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The Roles Of Types XII And XIV Collagen In
Fibrillogenesis And Matrix Assembly In The
Developing Cornea
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Abstract Corneal transparency depends on the architecture of the stromal extracellular matrix, including fibril
diameter, packing, and lamellar organization. The roles of collagen types XII and XIV in regulation of corneal
fibrillogenesis and development were examined. The temporal and spatial expression patterns were analyzed using semi-
quantitative RT-PCR, in situ hybridization,Western analysis, and immunohistochemistry. Expression of types XII and XIV
collagens in cornea development demonstrated that type XII collagenmRNA levels are constant throughout development
(10D-adult) while type XIV mRNA is highest in early embryonic stages (10D–14D), decreasing significantly by hatching.
The spatial expression patterns of types XII and XIV collagens demonstrated a homogeneous signal in the stroma for type
XIV collagen, while type XII collagen shows segregation to the sub-epithelial and sub-endothelial stroma during em-
bryonic stages. The typeXII collagen in the anterior stromawas an epithelial product during developmentwhile fibroblasts
contributed in the adult. TypeXIV collagen expressionwas highest early in development andwas absent by hatching. Both
types XII and typeXIV collagenhavedifferent isoforms generated by alternative splicing thatmayalter specific interactions
important in fibrillogenesis, fibril–fibril interactions, and higher order matrix assembly. Analysis of these splice variants
demonstrated that the long XIImRNA levelswere constant throughout development,while the short XII NC3mRNA levels
peaked early (12D) followed by a decrease. Both type XIV collagen NC1 splice variants are highest during early stages
(12D–14D) decreasing by 17D of development. These data suggest type XII collagen may have a role in development of
stromal architecture and maintenance of fibril organization, while type XIV collagen may have a role in regulation of
fibrillogenesis. J. Cell. Biochem. 87: 208–220, 2002. � 2002 Wiley-Liss, Inc.

Key words: corneal stroma; corneal development; fibril formation; matrix assembly; extracellular matrix; collagen types
XII and XIV

The mature cornea is a strong and trans-
parent tissue. The cornea is composed of four
parallel extracellular matrices, the epithelial
basement membrane, Bowman’s layer, the

stroma, and Descemet’s layer. An integration
of these layers during development is important
for the acquisition of structural integrity as well
as transparency. The epithelial basement mem-
brane is a continuous sheet of specialized
extracellular matrix that serves as the sub-
strate for epithelial attachment [Linsenmayer
et al., 1998]. Bowman’s layer is at the interface
between the epithelial basement membrane
and the stroma proper. It is composed of small
diameter collagen fibrils arranged as an inter-
woven meshwork. The stroma is the major
corneal matrix composed of small diameter,
striated collagen fibrils arranged in orthogonal
lamellae. The fibrils have homogenous small
diameters and a constant center-to-center spa-
cing, and are arranged into orthogonal lamellae
[Hay and Revel, 1969; Hay, 1980; Birk and
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Trelstad, 1984]. The formation and mainte-
nance of small diameter fibrils, followed by the
assembly of fibrils into tissue-specific matrices
is essential for optical function [Cox et al., 1970].
Descemet’s layer is a specialized acellular
extracellular matrix between the stroma and
the endothelium. These matrices are organized
and integrated together at different levels
during the development of a functional cornea.

The major structural element of Bowman’s
layer and the stroma is the heterotypic type I/V
collagen fibril. The assembly and growth of col-
lagen fibrils, the grouping of fibrils into lamel-
lae, and the organization of lamellae within the
stroma all contribute to tissue structure and
function. We propose that macromolecules
associated with the fibrils regulate the events
that lead to corneal function. These macromo-
lecules include the family of fibril-associated
collagens with interrupted triple helical do-
mains (FACIT collagens). The members of this
family include collagen types IX, XII, XIV,
XVI, XIX, and XX [Shaw and Olsen, 1991;
Pan et al., 1992; Yamakoshi and Nagai, 1992;
Yoshioka et al., 1992; Myers et al., 1994; Ricard-
Blum et al., 2000; Koch et al., 2001]. Type XII
and XIV collagens are expressed in a wide
variety of tissues including the developing
avian cornea [Nishiyama et al., 1994; Walchi
et al., 1994; Koch et al., 1995; Gordon et al.,
1996].

Types XII and XIV collagen are structurally
similar homotrimers, composed of two collage-
nous domains (COL1–COL2) and three non-
collagenous domains (NC1–NC3) [Shaw and
Olsen, 1991; Ricard-Blum et al., 2000]. Both
types XII and XIV collagen are found to asso-
ciate with type I collagen fibrils [Keene et al.,
1991; Young et al., 2000; Schuppan et al., 2001].
These multidomain collagens can interact with
more than one extracellular component simul-
taneously allowing integration of developing
matrices. For example, type XII collagen has
been shown to bind to proteoglycans, decorin
and fibromodulin [Font et al., 1996]. Type XIV
collagen has been shown to bind with the
proteoglycan decorin [Font et al., 1993] and
heparin [Brown et al., 1993; Giry-Lozinguez
et al., 1998]. The two carboxy terminal domains,
NC1 and COL1, of both type XII and XIV
collagen are believed to interact with the type
I collagen fibrils [Keene et al., 1991; Schuppan
et al., 2001]. While the large globular NC3
domain on the amino terminus projects into the

matrix and is hypothesized to interact with
other matrix components and may bridge
adjacent fibrils [Shaw and Olsen, 1991;
Ricard-Blum et al., 2000].

The NC1 and NC3 domains have different
isoforms generated by alternative splicing. Both
collagens XII and XIV have splice variants in
these domains [Trueb and Trueb, 1992; Walchi
et al., 1993; Imhof and Trueb, 1998; Kania et al.,
1999]. Alternative isoforms can affect either
interactions with the type I collagen fibril
(NC1 splice variants) or interactions with other
matrix components (NC3 splice variants)
[Imhof and Trueb, 2001]. There is speculation
that these different type XII and XIV isoforms
have different roles in regulating developing
tissues [Koch et al., 1995; Wessel et al., 1997;
Kania et al., 1999; Young et al., 2000].

Our hypothesis is that type XII and XIV
collagens are important regulatory macromole-
cules in corneal development. Specifically, type
XII collagen functions in the integration of the
developing corneal extracellular matrices pro-
viding stability in the mature stroma and type
XIV collagen functions in the regulation of fibril
growth in the stroma.

MATERIALS AND METHODS

Tissue Harvest

White leghorn chicken embryos (Spafas, CT,
USA) were incubated in a humidified atmos-
phere and staged according to Hamburger and
Hamilton [1951]. Corneas were dissected from
staged embryos (8–19 day) as well as hatchling
and adult (2 month old) chickens.

Immunofluorescence Microscopy

Immunolocalization of types XII and XIV
collagen was done as described previously
[Young et al., 2000]. Briefly, corneas were fixed
with 4% paraformaldehyde in PBS, pH 7.3 for
30 min on ice. The tissues were incubated with
7% sucrose–PBS, frozen in OCT (Tissue Tek,
Miles Laboratories, Naperville, IL) and sec-
tions (6 mm) were cut and picked up onto poly-L-
lysine coated slides. Sections were treated with
sodium borohydride (50 mg/100 ml PBS) and
non-specific binding sites were blocked by incu-
bation in 5% normal goat serum (NGS). Sections
were then incubated in primary and secondary
antibodies described below. Negative controls
were slides incubated with buffer without
primary antibodies. Slides were mounted in
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Vectashield mounting media (Vector Labs,
Burlingame, CA) with 10 mg/ml Hoechst 33258
(Pierce, Rockford, IL). Images were captured
using an Optronics Digital camera using set
integration times and identical conditions to
facilitate comparisons between samples. These
experiments were performed on sections from at
least five different chickens from each stage.

Antibodies

Two different monoclonal antibodies against
type XII collagen were used. One, (C19), de-
tected all forms of type XII collagen while
another, (SE14), detected only the long isoform
of type XII collagen [Koch et al., 1995]. Both
anti-type XII collagen antibodies were used at
5 mg/ml followed by secondary goat anti-mouse
DTAF conjugated antibody used at a 1:300
dilution. For type XIV collagen, an affinity puri-
fied rabbit polyclonal antibody was used
[Castagnola et al., 1992]. This antibody detected
all forms of the protein. Rabbit anti-chicken
primary antibody was used at a 1:500 dilu-
tion followed by secondary goat anti-rabbit
IgG DTAF conjugated antibody used at 1:300
dilution.

Western Analysis

Western blots were done as previously des-
cribed [Young et al., 2000]. Briefly, corneas were
extracted according to Castagnola et al. [1992].
The extract was centrifuged, and the super-
natant was collected. Total protein was mea-
sured using the BCA Protein Assay (Pierce)
and protein samples ranging from 10 to 20 mg
were electrophoresed under reducing condi-
tions on 5% acrylamide gels. Sodium dodecyl
sulfate polyacrylamide gel electrophoresis
(SDS–PAGE) was performed [Laemmli, 1970]
and the gels were transferred to nitrocellulose
[Towbin et al., 1979]. The blot was blocked in a
5% non-fat dry milk/PBS solution, washed in
PBS buffer and incubated for 2 hours at room
temperature with either anti-type XIV collagen
antibody at 1:2,000 dilution or anti-type XII
collagen antibody C19 or SE14 at 5 mg/ml. For
type XIV detection, a goat anti-rabbit perox-
idase secondary antibody was used, for type XII
detection, a goat anti-mouse peroxidase second-
ary antibody was used. For detection of the pero-
xidase the ECL detection system (Amersham
Life Science, England) was used. Western blots
were performed in quadruplicate on at least
three different cornea extractions. Relative

density was measured from films with the
BioRad Gel Doc 2000 system and Quantity
One (Biorad, Richmond, CA).

Preparation of RNA and cDNA

The central corneas were isolated with a 2 mm
dermal punch beginning at day 12, while whole
corneas from earlier time points were dissected.
Total RNA was isolated by homogenization in
Trizol reagent (Gibco BRL, Gaithersburg, MD)
and stored at �808C. cDNAs were obtained by
reverse transcription of 800 ng of total RNA
with random primers using the Superscript II
preamplification system (Gibco BRL). The final
volume of the reverse transcription reaction
was 20 ml.

PCR Analysis of Type XII and XIV
Collagen mRNA

Each PCR reaction contained the following:
1.25 mM of each dNTP (Gibco BRL), 1 mM of
each primer, PCR buffer with 1.5 mM MgCl2,
and 2.5 U of Taq polymerase (Perkin Elmer,
Branchburg, NJ). For most experiments, all
PCR reactants except the DNA template were
first combined in a master mixture and then
distributed in 24 ml aliquots into 0.2 ml micro-
amp tubes. DNA samples were added (1 ml per
reaction) and PCR was performed in a Perkin
Elmer 9600 thermal cycler. For semi-quantita-
tive analysis, each reaction was prepared with a
combination of target primers and the internal
control 18S primer competimer mix (Ambion
Austin, TX). The following program was used
for semi-quantitative analysis of either type XII
collagen or type XIV collagen: 948C for 30 sec
followed by 26 cycles (type XII collagen) or
28 cycles (type XIV collagen) of 948C for 15 sec,
568C for 25 sec, and 728C for 1.5 min followed by
728C for 10 min, and stored at 48C until used.
The cDNAs from corneas at multiple develop-
mental time points were isolated and combined
in a multiplex PCR. For type XII collagen ana-
lysis the first set of primers targeted the NC3
domain of type XII collagen, while the second set
of primers targeted the 18S ribosomal RNA.
Because the type XII collagen products were
close in size, separate reactions to detect short
XII and long XII were prepared. For type XIV
collagen analysis, the first set of primers tar-
geted splice variants that generate the NC1
domain and the second set of primers target-
ed the 18S control. All PCR products were
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resolved on 1.4% agarose gels and visualized
with ethidium bromide at 0.5 mg/ml. Images
were captured with the BioRad Gel Doc 2000
system and analyzed using the Quantity One
software package.

These PCR products were resolved on 1.4%
agarose gels and visualized by ethidium bro-
mide (0.5 mg/ml). The analysis of type XII
collagen produced two bands per lane, one
representing either the short or long type XII
(226 or 299 bp) and one band representing the
18S band (489 bp). The analysis of type XIV
collagen produced three bands per lane, two
representing the two NC1 domain splice var-
iants of type XIV (223 or 316 bp) and a third
band representing the 18S band (489 bp). This
protocol was standardized by determining the
linear range of the cycle number for the target
products to be 28 cycles for type XII collagen and
26 cycles for type XIV collagen. In addition, the
correct ratio (2:8) of the 18S primers to compe-
timers was determined according to manufac-
turers’ instructions.

Primers

For analysis of type XII collagen NC3 domain
splice variants primers were used to detect both
long and short forms as previously publish-
ed [Gordon et al., 1996]. The forward primer
was used for both long and short XII col-
lagen (ATGAGGACAGCGCTGTGCTCG). Two
reverse primers were utilized, TACCTCATCA-
TATGAAGCTATT) used to detect the long XII
variant collagen, and AGACCAATCTGTACT-
TTGTCA) used to detect the short XII variant
collagen. The amplified short XII product is
226 bp while the long XII product is 299 bp.
The primers for type XIV collagen NC1 splice
variants were, CCTGTGCTGGCTATGGATG
(forward), and TGTTCCAGAGTCTTGATGCT
(reverse). Amplification will detect two splice
variants, the long XIV variant (316 bp) and the
short XIV variant (223 bp) in the target cDNA.
The primers for the 18S control and competi-
mers were from a kit (Ambion). The 18S primers
generated a 489 bp product.

In Situ Hybridization

A cDNA fragment within the NC3 domain
of type XII collagen was amplified by PCR
using cDNA template synthesized from chicken
embryo cornea RNA. The forward primer seq-
uence is50-GCAGAACCAAACCTCTCACTwhile
the reverse primer is 50-TTCTTGGTGTTCCT-

CTCTCC. T7 phage RNA polymerase promoter
adaptor (Ambion, Austin, TX) was ligated to
the PCR product. Using gene-specific reverse
primer and T7 promoter adaptor forward pri-
mer (from Lig’nScribe No-cloning Promoter
Addition Kit, Ambion), or gene-specific forward
primer and T7 promoter adaptor reverse pri-
mer, templates for in vitro transcription with
T7 promoter at either 50 or 30 end were generat-
ed by PCR amplification from ligation reaction.
Antisense or sense RNA probes labeled with
Dig-11-UTP (Roche, Indianapolis, IN) were
yielded by in vitro transcription (Ambion).

Cryosections were prepared as described in
the section of IF microscopy. After fixation in 4%
paraformaldehyde and rinsing in PBS, the
sections were treated with 0.2 N HCl to inacti-
vate endogenous alkaline phosphatase activity
and digested with 0.1% pepsin (Dako, Carpin-
teria, CA). Then the sections were acetylated in
0.25% acetic anhydride in 0.1 M triethylnola-
mine. Following prehybridization of 1 hr with
hybridization buffer (Dako) after equilibrating
in 5�SSC, hybridization was carried out at
558C overnight with probe at concentration of
150 ng/ml. Digest excess probe from slides by
incubating with Rnase A/T1 (Ambion) followed
by washing consequently in 2�SSC, TNE
buffer (10 mM Tris pH 7.5, 500 mM NaCl,
1 mM EDTA), 50% formamide DI in 2�SSC
and 0.08�SSC. Before detection of digoxigenin
(Dig) by anti-Dig antibody conjugated with
HRP, the sections were blocked with 20% rabbit
Ig fraction in blocking buffer (100 mM Tris
pH 7.5, 150 mM NaCl, 1% purified casein).
The signal was amplified by consequent incuba-
tions with biotinyl-tyramide, anti-biotin-HRP
(Dako), biotinyl-tyramide and anti-biotin-alka-
linephosphatase,withwashing inTBST(50mM
Tris pH 7.6, 300 mM NaCl, 0.1% Tween-20)
between steps. The signal was detected by in-
cubation with fast red (Sigma, St Louis, MO) in
dark. Then the sections were counterstained
with hematoxylin and the nucleus staining
was enhanced by 0.08% ammonium hydroxide.
After rinsing with water followed by drying,
the slides were mounted with permount (Fisher,
Houston, TX).

RESULTS

Type XII Collagen in Developing Cornea

Type XII collagen was neutral salt extrac-
table from the cornea from day 10 of develop-
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ment until hatching. Western blot analyses
demonstrated relatively high expression during
this developmental period (Fig. 1A,B). In con-
trast, very little type XII collagen was observed
on Western blots of neutral salt extracted adult
corneas (data not shown). This observation was
inconsistent with the immunochemical localiza-
tion studies that demonstrated type XII collagen
expression throughout the adult stroma (Fig. 2,
and see results below). To address this incon-
sistency, we directly extracted the 17D and

adult corneas with SDS sample buffer. This
more stringent approach still only extracted
relatively small amounts of type XII collagen
from the adult cornea compared to the 17D
cornea (Fig. 1A). The inability to extract type
XII collagen from the mature stroma suggests
that with maturation this collagen becomes
firmly integrated into the corneal stroma, pos-
sibly by covalent crosslinking.

The spatial expression pattern of type XII col-
lagen during corneal development was analyzed
by immunofluorescence microscopy (Fig. 2A,B).
Spatial expression of type XII collagen was
not homogeneous during development. The
expression of type XII collagen was spatially
restricted to interfacial matrix regions during
development. Specifically, Bowman’s layer and
the anterior stroma, as well as Descemet’s layer
and the adjacent posterior stroma reacted pro-
minently with antibodies against type XII
collagen. In contrast, the bulk of the stroma
proper was negative between day 14 and hatch-
ing. At hatching, there was an obvious infusion
of type XII collagen reactivity into the anterior
stroma. In the mature adult cornea (2 months),
the type XII collagen signal was detected
throughout the stroma proper. The negative
control experiments showed no reactivity.

The two major isoforms of type XII collagen
were examined utilizing an antibody that recog-
nized only the long type XII collagen isoform
(Fig. 2C). Comparable with the data presented
above for localization of both forms, the long
NC3 (XII) isoform was present at all deve-
lopmental stages studied and showed spatial
segregation. Specifically, the long type XII
collagen isoform was expressed in anterior and
posterior regions, but not in most of the stroma
proper, during early stages of corneal develop-
ment (14D–19D). At hatching, the long isoform
begins infiltrating the anterior stroma. In the
adult, the mature stroma is strongly reactive for
the long type XII collagen isoform. In contrast to
developmental stages, this reactivity is present
throughout the corneal stroma.

Type XII collagen mRNA expression in19 day
embryo and adult chicken corneas was char-
acterized by in situ hybridization (Fig. 3). In the
developing cornea (19 day embryo), the fibro-
blasts in the anterior stroma are all negative,
while the basal epithelial cells show strong
collagen XII mRNA expression. This indicates
that the type XII collagen localized in the inter-
facial matrix regions such as Bowman’s layer

Fig. 1. Type XII collagen content is constant during corneal
development. (A) Western blot analysis of type XII collagen
neutral salt extracted from 14 days of development to hatching
(14D, 17D, Hatch). Expression is maintained at a relatively high
level during this period. In the adult cornea, type XII collagen is
not extractable using neural salt buffers (data not shown). This
Western blot (adult) shows the type XII collagen extracted from
adult cornea utilizing SDS loading buffer and even in SDS
containing buffers only a small amount is extractable. This is
inconsistent with the immunofluorescence data for adult stroma
(Fig. 2). Integration within the mature stroma may be a cause for
low extraction. (B) The graph presents the quantitative densito-
metric analyses of the Western Blot from gel (A).
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and the anterior stroma is derived from basal
epithelial cells and not fibroblasts in the ante-
rior stroma. However, collagen type XII in the
posterior stroma is probably derived from both

the endothelium and fibroblasts in the posterior
stroma. In the adult cornea, the mRNA expres-
sion changes. Collagen type XII mRNA conti-
nues to be expressed by basal epithelial cells,

Fig. 2. Type XII collagen is localized to the interfacial matrix
regions of developing cornea. Immunofluorescence microscopy
of day 10–19 embryos, hatchling, and adult chicken corneas
were reacted with antibodies against either type XII collagen or
the long type XII collagen isoform. (A) In developing cornea,
between day 14 and 19 the type XII collagen is sequestered in the
sub-epithelial, Bowman’s layer and anterior most stroma (arrow)
andendothelial regions (arrowhead) of the cornea. In contrast, by
hatching and beyond the type XII is clearly in the stroma proper
(S). There are multiple splice variants of type XII collagen. (C) An
antibody that recognized the long splice variant isoform, that
produces theNC3domain,was also utilized in these studies. The
long XII collagen isoform is also localized to the interfacial

matrices of the developing cornea. By immunofluorescence
observation, the majority of type XII in the Bowman’s layer
(arrow) is long XII collagen, while the signal that appears in the
anterior stroma (arrow in 17D panel A) is probably the short XII
isoform. Furthermore, the majority of the type XII collagen in the
adult stroma appears to be the long isoform. (B) and (D) For tissue
orientation, Hoechst stain of fibroblast nuclei is presented below
the immunostained sections. In all cases, the negative controls
(absence of primary antibodies) were negative. Tissues were
fixed in 4% paraformaldehyde and cryosectioned at 6 mm.
Sections were reacted with mouse monoclonal antibodies
conjugated to DTAF. Bar¼ 100 mm.
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endothelial cells and fibroblasts in the posterior
stroma, but in addition the fibroblasts in the
anterior stroma demonstrate reactivity. This
indicates that the collagen type XII localized
throughout the adult stroma is derived from
fibroblasts with contributions from the epithe-
lial and endothelial cells in the anterior and
posterior interfacial matrices, respectively.

Two splice variants in the NC3 domain of
chicken type XII collagen have been describ-
ed [Trueb and Trueb, 1992; Koch et al., 1995].
It has been suggested that these splice variants
may change the interactions between adjacent
fibrils or affect the binding affinity between type
XII collagen and other matrix components

[Koch et al., 1995; Wessel et al., 1997]. Semi-
quantitative RT-PCR was used to determine
the relative amounts of each type XII collagen
mRNA splice variant for different stages in
developing chicken cornea.

Total RNA from day 10, 12, 14, 17, 19 embryos
in addition to hatchling and adult chicken cor-
neas was used. Equal amounts of total RNA was
used for generation of cDNA and subsequent
PCR analyses. The multiplex PCR reactions
amplified target mRNAs in addition in the 18S
rRNA control. The linear range of amplification
for 18S was adjusted to the target type XII
collagen mRNAs. The results demonstrate that
both alternatively spliced type XII collagen NC3

Fig. 3. Type XII collagen mRNA expression patterns change
during corneal development. Type XII collagen mRNA expres-
sion in 19 day embryos and adult chicken corneas was detected
by in situ hybridization with RNA probes that recognized both
the long and short isoforms. (A) In the 19 day embryonic cornea,
mRNA expression was detected in basal epithelial cells, some
posterior keratocytes, and endothelium cells. The basal epithelia
cells (C) showedstrong reactivity,whilefibroblasts in theanterior

stromawere all negative (arrows) (E). (B) In the adult cornea, type
XII collagen mRNA was expressed in fibroblasts throughout the
whole cornea stroma, basal epithelial cells, (D) and endothelial
cells. (F) shows the positive fibroblasts in the anterior stroma
(arrows). Sections incubated with the sense probe (G,H) were
all negative. Ep, epithelium; En, endothelium. Bars¼25 mm
(A,B,G,H) and 10 mm (C,D,E,F).
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transcripts were present throughout corneal
development (Fig. 4). Long type XII collagen
variant mRNA was present from day 10 until
adult. Expression of the long NC3 variant grad-
ually increased with development and matura-
tion (Fig. 4B). In contrast, the short type XII
collagen variant mRNA appeared to peak at
day 14 (14D) and decreased significantly with
development (Fig. 4C). There is a reciprocal
expression pattern seen during corneal devel-
opment for the two NC3 splice variants. The

short form decreases while expression of the
long form increased with corneal development
(Fig. 4B vs. C)

Type XIV Collagen in Developing Cornea

The expression of type XIV collagen in devel-
oping cornea was analyzed by immunofluore-
scence microscopy with an antibody directed
against type XIV collagen (Fig. 5). Type XIV
collagen was present early in the developing
cornea until day 17 of development. Beginning
at day 19 of corneal development, there was a
dramatic decrease in reactivity. During the
development period (10D–17D) type XIV col-
lagen signal was homogeneously distributed
throughout the Bowman’s layer and the corneal
stroma. The hatching and adult were not re-
active with the type XIV collagen antibodies.
These changes in type XIV collagen reactivity
correlate with specific stages of fibrillogenesis.
The controls without primary antibodies were
negative at all stages.

To demonstrate that the absence of signal in
the stroma of the mature corneas was not due
to masking of the epitope, type XIV collagen
in the developing cornea was further analyzed
using Western blot analyses (Fig. 6). Type XIV
collagen was present at relatively high levels
during day 12–17 of corneal development with
an apparent peak at day 14 of development.
Type XIV collagen was present in low amounts
by hatching (Fig. 6B).

Expression of two NC1 type XIV collagen
mRNA splice variants was examined using
semi-quantitative RT-PCR. The results of the
semi-quantitative analysis of type XIV collagen
in developing cornea demonstrated both the
long and short NC1 splice variants were present
from day 10 to 17. There was a significant de-
crease in expression of both variants at day 19.
No expression could be measured in hatching
and adult corneas (Fig. 7A). The two NC1 splice
variants showed a coordinate expression pat-
tern (Fig. 7B,C). Both variants had peak
expression at 14 days of development. There
was decreased expression at 17 and 19 days
followed by no expression in the mature cornea
(hatchling and adult).

DISCUSSION

The present study characterizes the expres-
sion of types XII and XIV collagen and their
splice variants in relation to different stages of

Fig. 4. Expression of type XII collagen mRNA splice variants in
corneal development. Two amino terminus splice variants,
generating the different forms of theNC3domain,were analyzed
in developing cornea. (A)This ethidium bromide agarose gel of
type XII collagen message expression in the embryonic chicken
cornea demonstrates long XII is present throughout corneal
development into the adult while short XII is present until day
19 of development. (B) This graph presents the quantitative
densitometric analyses of type XII collagen splice variants. The
long type XII collagen message was maintained throughout
cornea development from embryonic stages to adult. (C) This
graph presents the quantitative densitometric analyses of short
type XII collagen splice variant message that decreased during
cornea development. Both graphs (B) and (C) represent the
averages from three separate semi-quantitative PCR experiments
from at least three pooled samples of cDNA. The values were
normalized to 1.0 for the developmental stage thatwas highest in
each graph. A semi-quantitative PCR approach was used to
determine relative amounts of the two type XII collagen splice
variants in developing cornea. This multiplex PCR utilized two
primer pairs to amplify the target type XII splice variants and an
internal 18S rRNA control. Two type XII collagen splice variants
producing the NC3 domain have been described [Koch et al.,
1995].We refer to these as longXII (299 bp) and short XII (226bp)
collagen. This PCR analyses was optimized for both the correct
cycle number for amplification in the linear range and the correct
ratio of the internal control primers.
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corneal development. Type XII collagen was res-
tricted to interfacial regions throughout corneal
development suggesting role in the integration
of the multiple corneal layers. The absence of
type XII collagen from the stroma proper during
periods characterized by rapid fibrillogenesis
indicates that type XII collagen is not directly
involved in the regulation of fibrillogenesis
during development of the corneal stroma. In
contrast, type XIV collagen expression is homo-
geneous throughout the developing stroma and
decreases dramatically in the mature stroma.
This expression pattern suggests that type XIV
collagen has a regulatory function in corneal
fibrillogenesis. Previous studies of type XIV col-
lagen expression during tendon development
indicated a potential role in regulating the
transition to linear growth during fibrillogen-
esis [Young et al., 2000]. The type XIV collagen
expression was reduced and linear growth in-
creased during this period of down regulation.
In the corneal stroma immature fibrils undergo
significant linear growth during the period
where type XIV collagen expression is down
regulated [Birk et al., 1996]. During normal
corneal development there is no lateral fibril
growth, however, in tendon lateral growth
occurs when type XIV collagen is absent. The

comparison of the two tissues suggests that
type XIV collagen does not play a significant role
in regulation of lateral growth. In fact the pro-
teoglycans decorin, lumican, and fibromodulin
have been shown to alter normal lateral growth
[Iozzo and Murdoch, 1996; Svensson et al., 1999;
Chakravarti et al., 2000; Ezura et al., 2000].

The characterization of type XII collagen in
developing tissues has been studied by different
groups to determine its functional significance
[Nishiyama et al., 1994; Walchi et al., 1994;
Koch et al., 1995; Gordon et al., 1996; Sasaki
et al., 1996; Wessel et al., 1997; El Shabrawi
et al., 1998; Anderson et al., 2000]. Our data
demonstrate the localization of both forms of
type XII collagen is consistent with a role in
structural integration of the developing mat-
rices. Type XII collagen is found in the inter-
facial regions, Bowman’s layer and Descemet’s
layer, on either side of the stroma. These are
regions that show increased stability compared
to adjacent regions [Linsenmayer et al., 1986;
Fitch et al., 1988]. Others have demonstrated
that type XII collagen localizes to dense connec-
tive tissues subjected to stress, again support-
ing a structural function for type XII collagen
[Walchi et al., 1994; Koch et al., 1995; Akutsu
et al., 1999]. Interestingly, type XII collagen

Fig. 5. Type XIV collagen reactivity is localized in the devel-
oping stroma of the cornea. This reactivity is high early (14D)
and disappears with maturation (19D) in the developing cornea.
Immunofluorescence microscopy of developing chicken cor-
neas fromday 10 until adultwere reactedwith antibodies against
typeXIVcollagen. (A)Reactivitywith antibodies against typeXIV
collagen is high in day 14–17 embryonic corneal stromas (S). In
contrast, reactivity is very low inday19corneas andbeyond. This
indicates type XIV expression is low in the relatively mature

cornea matrix. Also, note the high signal of type XIV collagen in
the Bowman’s layer (arrows) at day 14 (14D) and day 17 (17D).
(B) For tissue orientation, Hoechst stain of fibroblast nuclei is
presented below the immunostained sections. In all cases, the
negative controls (absence of primary antibodies) were negative.
Tissueswere fixed in 4%paraformaldehyde and cryosectioned at
6 mm. Sections were reacted with rabbit polyclonal antibodies
against type XIV collagen, followed by secondary antibodies
conjugated to DTAF. Bar¼ 100 mm.
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begins infusing the anterior stroma at hatching
and is found throughout the mature stroma of
the adult. This change implies a more structural
role stabilizing the layers of the cornea.

Our data indicate that the long NC3 isoform
is the predominant form present in the adult
stroma. The observed isoform switching is pre-
sumably involved in the change from devel-
opmental regulation of matrix assembly and
integration to stabilization of lamellae in the
adult. The switch to predominantly the long
isoform also may partially explain the un-
extractability of type XII collagen in adult

Fig. 6. Western analyses of type XIV collagen in cornea
development demonstrated high levels during early stages of
development and a significant decrease by hatching. (A) This is
a representative Western blot demonstrating a significant de-
crease in type XIV collagen reactivity between 17D and hatching
in corneal development. (B) The graph presents quantitative
densitometry of the data from gel (A). At embryonic day 14 (14D)
the a1(XIV) chain is approximately 17-fold more abundant
than in hatchling cornea (H). These analyses were repeated four
times on pooled protein samples with consistent results. A
general trend of peak type XIV collagen expression between 14D
and 17D followed by a dramatic decrease at hatching was
observed.

Fig. 7. Type XIV collagen mRNA expression decreases drama-
tically between day 17 (17D) and day 19 (19D) during corneal
development. (A) This ethidium bromide agarose gel demon-
strates that both the long and short type XIV collagen NC1 splice
variants are present from embryonic day 8 (8D) until day 17
(17D) during the period of rapid fibril growth. The longXIV splice
variant message is consistently higher relative to the short splice
variantmessage at all stages. By hatching, typeXIV collagen is no
longer detectable. (B) This quantitative densitometric graph
demonstrates the expressionof longXIV collagenmessage is high
during early stages of fibril growth in cornea. (C) This quantitative
densitometric graph demonstrates the expression of short XIV
collagen message peaks at day 14 and decreases during fibril
growth in cornea. Graphs (B) and (C) represent the averages of
four separate semi-quantitative PCR experiments on multiple
samples of pooled cDNA. Again, the levels of both type XIV
splice variants are present during stages of early development
and rapid fibrillogenesis (10D–17D) when fibrils are growing
primarily in length. A semi-quantitative PCR approach was used
to determine relative amounts of the two typeXIV collagen splice
variants in developing cornea. This multiplex PCR utilized two
primer pairs to amplify the target type XIV splice variants and an
internal 18S rRNA control. Two type XIV collagen splice variants
in the NC1 domain have been described [Walchi et al., 1993].
We termed these the longXIV and short XIV variants. The�93 bp
deletionhas a regionbetweenbases 5,747 and5,839 splicedout.
The primer pairs designed would recognize both splice variants
and yield PCR products of 316 bp for the long XIV variant and
223bp for the short XIVvariant. This PCRanalyseswas optimized
for both the correct cycle number for amplification in the linear
range and the correct ratio of the internal control primer.

Corneal Types XII and XIV Collagen 217



corneas. Analysis of the type XII splice variants
in separated epithelium and stroma layers de-
monstrated a contribution by both tissue layers
[Gordon et al., 1996]. The contribution of two
NC3 isoforms from two adjacent sources may be
required for tissue integration.Ourpresentdata
demonstrated a strong localization to Bowman’s
layer from day 14 to day 17. This further sup-
ports a role for type XII collagen in the
integration of the epithelial and endothelial
matrices with the stroma during development.

The temporal expression of type XII collagen
remains constant in the developing Bowman’s
layer indicating a maintenance role for this
FACIT collagen. Studies in human corneas de-
monstrated the rigidity of the anterior stroma
preserves corneal curvature [Bron, 2001;Muller
et al., 2001]. At day 19, the type XII collagen
begins infusing the anterior stroma again, sug-
gesting a role in maintaining the structural
integrity of the anterior stroma that is important
in corneal curvature and function. There are
two major isoforms of type XII collagen that
differ in their NC3 domain. Since the NC3
domain projects into the surrounding matrix
away from the collagen I/V fibril, different iso-
forms can affect matrix–collagen interactions
or collagen–collagen interactions. Our analysis
of the type XII NC3 splice variants indicated the
presence of the long type XII splice variant
throughout development while the short type
XII variant was highest during earlier stages
and decreased in the mature stages. Nishiyama
reported that the NC3 domain of type XII caused
gel contraction suggesting a macromolecular
bridge between the fibrils [Nishiyama et al.,
1994]. Both our morphological data and mole-
cular analyses indicated long type XII collagen
is predominant during development and in
the adult stroma. Since this is the isoform with
the larger NC3 domain, that contains more type
III FN repeats, it suggests that this isoform
would function in holding together and inte-
grating the developing matrices. Other groups
have investigated type XII in developing rabbit,
bovine and human cornea [Sasaki et al., 1996;
Wessel et al., 1997; Anderson et al., 2000]. The
data presented by others in the rabbit cornea
demonstrated the long XII isoform is predo-
minant in the newborn rabbit throughout the
stroma. This group further suggests that the
long isoform is anchoring the epithelium to
the stroma promoting condensation or compac-
tion. The presence of the long isoform in human

corneas at the interfacial matrices and stroma
supports a role in integration of matrices.
[Wessel et al., 1997].

Both type XII and XIV collagens have multi-
ple splice variants. We analyzed both splice
variants that affected the amino terminus of
type XII collagen and the carboxyl terminus of
type XIV collagen. We propose that these splice
variants generate different isoforms that will
affect interactions with the developing fibrils
or interactions between the fibrils and the
matrix. The type XII collagen splice variants
affect the NC3 domain that projects into the
matrix. These alternative isoforms may ulti-
mately change interactions between fibrils or
between fibrils and matrix components. Our
data demonstrated long XII collagen is present
throughout the stages of the developing cornea.
We hypothesize this larger isoform is respon-
sible for structural maintenance of Bowman’s
layer in the developing tissue. The presence of
the long isoform in the mature stroma proper
suggests a role in organizing the fibrils. It has
been suggested that type XII collagen may have
a role in maintenance of fibril spacing in the
stroma [Wessel et al., 1997]. The analyses of
the type XIV collagen splice variants demon-
strated that both variants are present in early
corneal development until day 19. The long
splice variant is consistently higher relative to
the short variant. As we stated in our earlier
report, the long NC1 type XIV splice variant
introduces a neutral region into a highly charg-
ed area. This change in charge may affect the
interaction with the developing fibril in a grow-
ing tissue [Young et al., 2000]. We hypothesize
that long type XIV may aid in stabilizing the
fibril intermediates guiding the growth process
of the developing fibrils.

In summary, we have demonstrated that
two FACIT collagens, types XII and XIV, have
unique localization patterns in the developing
cornea. These data suggest different roles for
these collagens and their different isoforms in
fibrillogenesis and matrix assembly in the de-
veloping cornea.
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