enlarged heart valves, and over half of these mice died during the first postnatal week, while survivors
showed cardiac hypertrophy. These results suggest that expression of HB-EGF in smooth muscle and/or endothelial cell lineages is essen-

tial for proper heart development and function in mice.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Cardiac hypertrophy; Conditional knockout; HB-EGF; Heart valves; Heart failure

Heparin-binding EGF-hike growth factor (HB-EGF) s a
member of the EGF family of molecules that was first iden-
tified in the conditioned media of macrophage-like U-937
cells [1]. HB-EGF is initially synthesized as a type I trans-
membrane precursor protein (proHB-EGF) that is subse-
quently enzymatically cleaved to release a soluble form of
HB-EGF [1,2]. Further, HB-EGF acts as a mitogen in many
different cell types and is involved in a variety of physiolog-
ical and pathological processes [3-5].

Two independent studies have reported that over half of
HB-EGF-null mice die before weaning and that survivors
have dysfunctional hearts with grossly enlarged ventricular

" Corresponding author. Fax: +81 89 960 5256.
E-mail address: shigeki@m.chime-u.acjp (S. Higashiyama).
' These authors contributed equally to this work.

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2006.09.060

chambers and reduced life spans [6,7]. Moreover, studies
have described the development of enlarged cardiac valves
in HB-EGF-deficient mice. This heart valve enlargement
has also been observed in EGF receptor (EGFR)-null mice
with a CD1 background, in mice with a mutant EGFR
(waved-2) [8), and in disintegrin and metalloprotease
(ADAM) 17-null mice [7}, which 1s a sheddase of proHB-
EGF [9,10]. These results indicate that ectodomain shed-
ding of proHB-EGF and subsequent EGFR activation
induced by released HB-EGF are crucial for heart valve for-
mation in developmental process as well as development of
cardiac hypertrophy in pathological process [11]. However,
it is not clear in which of the specific heart cell types (e.g.,
cardiac myocytes, endothelial cells, and fibroblasts) that
HB-EGF expression is required for proper heart develop-
ment and function.
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To address this issue, the present study utilized the Cre/
loxP recombination system for spatiotemporal HB-EGF
gene ablation. The system generally requires cross-mating
of two lines of genetically manipulated mice. One line of
mice carries alleles with the HB-EGF gene flanked by JoxP
sites [6], and the other line contains a Cre transgene in
which the expression of Cre is controlled by SM22a or
TIE2 promoter [12,13]. Recombination between the two
loxP sites in the mated mice results in the catalysis of a
deletion of the region flanked by the loxP sites (i.e., Cre-
dependent transgene expression).

The SM22a gene encodes a calponin-related protem that
is expressed specifically in adult smooth muscle [14-17]
During mouse embryogenesis, SM22x is expressed in
cardiac muscle, smooth muscle, and skeletal muscle cells,
but becomes restricted to smooth muscle lineages at late
embryonic stages and throughout adulthood [18]. The
TIE2 gene encodes an angiopoietin receptor, which s a
member of the receptor tyrosine kinase family [19,20]
TIE2 expression is detected as the first endothelial cells

Table 1
Primer sequences for PCR

arise, remains positive in endothelial cells throughout
development, and is detectable in virtually all endothelial
cells of adult tissues [19,21.22].

In this study, we generated smooth muscle and endothe-
lial cell lineage specific HB-EGF knockout mice using Cre/
lox P system in combination with the SM22¢ and TIE2 pro-
moter, and demonstrated that HB-EGF in smooth muscle
and endothelial lineages was essential for heart develop-
ment and function.

Materials and methods

Generation of HB-EGF conditional knockout mice using a gene targeting
CrelloxP strategy. Mice with HB-EGF gene flanked by loxP sites
(HB"™1°%) were generated as previously described [6]. Homozygous HB*1%
mice were bred with SM22a or TIE2 promoter-driven Cre-recombinase
transgenic mice {12,13] to generate SM224-Cre:HB¥WVT or TIE2-Cre: HBOVWT
mice. The obtained mice were bred with HB'*!°* mice to generate SM22a-
Cre:HB'%%* (SM224-Cre:HB™/~) or TIE2-Cre:HB'** (TIE2-Cre:HB /™)
mice. The genotype of each mouse was confirmed by PCR. Primers are
shown in Table 1.

‘Wild-type HB-EGF (forward)
‘Wild-type HB-EGF (reverse)
loxP HB-EGF (forward)

loxP HB-EGF (reverse)

Cre recombinase (forward)

Cre recombinase (reverse)
SM220 promoter Cre (forward)
SM220 promoter Cre {(reverse)
TIE2 promoter Cre (forward)
TIE2 promoter Cre (reverse)

5'-CATGATGCTCCAGTGAGTAGGCTCTGATTAC-3'
5-AGGGCAAGATCATGTGTCCTGCCTCAAGCC-3
5'-ATGGGATCGGCCATTGAACA-3
5'-GAAGAACTCGTCAAGAAGGC-3/
5-TTACCGGTCGATGCAACGAGTGATG-¥
5-TTCCATGAGTGAACGAACCTGGTCG-3
5'-CCAGAGAACAGTGAAGTAGGAG-3'
5-CATCCAGTCTTGCGAACCTCAT-3
5-CCCTGTGCTCAGACAGAAATGAGA-3
5'-CGCATAACCAGTGAAACAGCATTGC-3

Cre
SM220-Cre

TIE2-Cre

jox HB-EGF &

wt HB-EGF [

Cre

TIE2-Cre

Jox HB-EGF Lt

wt HB-EGF §

SM220-Cre

Fig. 1. Genotypes of the conditional knockout mice. SM22a-Cre:HB"¥'°% (A) and TIE2-Cre:HB!®/1% (B) mice were confirmed by PCR. SM220-Cre but
not TIE2-Cre transgenes were detected with SM22a-Cre specific primers and vice versa. The HB-EGF gene flanked by JloxP sites and the wild-type gene

were also confirmed by PCR genotyping.
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Histological analysis. Mouse tissues were fixed in 3.7% formaldehyde,
dehydrated, and embedded in paraffin. Ten micrometer sections were
stained with hematoxylin and eosin. For X-gal staining, after fixation with

2% formaldehyde and 0.2% glutaraldehyde, the tissues were stained with
5-bromo-4-chloro-3-indolyl B-p-galactoside (X-Gal). The stained tissues
were fixed again with 3.7% formaldehyde, dehydrated, and embedded in
paraffin. Ten micrometer sections were stained with eosin.

Results
Generation of HB-EGF conditional knockout mice

To generate cell-type specific HB-EGF knockout mice,
mice carrying alleles with the HB-EGF gene flanked by loxP
sites (HB'O*/1°%: [6]) were crossed with SM22a-Cre [12] or
TIE2-Cre [13] transgenic mice. The obtained mice carrying
the wild-type and loxP HB-EGF genes, and Cre transgenes
(SM220-Cre:HBY™% or TIE2-Cre:HBW'/'°* which we
refer to as SM22a-Cre:HB™~ or TIE2-Cre:HB™~) were
bred again with HB'¥'* mice to generate SM220-Cre:
HB'1% or TIE2-Cre:HBY!°* mice, which we refer to as
SM220-Cre:HB ™/~ or TIE2-Cre:HB ™/~ mice. The genotype
of mice was confirmed by PCR analysis (Fig. 1). No overt
abnormalities were observed in HBY1/1°% or HB'¥/1°% mjce
[6.23], and there was no evidence that strong expression
of Cre recombinase induced abnormalities in wild-type
mice.

HB-EGF expression in the heart of HB-EGF conditional
knockout mice

The targeting vector used for the generation of HB*/!0%
mice contains the lacZ reporter gene under the control of
the native HB-EGF promoter, which is activated by Cre-
mediated recombination [6]. Beta-gal staining of newborn
(postnatal day 1; P1) hearts in SM22a-Cre:HB™~ and
TIE2-Cre:HB"~ mice showed that HB-EGF was strongly
expressed at the site where the great vessels and coronary
arteries arise from the heart (Fig. 2A and B). Histological
analysis of the heart revealed that B-gal positive cells were
localized to the margins of all of the heart valves, including
the semilunar (aortic and pulmonic) valves (Fig. 2C and D)
and the atrioventricular (mitral and tricuspid) valves
(Fig. 2E and F). These results indicate that HB-EGF
expression was blocked in the endocardium of the heart
valves and the coronary artery of SM22a-Cre:HB ™/~ and
TIE2-Cre:HB ™/~ mice.

<
Fig. 2. The heart morphologies and the tissue sections of newborn (P1)
SM22a-Cre:HB~ and TIE2-Cre:HB*/~ (corresponds to wild-type) mice
and survival of conditional knockout mice. Whole mount B-gal staining
revealed that HB-EGF was strongly expressed at sites at which the great
vessels and coronary arteries arise from the heart in SM22a-Cre:HB "/~
(A) and TIE2-Cre:HB"~ (B) mice. The longitudinal sections showed that
HB-EGF was expressed at the margin of the semilunar (C; SM22o-
Cre:HBY~ and D; TIE2-Cre:HB"/~ ) and atrioventricular (E; SM22a-
Cre:HB*™ and F; TIE2-Cre:HBH™ )} valves. Over half of the SM22o-
Cre:HB™/~ (G) and TIE2-Cre:HB ™/~ (H) mice died within the first day
after birth. Approximately 70-80% of these knockout mice died with the
first 2 weeks after birth.
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SM220-Cre:HB™

TIE2-Cre:HB*-

TIE2-Gre:HB ™

Fig. 3. Hematoxylin and eosin staining of the longitudinal sections of the newbomn (P1) heart valves. Histological sections show semilunar (A, B, E and F)
and atrioventricular (C, D, G and H) valves. In SM220-Cre:HB ™/~ (B and D) and TIE2-Cre:HB ™/~ (F and H) mice, the valves were enlarged when
compared with SM22a-Cre:HB~ (A and C) and TIE2-Cre:HBY/™ (E and G) mice. The valves are indicated with arrowheads.

Postnatal lethality of HB-EGF conditional knockout

Breeding of SM220-Cre:HBY/'°% or TIE2-Cre:HBY/1o*
with homozygous HB'9'°* mice yielded HB-EGF
conditional knockout mice. Half of these mice died within
one day after birth. Seventy percent of SM22a-Cre:HB™/~
mice died within 13 days after birth (Fig. 2G), and 80% of
TIE2-Cre:HB™/~ mice died within 18 days after birth
(Fig. 2H). SM224-Cre:HB™/~ and TIE2-Cre:HB™/~ mice
survivors displayed no obvious outward abnormalities
and remained alive for at least several months after birth
(data not shown).

Enlarged heart valves in HB-EGF conditional knockout mice

Histological analysis of newborn (P1) hearts revealed
that SM22a-Cre:HB™~ and TIE2-Cre:HB™/~ mice devel-
oped enlarged semilunar (Fig. 3A, B, E and F) and atrio-
ventricular (Fig. 3C, D, G and H) valves when compared
with SM224-Cre:HB*/~ and TIE2-Cre:HB*/~ mice. This
phenotype was consistent with that of HB-EGF-null mice
[6,7]. The enlargement of neonatal heart in HB-EGF-defi-
cient mice [6,7], however, was not observed in the P1 heart
of these conditional knockout mice (data not shown).

Cardiac hypertrophy in HB-EGF conditional knockout mice
Although the survivors of SM220-Cre:HB™/~ and TIE2-

Cre:HB ™/~ mice initially appeared normal, massive enlarge-
ment of the heart was apparent by 12 weeks of age when

compared with control mice (Fig. 4A-D). Specifically, the
mean heart-to-body wet weight ratio was 1.64 £0.74%
for 12-week-old SM22x-Cre:HB ™~ mice and was 0.65 +
0.16% for 12-week-old SM22a-Cre:HB™ ™ mice (Fig. 4E).
Further, the mean ratio of heart/body weight was 1.36 &
0.48% for 12-week-old TIE2-Cre:HB™/~ mice and was
0.76 4+ 0.063% for 12-week-old TIE2-Cre:HB*/~ mice
(Fig. 4F).

Discussion

The present study demonstrated that loss of HB-EGF in
smooth muscle or endothelial cell lineages resulted in heart
valve malformations, postnatal lethality, and cardiac
hypertrophy, which is a phenotype similar to that of HB-
EGF-null mice [6,7]. The HB-EGF gene was deleted in
endocardial cells of the heart valves in SM22a-Cre:HB ™/~
and TIE2-Cre:HB™/~ mice. Data from the present study
suggest that enlargement of the heart valves results from
the loss of HB-EGF in the endocardial cells of heart valves,
and the heart valve malformation is likely responsible for
the postnatal lethality and cardiac hypertrophy of these
HB-EGF conditional knockout mice.

Heart valves develop from endocardial cushions, which
form when the endocardial cells undergo an endocardial-
mesenchymal transition (EMT) and proliferate and invade
the cardiac jelly, a basement membrane-like substance pro-
duced by the myocardial cells. The endocardial cushion area
elongates and undergoes continuous remodeling to refine
the primitive cushion into thin elongated valve leaflets.
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Fig. 4. Cardiac hypertrophy of the conditional knockout mice. Transverse sections of the hearts (A-D) and heart weight-to-body wet weight ratios (E and
F) of 12-week-old mice. Values represent means =+ SD. Massive enlargement of the heart was observed in SM220-Cre:HB™/~ and TIE2-Cre:HB™/~ mice
when compared with the control mice.

SM22« is expressed in cardiac muscle, smooth muscle, expressed in the heart [6,7], we could not detect obvious
and skeletal muscle cells during embryogenesis, but becomes B-gal staining in myocardium of SM220-Cre:HBY™ mice.
restricted to smooth muscle lineages at late embryonic stag- SM22u-lacZ mice show the low expression of this trans-
es and throughout adulthood [18] Although HB-EGF is gene in myocardium during late development [24], which
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suggests low SM22a-Cre activity and subsequent recombi-
nation efficiency with loxP HB-EGF in myocardium of
SM224-Cre:HB™~ mice. During early avian cardiac devel-
opment, the endocardium-derived mesenchymal cells, which
form endocardial cushions and subsequently form heart
valves, have characteristics of smooth muscle-like myofibro-
blasts and express smooth muscle-specific alpha actin [25].
This finding suggests that the mesenchymal cells that had
transformed from endocardial cells expressed the smooth
muscle-specific SM22a gene, and this fact may account for
HB-EGF gene deletion in the heart valves of SM22u-
Cre:HB™/~ mice.

TIE2 1s expressed in endothelial cells throughout
development {19,21,22]1 Previous studies have reported
that T7E2-Cre:R26R mice have B-galactosidase activity
that was restricted to the endocardium and the mesen-
chyme of the endocardial cushions but was never
observed in myocardium or epicardium of the developing
heart [26]. These data indicate that the HB-EGF gene was
eliminated in endocardial but not in myocardial cell lineages
in the developmg heart of TIE2-Cre:HB™/~ mice. There-
fore, the present study suggests that the loss of endocardial
but not myocardial HB-EGF is at least responsible for the
heart valve enlargement in HB-EGF-null mice.

Enlargement of heart valves has also been observed in
mutant mice expressing an uncleavable form of proHB-
EGF [27], m ADAM17-null mice [7}, in EGFR-null mice
with a CD1 background, and in mice expressing a mutant
EGFR (waved-2) [8]. Together with data from the present
study, these observations indicate that ectodomain shed-
ding of proHB-EGF in endocardial cells of heart valves
and subsequent EGFR activation are essential for remod-
eling of endocardial cushions. Although the mechanism
of cushion remodeling is largely unknown, HB-EGF/
EGFR signaling in the mesenchymal cells within the endo-
cardial cushions may suppress cellular proliferation to
refine the primitive cushion into thin elongated valve leaf-
lets [7,28]. Recent studies have reported that the cytoplas-
mic domain of proHB-EGF and C-terminal fragment of
proHB-EGF generated by ectodomain shedding have some
functions [29-31]. These intracellular signaling might be
mvolved i the heart valve formation.

In conclusion, the loss of HB-EGF gene expression in
smooth muscle or endothelial cell lineages of the develop-
ing mouse results in heart valve malformations and cardiac
hypertrophy. These data indicate.the significance of endo-
cardial HB-EGF for proper heart development and
function.
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