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Collagen XIV is poorly characterized in the body, and the current knowledge of its function in the cornea
is limited. The aim of the current study was to elucidate the role(s) of collagen XIV in regulating corneal
stromal structure and function. Analysis of collagen XIV expression, temporal and spatial, was per-
formed at different postnatal days (Ps) in wild-type C57BL/6 mouse corneal stromas and after injury.
Conventional collagen XIV null mice were used to inquire the roles that collagen XIV plays in fibrillo-
genesis, fibril packing, and tissue mechanics. Fibril assembly and packing as well as stromal organi-
zation were evaluated using transmission electron microscopy and second harmonic generation
microscopy. Atomic force microscopy was used to assess stromal stiffness. Col14a1 mRNA expression
was present at P4 to P10 and decreased at P30. No immunoreactivity was noted at P150. Abnormal
collagen fibril assembly with a shift toward larger-diameter fibrils and increased interfibrillar spacing in
the absence of collagen XIV was found. Second harmonic generation microscopy showed impaired
fibrillogenesis in the collagen XIV null stroma. Mechanical testing suggested that collagen XIV confers
stiffness to stromal tissue. Expression of collagen XIV is up-regulated following injury. This study in-
dicates that collagen XIV plays a regulatory role in corneal development and in the function of the adult
cornea. The expression of collagen XIV is recapitulated during wound healing. (Am J Pathol 2021, 191:
2184e2194; https://doi.org/10.1016/j.ajpath.2021.08.016)
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Fibril-associated collagens with interrupted triple helices
(FACITs), located in the interfibrillar spaces, regulate the
supramolecular organization of fibrils and are critical for
tissue integrity, biomechanical stability, and function.1

Collagen XIV is a homotrimer that contains two collagen
triple-helical domains (COL1 and COL2) and three non-
collagenous domains (NC1, NC2, and NC3).1e4 The short
triple-helical domains interact with and adhere to the surface
of fibrillar collagens.3 Although some domains of collagen
XIV interact with collagen I, the COL2 domain sticks out of
the fibril and projects the large NC3 domain, a large amino
terminal globular domain, away from the fibril into the
interfibrillar space.5

Collagen XIV expression in avians,2,5,6 bovine,7,8

mouse,9e11 and human tissues12,13 is prevalent in skin,
stigative Pathology. Published by Elsevier Inc
tendon, cornea, cartilage, and myocardium. The role that
collagen XIV plays in these different tissues is poorly un-
derstood, but it is thought to contribute mechanical strength.
Collagen XIV is expressed in areas that incur high me-
chanical stress. Such tissues include tendonous attachments
to bones,9,14 perifollicular hair shafts, where support of the
follicle is critical,13 and peripheral nerve tissues, like
epineurium and perineurium.5

The role of collagen XIV in the cornea is not understood.
Collagen XIV has been implicated in the regulation of
corneal stromal compaction in the chick.6,15 Our laboratory
is interested in defining the roles of FACITs, collagens XII
. All rights reserved.
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Collagen XIV and Corneal Function
and XIV, in corneal structure and function.11,16 The purpose
of this study was to establish the functional role(s) of
collagen XIV in the development and function of the
corneal stroma.
Materials and Methods

Animals

Wild-type C57BL/6 (WT) and gene-targeted mice null in
collagen XIV on a C57BL/6 background (Col14a1�/�) were
used.9 The Col14a1�/� cornea did not express collagen
XIV, as previously demonstrated.11
Figure 1 Col14a1 expression in the cornea decreases with maturation,
and collagen XIV expression weakens in early adulthood. A: Col14a1 mRNA
expression (pink) in the mouse cornea decreases after postnatal day (P) 4,
shown by normalized Col14a1 mRNA expression in real-time PCR analysis. B:
Protein expression of collagen XIV was decreased at P30 and mostly absent
at P150. Left panel: The representative WES images of collagen XIV
expression and total protein. Right panel: The quantitation of the collagen
RNA Isolation and Quantification of mRNA

Whole corneas were dissected from WT mice at days of age
4, 10, 30, 90, and 150 and in adult mice, 60 days old; and
after 1 day and 1, 3, and 6 weeks of generating an injury, as
previously described.17 The isolated corneas were incubated
with Dispase II (Roche, Indianapolis, IN) to remove corneal
epithelium.18 The corneal stroma was cut into small pieces,
and total RNA was extracted using QIAzol Lysis Reagent
(Qiagen, Hilden, Germany) and RNeasy MinElute Cleanup
Kit (Qiagen). Reverse transcription and quantitative real-
time PCR analysis were performed as previously
described.16 The following primer sequences were used:
Col14a1, 50-ACCTGTGAGTGTCCCTGGTC-30 (forward)
and 50-AGGCCAGTCAGAGCATCACT-30 (reverse); and
Actb, 50-AGATGACCCAGATCATGTTTGAGA-30 (for-
ward) and 50-CACAGCCTGGATGGCTACGT-30 (reverse).
Each sample was run in duplicate PCR. Three to five cor-
neas of different mice at each age were used. Experiments
were repeated three times.
XIV normalized with total protein. The error bars represent the SD from two
independent experiments. Three to five corneas of different mice at each
age were used. Experiments were repeated three times. *P < 0.05, ***P <

0.001.
Quantitation of Protein Expression

The stroma from WT and Col14a1�/ mice at different ages
were cut into small pieces. Stromas from three to eight mice
were pooled, and protein was extracted using radio-
immunoprecipitation assay lysis buffer. Protein concentra-
tion was determined through a bicinchoninic acid assay
(Thermo Scientific Pierce, Waltham, MA). Collagen XIV
protein expression was analyzed using Simple Westerns
(WES; ProteinSimple, San Jose, CA) simple Western sys-
tem, strictly following the manufacturer’s instructions. A
12- to 230-kDa separation module, an anti-rabbit detection
module, and a total protein detection module were applied.
Briefly, samples diluted with 0.1� sample buffer (Pro-
teinSimple) at concentration of 0.125 mg/mL were loaded
and hybridized with antiecollagen XIV antibody (1:500
dilution; clone KR47; Dr. Manuel Koch, University of
Cologne, Cologne, Germany).11 Total protein was used as a
loading control. The error bars are from two sets of WES
experiment, which use two sets of protein samples. Each set
The American Journal of Pathology - ajp.amjpathol.org
of protein contains cornea lysate from 3 to 8 mice (6 to 16
corneas) in each age.

Immunofluorescence Microscopy

Fresh eyes were harvested from WT mice at different ages,
4 to 150 days old, and then embedded in OCT medium and
frozen with isopentane (Sigma Aldrich, St. Louis, MO) on
dry ice. Corneal sections (5 mm thick) were fixed with cold
acetone, blocked using 10% donkey serum (Sigma Aldrich),
and then incubated with rabbit antiecollagen XIV antibody
(1:200 dilution; KR47)11 for 2 hours at room temperature.
The secondary antibodies were Alexa Fluor 488 or 594
donkey antierabbit IgG (Invitrogen, Carlsbad, CA) used at
1:200. Vectashield mounting solution with DAPI was used
as a cell nuclei marker (Vector Laboratories, Burlingame,
CA). Images were captured using a fluorescence microscope
2185
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Figure 2 Collagen XIV localizes throughout the entire corneal stroma
(St). Collagen XIV (red) localizes throughout the entire corneal stroma
during development from postnatal day (P) 4 and P30. Immunoreactivity
decreases at P30 and mostly localizes to the anterior stroma at P90 and
P150. A P4 Col14a1�/� cornea is used as the negative control. nZ 3. Scale
bars Z 50 mm. En, endothelium; Ep, epithelium.
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(Leica, Wetzlar, Germany; DM5500B). Identical conditions
and negative controls facilitated comparisons between
samples. Staining was repeated using same conditions at
least three times for consistency.

SHG Microscopy of Corneal Stroma

Enucleated eyes were immediately placed in Optisol media
on a custom-made glass chamber and imaged (within 5
minutes) without any tissue manipulation or additional
dissection. Corneal cross-sections were imaged using an
Olympus MPE-RS microscope using a 25� (0.95 numerical
aperture) water-immersion objective (Olympus Corp.,
Tokyo, Japan). Two-photon second harmonic generation
(SHG) signals were generated using a mode-locked tita-
nium/sapphire laser at 960 nm. The SHG forward-scattered
signals passing through the corneal sections were collected
using a 0.8 numerical aperture condenser lens with a narrow
band-pass filter (465 to 485 nm). Backward-scattered SHG
signals were detected with a band-pass filter (460 to 500
nm). All samples were scanned using a 2-mm z-axis step size
from the back to the front of the section. Ten continuous
slices were randomly selected from a stack of images ob-
tained from the central corneal stroma and analyzed using
ImageJ software version 2.10/1.53C (NIH, Bethesda, MD;
https://imagej.nih.gov/ij). A mean pixel intensity value was
obtained from each slice as an approximation of fibril
density. Inferences in the differences in collagen XIV null
stromas and control WT pixel intensity were tested for
using t-test. Four corneas at different ages were used.

Transmission Electron Microscopy

Cornea samples from WT and Col14a1�/� mice, 30 days
old, were analyzed using transmission electron microscopy
(TEM), as previously described.16 Briefly, at least three
corneas per group were dissected and fixed in 4% para-
formaldehyde, 2.5% glutaraldehyde, 0.1 mol/L sodium
cacodylate, pH 7.4, with 8.0 mmol/L CaCl2, post-fixed in
1% osmium tetroxide. The corneas were dehydrated in
graded ethanol series, followed by propylene oxide. The
tissue samples were infiltrated and embedded in a mixture of
Embed 812, nadic methyl anhydride, dodecenyl succinic
anhydride, and DMP-30 (Electron Microscopy Sciences,
Hatfield, PA). Thin sections (approximately 80 nm) were
cut with a Leica ultramicrotome and post-stained with 2%
aqueous uranyl acetate and 1% phosphotungstic acid, pH
3.2. The sections were examined at 80 kV with a JEOL
1400 transmission electron microscope (Jeol, Tokyo, Japan)
equipped with a Gatan Ultrascan US1000 2 K digital camera
(Ametek, Berwin, PA).

Fibril Diameter and Fibril Spacing Distribution

Three corneas from three different WT and Col14a1�/�

mice at postnatal day (P) 30 were analyzed. Six digital
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Composite images show collagen XIV expression persistence
in the scleral stroma of adult eyes. Collagen XIV expression in wild-type
C57BL/6 eye is persistent in the adult sclera (S), whereas corneal expres-
sion is rapidly decreasing. n Z 3. Scale bars Z 450 mm. K, cornea; L,
limbal region; P, postnatal day.

Collagen XIV and Corneal Function
images per cornea were taken from nonoverlapping regions
in the central stroma at a magnification of �1,000,000. The
images were de-identified before fibril diameter and density
were measured using Fiji’s ImageJ software. A region of
interest (ROI) of appropriate size was chosen within each
image, where fibrils were perpendicular/cross-sectional to
the viewing plane. Two to four ROIs that included a mini-
mum of 80 fibrils were measured for each image. Equivalent
radius calculates the radius that would contain an area equal
to that of the object of interest in ImageJ software, which
was chosen to represent the fibril diameters. Data analysis,
histograms of the diameter distribution, and the
Kolmogorov-Smirnov test were generated using Excel 2013
The American Journal of Pathology - ajp.amjpathol.org
(Microsoft, Redmond, WA). Fibril density was obtained as
the fibril number per unit area.

Optical Coherence Tomography and Corneal Thickness
Estimation

Whole eyes from euthanized mice were enucleated, and
measurements were immediately obtained. Each enucleated
eye was placed in a custom-made holder and placed in the
Spectral Dominium Cirrus HDT Optical Coherence To-
mography (Zeiss, San Francisco, CA) device for corneal
thickness measurements.11 Five measurements were ob-
tained on the vertical plane and five measurements were
obtained on the horizontal plane of the central cornea. Eight
corneas from each phenotype were measured.

Tissue Stiffness and Compression Resistance in Adult
Corneas

To analyze if collagen XIV influences corneal stiffness,
atomic force microscopy measurements were performed on
adult male when stromal maturation and compaction were
believed to be completed, at 130 to 140 days of age. Mea-
surements were obtained from WT and Col14a1�/� corneas.
Corneas were shipped overnight in Optisol solution for
measurement using a laboratory-built atomic force micro-
scopy measurement system specific for corneal compression
measurements. On arrival in the laboratory, corneas were
transferred to a 15% dextran solution to maintain hydration
and isotonic conditions that would not affect stromal hy-
dration during experiments. The measurement protocol has
been described in detail in a recent publication.16 Briefly,
elasticity was determined via indentation of corneas using a
silicon nitride cantilever with a 2.5-mm silica bead affixed to
the apex (k Z 0.12 N/m; Novascan Technologies, Inc.,
Ames, IA). Measurements were repeated 10 times in at least
three different locations around the cornea. Young’s
modulus of elasticity was calculated from the measurements
by applying the Hertz model for a spherical indenter.
Sixteen corneas were measured, eight of each phenotype.

Stromal Injury

Only left corneas were subjected to injury. All experiments
conformed to the use of Laboratory Animals and Associa-
tion for Research in Vision and Ophthalmology Statement
for the Use of Animals in Ophthalmic and Vision Research
and were approved by the Institutional Animal Care and Use
Committee of the University of South Florida College of
Medicine (Tampa, FL). P60 male WT mice were anes-
thetized by i.p. injection of ketamine (100 mg/kg) and
xylazine (10 mg/kg). Once they were under general anes-
thesia, s.c. 1 mg/kg buprenorphine sustained-released anal-
gesia was given. A total of 0.1 mL of 1% proparacaine
hydrochloride and 1% atropine was placed on the ocular
surface. Under microscope visualization, a partial thickness
2187
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Figure 4 Second harmonic imaging of intact eye demonstrates
impaired stromal compaction and suggests impaired fibrillogenesis in the
absence of collagen XIV. Forward-scatter signal in wild-type C57BL/6 (WT)
corneas at different ages (left column) compared with Col14a1�/� corneas
(right column) shows stronger intensity in the WT corneas. n Z 4. Scale
bars Z 25 mm. En, endothelium; Ep, epithelium; P, postnatal day; St,
stroma.

Sun et al
corneal laceration was performed from limbus to limbus
using a custom-made diamond blade with a 70-mm guarded
depth (Mastel, Rapid City, SD). The stromal partial thick-
ness laceration was performed in the horizontal axis of the
eye. Corneal epithelial debridement was performed by de-
epithelializing the corneal surface with an AlgerBrush II
bur (The Alger Company, Lago Vista, TX) over the central
cornea until the epithelial layer was removed; at this point,
the diamond bur was passed in three separate sweeps, with
each causing visible abrasion. Immediately after the pro-
cedure, drops of moxifloxacin were applied to the ocular
surface.17 Corneas from six different animals were used.
Table 1 SHG Forward-Scattered Signal Intensity during Stromal Devel

WT 567.219 � 33.9
Col14a1�/� 406.4 � 61.8
P 0.02

Data are expressed as means � SD.
SHG, second harmonic generation; WT, wild-type C57BL/6.

2188
Isolation and Culture of Corneal Fibroblasts

After euthanasia, the eyes of P60 WT and Col14a1�/� mice
were copiously washed with betadine ophthalmic solution,
and then incubated in Dulbecco’s modified Eagle’s medium
containing 15 mg/mL Dispase II at 4�C for 18 hours. The
entire corneal epithelium sheet loosened by this treatment
was removed by vigorous shaking. Under a dissecting mi-
croscope, the corneal stroma was separated from the sclera
at the corneoscleral limbus by pressing down the limbus
with a 27-gauge needle. Isolated corneal stromas were
incubated overnight at 37�C in Dulbecco’s modified Eagle’s
medium containing 1.25 mg/mL collagenase A (Roche
Applied Science) and 25 mg/mL gentamicin. A
keratocyte-containing cell suspension was then seeded on
T25 flasks (Thermo Fischer Scientific, Waltham, MA) in
Dulbecco’s modified Eagle’s medium containing ITS (5 mg/
mL insulin, 5 mg/mL transferrin, and 5 ng/mL sodium
selenite), and 25 mg/mL gentamicin supplemented with 5%
fetal bovine serum. When cells reached confluence, the
same medium was switched to 1% fetal bovine serum and
supplemented with 0.1 mmol/L L-ascorbic acid phosphate to
enhance collagen synthesis and matrix formation for 10
days.

Mass Spectrometry and Proteomics Analysis

To analyze if collagen XIV influences the expression of
major corneal stromal matrix components, WT and
Col14a1�/� corneal fibroblasts were cultured, and protein
extracts obtained from T25 flasks analyzed from a total of
WT and Col14a1�/� corneas were analyzed.

Proteomic Analysis

STRAP protein digestion: In brief, protein extracted from
corneal fibroblasts expanded from WT and Col14a1�/�

stromas was lysed in 50 mmol/L triethylammonium bi-
carbonate buffer, pH 7.55, containing 5% SDS. To ensure
no DNA remained to prevent the trap from clogging, the
solution was then sheered thoroughly by probe sonication
at 20% amplitude, 5 seconds on and 5 seconds off, for 30
seconds. An S-Trap micro column (Protifi, Farmingdale,
NY) was placed in a 1.7-mL tube to retain flow-through.
The sample mixture was then added into the micro col-
umn 200 mL at a time, followed by centrifugation of the
micro column at 4000 � g for 1 minute, removal of the
flow-through, and repeating the process until the entire
sample had passed through the S-Trap. The S-Trap micro
opment

1393.8 � 196.9 1526.1 � 151.6
1069.4 � 121.8 931.8 � 264
0.113 0.004

ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Collagen XIV is a regulator of fibril as-
sembly during stromal maturation. A and B: Collagen
fibril diameters are slightly larger in the absence of
collagen XIV (B) than in the wild-type C57BL/6 (WT)
corneal stroma (A). C: The mean fibril diameter in the
C57BL/6 cornea is 30.7 � 3.8 nm, and fibrils have a
mean diameter of 32 � 3.5 nm in the absence of
collagen XIV. D: The fibril density decreases signifi-
cantly in Col14a1�/� stromas. n Z 3 (both groups).
***P < 0.001. Scale bars Z 200 nm (A and B).

Collagen XIV and Corneal Function
column was then capped to limit evaporative loss without
forming an airtight seal and incubated in a heat block for
37oC overnight. After digestion, peptides were eluted first
with 40 mL of 50 mmol/L triethylammonium bicarbonate
and centrifugation at 4000 � g for 1 minute. Peptides
were characterized using a Thermo Q-exactive-HF mass
spectrometer (Thermo Fisher Scientific) coupled to a
Thermo Easy nLC 1200 (Thermo Fisher Scientific). The
mass spectrometer was outfitted with a Thermo nanospray
Flex source (Thermo Fisher Scientific) with the following
parameters: spray voltage, 2.24; capillary temperature,
225�C; and funnel RF level, 40. After protein identifi-
cation, peptides for parallel reaction monitoring screening
were chosen, the maximum time allowed for the instru-
ment to acquire each specific ion was increased to 150
milliseconds, and the loop count was modified for the
number of peptide masses chosen.
Table 2 Fibril Diameter in 30-DayeOld Corneas

Fibril diameter, nm WT Col14a1�/� P value

Mean 30.7 32.0 0.026
SD 3.8 3.5
Median 30.6 32.4

WT, wild-type C57BL/6.

The American Journal of Pathology - ajp.amjpathol.org
Statistical Analysis

The t-test was used to draw statistical inferences when
comparing the mean of continuous dependent variables. P <
0.05 was considered statistically significant. Graph Pad
Prism 9 software version 9.1.2 (GraphPad Software, San
Diego, CA) was used for statistical calculations and heat
map generation.
Results

Collagen XIV Is Highly Expressed in the Developing
Corneal Stroma

The temporal pattern of Col14a1 expression was assessed
by studying Col14a1 mRNA synthesis and collagen XIV
Table 3 Corneal Thickness Estimation Using Optical Coherence
Tomography Imaging in Adult Corneas

Corneal thickness, mm WT Col14a1�/� P value

Mean 104 82.2 <0.0001
SD 4.1 5.0

n Z 8 in each phenotype.
WT, wild-type C57BL/6.

2189
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Figure 6 Collagen XIV influences corneal stiffness
by increasing tissue resistance to compression. A:
Wild-type C57BL/6 (WT) stromas were more resistant
to compression than the Col14a1�/� stromas, with a
significant decrease in Young’s modulus and corneal
stiffness without collagen XIV. B: The distribution of
Young’s modulus in Col14a1e/e corneas was narrower
than that in WT corneas. Sixteen corneas were used in
this experiment, eight WT and eight Col14a1�/�.
**P < 0.01.

Sun et al
protein expression. The transcription of Col14a1 in the
cornea was analyzed from birth to adulthood in different
stages of corneal development: immature (4 to 10 days old),
preadult (30 days old), and adult (90 and 150 days old). The
highest level of Col14a1 mRNA expression occurred during
immature development, at 4 to 10 days of age. In the pre-
adult and adult stages, Col14a1 mRNA expression
decreased and a low level of Col14a1 mRNA expression
was present by 30 days of age and thereafter (Figure 1A).
Protein immunoblot results were consistent with the mRNA
analyses. Immature corneas at development demonstrated
the highest expression of collagen XIV by WES simple
Western analysis. Decreased collagen XIV expression was
found at 30 days of age and thereafter (Figure 1B). In
summary, Col14a1 mRNA expression and collagen XIV
protein content were higher during immature stages when
stromal compaction occurs and decreased in the preadult
stroma. This pattern of early expression and down-
regulation with maturation is consistent with an early
function for collagen XIV as the cornea grows and attains
function.
Collagen XIV Is Down-Regulated in the Corneal Stroma
with Aging, but Its Expression Is Retained in the Adult
Sclera

The spatial expression patterns of collagen XIV in the
cornea and sclera were investigated using immunofluo-
rescence microscopy. The findings demonstrated homo-
geneous collagen XIV throughout the cornea at early
development, at 1 to 10 days of age. However, by �30
days of age, collagen XIV was localized more in the
anterior than posterior corneal stroma. At 90 days of
age, there was no collagen XIV expression in the pos-
terior stroma (Figure 2). In contrast, collagen XIV
expression in the sclera, a stiffer tissue, was maintained
at �90 days of age (Figure 3). These findings suggest
that collagen XIV expression is present in areas of
higher tissue stiffness.
2190
SHG Imaging Demonstrates Regulation of
Fibrillogenesis and Stromal Compaction by Collagen
XIV

Stromas with no collagen XIV were studied to assess the
influence of collagen XIV on fibrillar collagen and hierar-
chical organization without tissue manipulation or chemical
fixation. They were compared with WT stromas at different
ages during development and in the adult cornea. Mean
pixel intensity obtained from forward-scattered SHG
signaling value was used as an approximation to fibril
density and stromal compaction. A higher SHG forward
signal intensity was detected in the WT compared with
Col14a1�/� stromas at all age groups studied. SHG
forward-scattered signal intensity was decreased in the
Col14a1�/� stroma (Figure 4). During development, WT
stroma signaling intensity increased from 567.2 at P10 to
1393.8 at P30 and 1526.1 at P100, whereas Col14a1�/�

stroma signaling intensity increased from 406.4 at P10 to
1069.4 at P30 and 931.8 at P100 (Table 1). These findings
suggest that Col14a1�/� plays a significant role in collagen
fibrillogenesis and regulation of collagen fibril
microstructure.
Collagen XIV Influences Fibril Diameter and Packing

To analyze fibril assembly with an established and tradi-
tional technique, ultrastructural analyses were performed
using TEM in Col14a1�/� stromas with WT stromas as
controls. Images were obtained and analyzed from the
central cornea.19,20 At P30, fibrils in WT corneas were more
uniform in shape and smaller than the fibrils in Col14a1�/�

corneas (Figure 5A). Col14a1�/� corneas contained a
higher frequency of larger diameter fibrils (Figure 5B). The
presence of these slightly larger diameter fibrils increased
the average diameter of the Col14a1�/� collagen fibrils
(Figure 5C). The average diameter of WT stromal collagen
fibrils was 30.7 � 3.8 nm, and the average diameter of
Col14a1�/� collagen fibrils was 32.7 � 3.4 nm. There was a
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Collagen XIV expression is recapitulated
following stromal injury. A and B: Images demon-
strating loss of collagen XIV expression at 1 week,
shown by arrow (A), followed by re-expression of
collagen XIV, shown by asterisks, at 3 weeks (B). C:
Real-time PCR shows up-regulation of Col14a1 mRNA
expression during wound healing. D: Heat map dem-
onstrates the effects of collagen XIV in influencing
matrix composition by fibroblasts expanded in vitro;
protein from 40 corneas was used in this experiment,
and 20 wild-type C57BL/6 (WT) and 20 Col14a1�/�

were used for in vitro expansion. n Z 6 (A and B);
n Z 3 (C). *P < 0.05. En, endothelium; Ep, epithe-
lium; St, stroma.

Collagen XIV and Corneal Function
statistically significant difference in the average fibril di-
ameters (t-test, P Z 0.026) (Table 2). Fibril density and the
percentage area populated by fibrils in ROIs was quantified
to indirectly assess fibril density and stromal compaction.
There was a statistically significant difference in the fibril
density and percentage area composed of fibrils in the ROI.
The average fibril density for WT stromal collagen fibrils
was 635 � 74.7 fibrils/mm2, whereas the average fibril
density for Col14a1�/� stromal collagen fibrils was
494 � 48.6 fibrils/mm2 (P < 0.001) (Figure 5D). The per-
centage area composed of fibrils in the WT stromal ROIs
was 48% � 3.8%, whereas the Col14a1�/� stromal ROIs
were 39.9% � 5.8% fibrils (P < 0.001). These findings
The American Journal of Pathology - ajp.amjpathol.org
suggest that collagen XIV plays a significant role in fibril-
logenesis and stromal compaction, as shown by increased
fibril density and compaction in the WT control.

Collagen XIV Regulates Corneal Thickness in Adult
Corneas

To quantify if corneas had deposited more or less extra-
cellular matrix during development, corneal thickness was
measured in the adult animal, when the influence of an
immature corneal endothelial monolayer is minimal.11 A
statistically significant difference was found between
Col14a1�/� and WT adult corneal thickness. Mean corneal
2191

http://ajp.amjpathol.org


Sun et al
thickness in Col14a1�/� was 82.2 � 5 mm; and in WT
corneas, mean corneal thickness was 104.0 � 4.1 mm. There
was a statistically significant difference as determined by
unpaired t-test (P < 0.0001) (Table 3). Taken together, these
data demonstrate that collagen XIV is a regulator of stromal
structure and hierarchical organization, affecting stromal
thickness.

Is Collagen XIV a Regulator of Stromal Stiffness and
Mechanics?

To determine whether the structural alterations noted by
TEM and SHG microscopy in the absence of collagen XIV
affect tissue mechanics and stromal function, corneal stiff-
ness was tested in adult stromas to avoid effects of a
dysfunctional immature endothelium in the absence of
collagen XIV.11 Young’s modulus was 59.2 � 12.4 kPa for
WT corneas and 30.5 � 8.5 kPa for Col14a1e/e corneas
(Figure 6A). The lack of collagen XIV resulted in corneas
that were less resistant to compression by cantilever. The
difference between the two groups was significant
(P Z 0.003, t-test). The probability density function that
describes the likelihood of occurrence for each value of
Young’s modulus also was analyzed. The distribution of
Young’s modulus in Col14a1e/e corneas was narrower than
that in WT corneas. It indicated that the stiffness of the
Col14a1e/e corneas was more homogeneous than for the
WT corneas (Figure 6B). These findings suggest that
collagen XIV influences stromal resistance to compression
and corneal mechanics.

Is Collagen XIV Expression Recapitulated after Injury?

To evaluate whether collagen XIV expression is recapitu-
lated during wound healing, the stromal expression of
collagen XIV was studied by fluorescence microscopy and
mRNA Col14a1 expression was quantified at weeks 1 and 3
after stromal injury using real-time PCR. Immunofluores-
cence microscopy showed loss of collagen XIV expression
in the area of injury at 1 week (Figure 7A), but collagen
XIV expression recapitulation was noted in the injured adult
stroma at 3 weeks (Figure 7B). The transcription of Col14a1
in the injured cornea increased significantly following injury
(Figure 7C). Cultured corneal fibroblasts expanded in vitro,
to mimic activated fibroblasts in vivo, showed significant
modulation of multiple stromal extracellular matrix com-
ponents by collagen XIV (Figure 7D).

Discussion

Intrinsic properties of cornea, including its transparency,
thickness, and shape, depend on the interaction of collagen
fibril synthesis and organization, a complex and highly
orchestrated process that includes fibril assembly, fibril
packing, and stromal compaction within the milieu of
multiple extracellular matrix components.21e25 This study
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demonstrates that collagen XIV, a minor extracellular ma-
trix protein in quantity, is expressed early and temporally
during development. It may be an important regulator of
stromal structure, and its expression during development
likely affects key functional properties of the adult cornea.
The knowledge on the functions of FACITs, collagens

XII and XIV, in the corneal stroma is limited; and their roles
in establishing stromal structure and function are mostly
unknown. A role in regulating fibrillogenesis during early
development has been suspected. The temporal pattern of
expression seen during avian corneal development suggests
a regulatory role for collagen XIV in fetal and early post-
natal corneal fibrillogenesis.6,15 A similar pattern has been
reported during early development in tendon, but no effect
in function in adult tendon was found.26 The current find-
ings are consistent with a role for collagen XIV in regulation
of fibrillogenesis during early development. This pattern of
expression suggests that collagen XIV’s main function is to
regulate fibrillogenesis in periods of rapid tissue formation,
like following stromal injury.
The regulatory roles of collagen XIV in keratocytes are

unknown. FACITs influence multiple cell functions in the
cornea. Corneal endothelial maturation is influenced by
FACIT collagens, and it is plausible that endothelial
immaturity might be partially responsible for increased
interfibrillar spacing and increased corneal thickness noted
in the null mouse model during early stages of develop-
ment,11 However, the TEM fibril quantification findings and
SHG signaling differences, together with alterations in
corneal thickness and tissue mechanics noted at older ages,
indicate that collagen XIV is a regulator of stromal structure
and function per se. Collagen XII, a FACIT member of
similar molecular structure, regulates cell function by mul-
tiple mechanisms. In osteoblasts, collagen XII deficiency
induced cell disorganization by influencing cell polarity and
disrupting cell-cell interactions. Decreased connexin 43
expression and impaired gap junction function were also
noted.27 In the corneal stroma, collagen XII affects fibril-
logenesis and keratocyte organization and regulates stromal
stiffness.16 Collagen XII null stromas are characterized by
decreased interfibrillar space and increased tissue stiffness.16

However, the effects of collagen XIV in stromal structure
and function contrast with collagen XII. Collagen XIV null
mice showed increased interfibrillar space and decreased
tissue stiffness in this study.
Collagen XIV might be of translational importance in the

pathogenesis of corneal ectasias based on three observa-
tions. First, ectatic diseases of the cornea are characterized
by tissue weakening (decline in elastic modulus) that allows
thinning, loss of tissue resistance, and corneal bulging.28

Collagen XIV is a prime candidate to study in the context
of ectasia. The current findings using different techniques
(eg, TEM, SHG, and atomic force microscopy) show that
collagen XIV influences fibrillogenesis, stromal compac-
tion, and therefore corneal stiffness. Second, the elastic
modulus of mammalian cornea is three to four times higher
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in the anterior third of the stroma than in the rest of the
cornea, implying that corneal resistance to deformation is
relayed to this area.29,30 This is the region where collagen
XIV expression persists the longest, whereas the first sign of
ectasia is a change in the curvature of the posterior cornea.31

Interestingly, collagen XIV expression fades first in the
posterior stroma. Third, collagen XIV expression also de-
creases significantly at the maturing stage of the murine
stroma, a period when the clinical presentation of human
keratoconus is florid. Interestingly, expression of collagen
XIV in the stiffer and more rigid scleral tissue is maintained
in the preadult and adult eye while being down-regulated in
the cornea. One could hypothesize that decreased synthesis
of collagen XIV or increased turnover of collagen XIV
makes the corneal stroma more vulnerable to tissue weak-
ening before natural cross-linking of the matrix hardens the
corneal stroma.

Finally, collagen XIV may have not only structural but
also signaling functions by binding other matrix compo-
nents or by influencing cell functions directly by integrin
binding. It is known that collagen XIV can bind decorin,32

tenascin X,33 and heparin.34 The finding that collagen XIV
expression is recapitulated in the adult during wound heal-
ing and the significant proteome changes noted in the
absence of collagen XIV suggest that this FACIT is needed
to re-establish wound strength and function. Futures studies
are needed to better understand the role it plays during
stromal wound healing.

The importance of other types of collagens in stromal
function is not well understood either. Most studies have
focused on the role of collagen V in stromal develop-
ment.25 Not much is known about the role(s) of collagens
VI, XI, XII, and XIV in different functions of the cornea,
including stromal shape and thickness, and their role in
preventing neovascularization or injury repair. The current
knowledge on their role on ectatic disorders of the cornea
or in the process of wound healing is minimal. Further
studies are needed to explore the role of fibrillar and
FACIT collagens normally expressed in the corneal
stroma.

In summary, collagen XIV expression is restricted to the
early stages of normal stromal development and appears to
influence fibrillogenesis and stromal compaction, with
accompanying changes in corneal function in the adult stroma.
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