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Collagen XII is a regulator of corneal stroma structure and function. The current study examined the role
of collagen XII in regulating corneal stromal transforming growth factor (TGF)-b activation and latency.
Specifically, with the use of conventional collagen XII null mouse model, the role of collagen XII in the
regulation of TGF-b latency and activity in vivo was investigated. Functional quantification of latent
TGF-b in stromal matrix was performed by using transformed mink lung reporter cells that produce
luciferase as a function of active TGF-b. Col12a1 knockdown with shRNA was used to test the role of
collagen XII in TGF-b activation. Col12a1e/e hypertrophic stromata were observed with keratocyte
hyperplasia. Increased collagen fibril forward signal was found by second harmonic generation mi-
croscopy in the absence of collagen XII. Collagen XII regulated mRNA synthesis of Serpine1, Col1a1, and
Col5a1 and deposition of collagens in the extracellular matrix. A functional plasminogen activator
inhibitor luciferase assay showed that collagen XII is necessary for latent TGF-b storage in the extra-
cellular matrix and that collagen XII down-regulates active TGF-b. Collagen XII dictates stromal
structure and function by regulating TGF-b activity. A hypertrophic phenotype in Col12a1e/e corneal
tissue can be explained by abnormal up-regulation of TGF-b activation and decreased latent storage.
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The corneal stroma has intrinsic properties that are essential
for transparency, biomechanics, curvature, and avascularity.
These intrinsic stromal properties are dependent on a highly
organized and corneal-specific extracellular matrix and a
unique population of well-interconnected cranial neural
crestederived cells unique to the stroma and known as
keratocytes.1e6

A component of this corneal-specific extracellular matrix
is fibril-associated collagens with interrupted triple helices
that interact with collagen fibrils, as well as basement
membranes, and regulate cell-cell communication and ma-
trix organization.2,7 Fibril-associated collagens with inter-
rupted triple helices members, collagens XII and XIV, are
known components of the stromal extracellular matrix.3,7e9

Collagen XII is a homotrimer composed of three collagen
a1(XII) chains. It is a large protein with two major
stigative Pathology. Published by Elsevier, Inc
alternatively spliced variants, and the large variant has a
glycosaminoglycan attachment site.9

The function of collagen XII is poorly understood, but it
is implicated in the regulation of tissue organization and
function in different tissues.10e13 Deficiency in collagen XII
has been associated with musculoskeletal defects, biome-
chanical tissue alterations, and impaired wound healing in
patients with distal myopathy and a specific type of Ehlers-
Danlos syndrome.14e16 In the corneal stroma, collagen XII
regulates fibril density, lamellar organization, and tissue
biomechanics. This is further supported by a link between
. All rights reserved.
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Collagen XII in Corneal Function
decreased collagen XII deposition and keratoconus corneas,
a pathologic condition characterized by a weak, ectatic
cornea with abnormal distribution and orientation of
collagen lamellae.17,18 The controlled expression and
deposition of collagen XII during development emphasizes
its important function in regulation and maintenance of
tissue matrix architecture and cell behavior11,19,20 Up-
regulation of collagen XII is also detected during wound
healing, suggestive of a role in regulating matrix stiffness
and organization of newly synthesized matrix.9,21,22 Our
Col12a1e/e model, deficient for all collagen isoforms,
shows increased fibril density and disorganized stromal
lamellae. These changes in matrix organization modify and
regulate stromal function (eg, Col12a1e/e stromata have
significant structural and mechanical abnormalities,
including significant resistance to compression).23

The transforming growth factor (TGF)-b system is a
major regulator of multiple cell functions such as cell fate,
proliferation, movement, polarity, adhesion, cytokine pro-
duction, terminal differentiation, and cell death.24,25 Cells
secrete TGF-b, a 25-kDa homodimeric protein, but they are
not the only regulators of its biological function. TGF-b
function is also regulated by its storage and release from the
extracellular matrix.26e29 The large latent complex, a
complex of TGF-b, latency-associated protein, and latent
TGF-b binding protein (LTBP), plays a critical role in
modulating the action of TGF-b1 by controlling its release
from the extracellular matrix.26e29 Tissue fibrosis is char-
acterized by excessive deposition of extracellular matrix
proteins, like collagen, which compromises normal tissue
structure and function.30 TGF-b is considered to be one of
the most potent factors accelerating the progression of tissue
fibrosis.31e33

Considering that collagen XII influences the extracellular
matrix organization and its potential role during homeostasis
and wound healing, the current study was designed to
determine whether collagen XII regulates the bioavailability
of TGF-b, which is closely associated with hypertrophy, in
the corneal stroma. The results demonstrate that collagen
XII plays a significant role in regulating TGF-b activity in
the corneal stroma and that such regulatory activity has
significant effects on stromal structure. The considerable
therapeutic potential of this novel regulatory activity of
TGF-b signaling in an extracellular context is of major
importance and is likely to contribute to corneal wound
healing and related fibrotic disorders.

Materials and Methods

Animals

Wild-type (WT) and collagen XIIenull mice (Col12a1e/e)
on C57BL/6 and 129/SvJ mixed backgrounds were used, as
previously published.7,23 Corneas from mice at age 30 days
old, preadult, and �60 days old, considered adult, were
included in this study. All experiments conformed to the
The American Journal of Pathology - ajp.amjpathol.org
Use of Laboratory Animals and Association 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 Uni-
versity of South Florida College of Medicine. All mice were
housed and treated in accordance with the NIH Guide for
the Care and Use of Laboratory Animals.34

Corneal Stroma Cell Density

Fresh eyes were harvested from C57BL/6 mice at preadult
and adult age. They were then embedded in OCT compound
and frozen with isopentane (Sigma Aldrich, St. Louis, MO)
on dry ice. Corneal sections (5 to 7 mm thick) were blocked
using 10% donkey serum (Sigma Aldrich). DAPI
Fluoromount-G clear mounting solution (SouthernBiotech,
Birmingham, AL) with DAPI was used as a nuclear marker.
The number of nuclei in the central cornea were counted in a
�20 magnification field. At least three different animals per
age and condition were used.

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.7 Five measurements were obtained
on the vertical plane, and five measurements were obtained
on the horizontal plane of the central cornea. All experi-
ments were performed at least three times in adult corneas,
where total endothelial maturation and function was
achieved.

Total Collagen Assay

The measurement of total collagen deposited in the mouse
cornea was performed, as previously described.35 Basically,
the total collagen was quantified indirectly by a colorimetric
hydroxyproline assay that generates a chromophore from
hydroxyproline via reaction with p-dimethylamino-
benzaldehyde (alias Ehrlich’s reagent). Corneas were
dissected from WT and Col12a1e/e adult mice. Samples
were hydrolyzed in 6 N HCl at 100�C for 24 hours, and
vacuum dried through NaOH trap, then resuspended with
0.5 mL 1 mmol/L HCl. Hydroxyproline amino acids in 0.2-
mL diluted samples were converted to pyrolle-2-carboxylate
by oxidation via addition of 0.1 mL of 0.06 mol/L
chloramine-T in a buffer containing 70% v/v H2O, 30% v/v
2-propanol, and acetate-citrate buffer (pH 6.0) by incubation
at room temperature for 20 minutes. Finally, 1.3 mL of
6.25% w/v p-dimethylaminobenzaldehyde in 2-propanol
plus perchlorate acid (alias Ehrlich’s solution) was added
to each sample, mixed well, incubated at 55�C for 20
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minutes, and cooled, and then absorbance was determined at
550 nm. The hydroxyproline concentration was determined
from a standard curve (stock solution of hydroxyproline: 1
mg/mL in 1 mmol/L HCl). The mean collagen content from
each cornea was calculated by using a conversion ratio of
0.125:1.0 to convert micrograms of hydroxyproline to total
collagen.

SHG Microscopy of Corneal Stroma

Freshly enucleated eyes were immediately placed on Optisol
media on a custom-made glass slide and imaged without any
tissue manipulation or further tissue dissection within 5
minutes of enucleation. Adult corneas, age postnatal day 60,
were dissected from the globe and placed as a flat mount for
en face imaging. Corneal cross-sections were imaged using
an Olympus MPE-RS microscope using a 25� (0.95 nu-
merical aperture) water-immersion objective (Olympus
Corp., Tokyo, Japan). Two-photon second harmonic gen-
eration (SHG) signals were generated using a mode-locked
titanium/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 fil-
ter (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. All
of the experimental settings and conditions were kept con-
stant throughout the experiment.

Isolation and Culture of Corneal Fibroblasts

After euthanasia, the eyes of adult WT mice were copiously
washed with betadine ophthalmic solution, and then incu-
bated in Dulbecco’s modified Eagle’s medium (DMEM)
containing 15 mg/mL dispase II (Roche Applied Science,
Penzberg, Germany) at 4�C for 18 hours. The entire corneal
epithelium sheet loosened by this treatment was removed by
vigorous shaking. Under a dissecting microscope, the
corneal stroma was separated from the sclera at the cor-
neoscleral limbus by pressing down the limbus with a 27-
gauge needle. Isolated corneal stromata were incubated
overnight at 37�C in DMEM 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 Fisher Scientific, Wal-
tham, MA) in DMEM 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 (FBS). The suspension of keratocytes prepared from
12 mouse corneal buttons was seeded into each flask.

RNA Isolation and Quantification of mRNA

Whole corneas were dissected from preadult WT mice and
Col12a1e/e mice, cut into small pieces, and total RNA was
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extracted using QIAzol Lysis Reagent (Qiagen, Hilden,
Germany) and the Qiagen RNeasy MinElute Cleanup Kit
(Qiagen, Venio, the Netherlands). Reverse transcription and
quantitative real-time PCR analyses were performed, as
previously described.23 The primer sequences used are listed
in Table 1. Each sample was run in a duplicate PCR, and
statistical analysis was performed on six or seven corneas
from different mice.
Lentivirus shRNA Production and Transduction

Constitutive lentiviral miR-E expression vector36 featuring
puromycin drug selection and green fluorescent protein
fluorescentmarkerwasa gift fromDr. FlorianKarreth atMoffitt
CancerCenter andResearch Institute (Tampa,FL).Denovo97-
mer oligo was designed by using SplashRNA shRNA predic-
tion tool (http://splashrna.mskcc.org, last accessed March 29,
2021).37 Three oligonucleotides (1833, 50-TGCTGTTGA-
CAGTGAGCGAAGAGTTGAAGATATAATCAAATAGT-
GAAGCCACAGATGTATTTGATTATATCTTCAACTCT-
GTGCCTACTGCCTCGGA-30; 5121, 50-TGCTGTTGA-
CAGTGAGCGAAAGTACATTGTTAGATACAAATAGT-
GAAGCCACAGATGTATTTGTATCTAACAATGTACT-
TGTGCCTACTGCCTCGGA-30; and 902, 50-TGCTGTTG-
ACAGTGAGCGACAGGACTGAATTTAACTTAAATA-
GTGAAGCCACAGATGTATTTAAGTTAAATTCAGT-
CCTGGTGCCTACTGCCTCGGA-30; Sigma, St. Louis,
MO) coding for Col12a1 shRNAs were PCR amplified
using the primers miRE-Xho-fw (50-TGAACTCGA-
GAAGGTATATTGCTGTTGACAGTGAGCG-30) and
miRE-EcoOligo-rev (50-TCTCGAATTCTAGCCCCTT-
GAAGTCCGAGGCAGTAGGC-30), 0.05 ng oligonucle-
otide template, and the PfuUltra HF kit (Agilent
Technologies, Santa Clara, CA), and cloned into XhoI/
EcoRI sites of miR-E recipient vectors. An
oligonucleotide-targeting Renilla luciferase (Ren.713) was
used as a negative control.
Plasmid DNA was amplified and purified using a HiSpeed

Plasmid Midi kit (Qiagen, Hilden, Germany) and then trans-
fected along with packaging plasmid using JetPrime (Poly-
plus Transfection, New York, NY) into HEK293T cells to
generate lentiviruses. The cells were refed with 1.5 mL
DMEM supplemented with 10% FBS and 1� antibiotic-
antimycotic (Thermo Fisher, Waltham, MA) 24 and 48
hours after transfection. The culture supernatant was har-
vested 72 hours after transfection. The supernatant-containing
lentivirus was filtered and used to infect the mouse corneal
fibroblast cells. The cornealfibroblast cellswere culturedwith
DMEM supplemented with 10% FBS and 1� antibiotic-
antimycotic, as well as 2 mg/mL puromycin, to select target
cells. After selection for 7 days, cells were analyzed for real-
time PCR (see primer sequence in Table 1) and protein
immunoblotting analysis, using rabbit antietypeXII collagen
antibody (1:1000 dilution; KR33) and mouse antieb-actin
(1:1000 dilution; Millipore, Burlington, MA).
ajp.amjpathol.org - The American Journal of Pathology
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Table 1 Primers Used in This Article

Gene Forward primer Reverse primer

Serpine1 50-GTCTTTCCGACCAAGAGCAG-30 50-GACAAAGGCTGTGGAGGAAG-30

Col1a1 50-TTCTCCTGGCAAAGACGGACTCAA-30 50-AGGAAGCTGAAGTCATAACCGCCA-30

Col5a1 50-AAGCGTGGGAAACTGCTCTCCTAT-30 50-AGCAGTTGTAGGTGACGTTCTGGT-30

Col12a1 50-CCCTACAACAGATGGGCCTAC-30 50-TCTTCTCCCCTGGCTTTGTA-30

Lox 50-CAGAGGAGAGTGGCTGAAGG-30 50-CTCAATCCCTGTGTGTGTGC-30

Actb 50-AGATGACCCAGATCATGTTTGAGA-30 50-CACAGCCTGGATGGCTACGT-30

Collagen XII in Corneal Function
Luciferase Assay

Transformed mink lung cells, transfected with luciferase
cDNA driven by plasminogen activator inhibitor (PAI-1)
promoter, were a generous gift of Dr. Daniel Rifkin (New
York University, New York, NY).38 Cells were cultured in
DMEM supplemented with 10% FBS (Thermo Fisher). The
amount of latent TGF-b in corneas isolated from Col12a1e/e

and WT corneas was calculated on the basis of a comparison
to a standard curve generated using different concentrations
of human recombinant TGF-b1 (Sigma). For analysis and
quantification of latent TGF-b, corneal stromata were minced
into 10 to 12 little pieces with a blade and heated at 80�C for
10 minutes to release latent TGF-b. Equal amounts of protein
were added to transformed mink lung cells for incubation for
16 hours under serum-free conditions. For analysis and
quantification of active TGF-b, a co-culture system was
performed, transformed mink lung cells were seeded and
allowed to attach for 4 hours, and then corneal fibroblasts
were seeded in serum-free DMEM and incubated for 16
hours. TGF-b signaling was inhibited by the addition of the
TGF-b type I receptor/activin receptor-like kinase 5 (ALK5)
inhibitor, SB431542 (Tocris Bioscience, Minneapolis, MN)
to 10 mmol/L final concentration. A neutralization antibody
against all three TGF-b isoforms (clone 1D11; R&D System,
Minneapolis, MN) was also used. Luciferase assay was
performed by using Promega’s Luciferase Assay System
(Promega, Madison, WI), and luminance was measured with
Synergy HT plate reader (BIO-TEK, Winooski, VT).

ELISA

Total TGF-b1 antigen in mouse fibroblast culture medium
was evaluated using a commercial kit, Quantikine Mouse
TGF-b1 Immunoassay (R&D Systems; catalog number
MB100B), according to the manufacturer’s instructions.
This enzyme-linked immunosorbent assay (ELISA) is used
to measure active plus acid-activatable latent TGF-b1 in the
cell culture supernatant. To activate the latent TGF-b1 form,
each sample was acidified by 1 N HCL for 10 minutes,
which was followed by neutralization by 1.2 N NaOH/0.5
mol/L HEPES. Because samples have been diluted in the
activation step, the concentration read from the standard
curve was multiplied by the dilution factor 1.4. All stan-
dards and samples were tested in duplicate, and the mean
values were used for calculation. Same number of WT and
The American Journal of Pathology - ajp.amjpathol.org
Col12a1�/� keratocytes cells were seeded in a 6-well plate,
with 3 wells for each genotype. Cells were cultured in
DMEM supplemented with 1% FBS and ITS (1.0 mg/mL
recombinant human insulin, 0.55 mg/mL human transferrin,
and 0.5 mg/mL sodium selenite at the 100� concentration;
Sigma) serum-free medium and 50 mg/mL ascorbic acid for
5 days. One day before the ELISA assay, cells were main-
tained in serum-free DMEM medium 24 hours before col-
lecting medium.

Statistical Analysis

Data are presented as mean � SD. t-Test was used to draw
statistical inferences when comparing the mean of contin-
uous dependent variables. P < 0.05 was considered statis-
tically significant. Graph Pad Prism software version 9.1.2
(San Diego, CA) was used for statistical calculations.

Results

Collagen XII Regulates Keratocyte Density and Stromal
Thickness

Histologic observation of stromal morphology inCol12a1�/�

and WT mice at different ages suggested that collagen XII
influences the number of keratocytes, as well as the
thickness of stromal tissue (Figure 1, A and B). Cell
density and central corneal thickness were analyzed. Ker-
atocyte density was evaluated by counting keratocytes in
corneal cross-sections at different ages in the WT and
Col12a1�/� stromata. A hyperplastic number of kerato-
cytes was found in the Col12a1�/� stromata in the pre-
adult age. Keratocytes per �20 field were 82.4 � 11.1 in
Col12a1�/� versus 59 � 8.5 in WT stromata. A statisti-
cally significant difference was found between Col12a1�/�

and WT (unpaired t-test; P Z 0.02) (Figure 1C). At adult
age, Col12a1�/� stromata continued to have a higher
keratocyte density, but it was not statistically significant
(71.3 � 14.7 versus 57.6 � 8.3; P Z 0.24).

To quantify whether corneas were not only more popu-
lated but had deposited more extracellular matrix during
development, corneal thickness was measured in the adult,
wherein the influence of an immature corneal endothelial
monolayer is minimal (Figure 2, A and B).7 A statistically
significant difference was found between Col12a1�/� and
WT adult corneal thickness. Mean corneal thickness in
311
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Figure 1 Collagen XII regulates keratocyte density in the stroma (St).
A: Normal keratocyte density in the wild-type (WT) stroma. B: Increased
stromal cellularity is evident in the absence of collagen XII. C: A statisti-
cally significant difference in cell density is noted between both groups.
*P < 0.05. Scale bar Z 50 mm (A and B). En, endothelium; Ep, epithelium.
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Col12a1�/� was 120.6 � 5.0 mm; and in WT corneas,
thickness was 100.5 � 5.6 mm. A statistically significant
difference was determined via unpaired t-test (P < 0.001)
(Figure 2C). Taken together, these data demonstrate that
collagen XII is a regulator of keratocyte density, stromal
structure, and hierarchical organization.
312
Collagen XII Regulates the Synthesis and Deposition of
Extracellular Matrix Collagens

Upon establishing that collagen XII regulated the number of
keratocytes and thickness of the corneal stroma, whether the
extracellular matrix macrostructure was regulated by
collagen XII was investigated next. Increased collagen fibril
packing in Col12a1�/� stromata has been demonstrated by
electron microscopy.23 An indirect way to objectively
examine the stromal hierarchical organization of collagen
fibrils is by analyzing forward and backward scattered SHG
signaling at different stages of stromal development
(Figure 3). To assess the influence of COL12A1 on the
hierarchical organization of fibrillar collagen, without tissue
manipulation or chemical fixation, adult Col12a1�/� stro-
mata were analyzed and compared with WT stromata.
Cross-section SHG imaging of corneas at distinct develop-
mental stages (postnatal days 4, 30, and 90), and en face
imaging of the stroma of adult corneas from both groups
was performed immediately after enucleation. Increased
forward scattered and backward scattered signaling found in
the tissue without collagen XII suggests fibril disorganiza-
tion, increased fibril density, and abnormalities in the hier-
archical organization in Col12a1�/� corneas compared with
WT. These findings suggest that a matrix without COL12A1
appears with irregularities in collagen fibril morphology and
structure and overall stromal hierarchical organization. To
evaluate collagen levels in the stroma, an assay for total
collagen content in stromata at these same ages was per-
formed. A statistically significant increase in total collagen
content was found between Col12a1�/� and WT corneas
(Figure 4). Taken together, these data demonstrate that
collagen XII is a regulator of collagen synthesis, packing,
and deposition in the corneal stroma.

Collagen XII Regulates Stromal TGF-b Signaling

After confirmation by different techniques and assays with
the observation that keratocytes and extracellular matrix are
up-regulated by collagen XII, the role of TGF-b was
explored to determine the underlying mechanisms. TGF-b is
a well-known cytokine with significant influence on cell and
matrix structure and function, and an excellent candidate to
explain these preliminary observations. It was hypothesized
that collagen XII is a regulator of TGF-b signaling in the
stroma; and to test this, keratocyte synthetic activity in vivo
at preadult age was studied by quantitative real-time PCR.
Day 30 was chosen because stromal cells are known to be
quiescent mitotically, but collagen synthesis is believed to
be active while cornea is still maturing. The synthesis of a
well-known indicator of TGF-b activity, PAI-1, whose
promoter is activated by TGF-b1 or TGF-b2, was quanti-
fied.38 A statistically significant difference was found in
Serpine1 mRNA expression, a gene that encodes for PAI-1,
between Col12a1�/� and WT corneas with intact epithelium
or after removal of epithelium layer with a combination of
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Figure 2 Collagen XII regulates corneal thickness. A and B: Optical
coherence tomography imaging of a normal cornea shows in vivo corneal
structure and thickness in wild-type (WT) and Col12a1�/� corneas,
respectively. C: A statistically significant thicker cornea is noted in the
absence of collagen XII. ***P < 0.001.

Collagen XII in Corneal Function
topical 20% alcohol and debridement (P < 0.01) (data not
shown). The synthesis of collagens I and V, which are the
most abundant in the corneal stroma and more relevant to
fibril formation, both of which are known to be regulated by
TGF-b, was additionally examined. A statistically signifi-
cant difference in the mRNA expression in vivo was found
in these collagens. Similarly, lysyl oxidase, an enzyme
regulated by TGF-b, was increased in the absence of
The American Journal of Pathology - ajp.amjpathol.org
collagen XII (P Z 0.01) (Figure 5). Together, these data
suggest increased TGF-b1 signaling, as demonstrated by
increased transcription of genes regulated by TGF-b in vivo.

Collagen XII Regulates Latent TGF-b Storage in the
Matrix

To explore how collagen XII might regulate the function of
TGF-b in the cornea, a sensitive and functional assay based
on the up-regulation of PAI-1 by TGF-b was utilized.38 The
amount of latent TGF-b was assessed by activating all TGF-
b stored in corneal tissue by heating similar quantities of
corneal tissue extracts from WT and Col12a1�/� corneas for
10 minutes at 80�C. The function of TGF-b was then
measured using transformed mink lung reporter cells, which
produce luciferase as a function of active TGF-b.38 The first
step was to make sure that PAI-1 promoter was activated by
TGF-b and no other growth factors. To this end, luciferase
synthesis was tested after the use of SB-431542, a specific
TGF-b inhibitor, and an antibody against all three TGF-b
isoforms. SB-431542 significantly abolished luciferase
synthesis in the reporter cells (Figure 6A). An antibody
against all three TGF-b isoforms also significantly decreased
luciferase synthesis (data not shown). A standard curve
indicated that latent TGF-b deposits were significantly
higher in the WT matrix compared with those in Col12a1�/�

matrices (t-test; P < 0.01) (Figure 6B). These findings
demonstrate that collagen XII regulates the levels of latent
TGF-b in the stroma.

Collagen XII Regulates TGF-b Activation

To explore whether collagen XII regulates the levels of
biologically active TGF-b in the stroma, ELISA and an
in vitro co-culture functional assay were utilized.39 shRNA
was used to manipulate the content of collagen XII in a
corneal fibroblast culture system and to study the regulation
of TGF-b activation by collagen XII. Figure 7 demonstrates
three different constructs used for Col12a1 silencing with
shRNA. Knockdown efficiency was determined by
comparing mRNA expression between target and control
shRNA samples. Lentivirus construct 902 was selected for
these experiments because of its significant knockdown ef-
ficiency and construct 902-infected fibroblasts were used for
no more than four passages. First, total TGF-b1 was
measured in the culture medium obtained from WT and
Col12a1�/� corneal fibroblasts after expanding primary
culture corneal fibroblasts in vitro until confluency and
maintained in serum-free medium for 24 hours. The medium
was collected and heated up to 80�C for 10 minutes to
activate total TGF-b1 following manufacturer instructions.
Statistically significant (P < 0.0001; t-test, unpaired) higher
levels of total TGF-b1 were observed by ELISA in the
Col12a1�/� system compared with those in WT. Cells were
allowed to deposit collagen XII in the culture dish by
expanding WT corneal fibroblasts and maintaining them for
313
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Figure 4 Total collagen quantification shows regulation by collagen XII
during development and in adult age. Total collagen in wild-type (WT) and
Col12a1�/� corneas from different mice was analyzed in preadult postnatal
day (P) 30 (A) and adult P90 (B) in WT and Col12a�/� male mice. P30 (WT n
Z 6, Col12a1�/� n Z 10); P90 (both groups n Z 5). *P < 0.05,
****P < 0.0001.

Figure 3 Collagen XII regulates collagen fibril structure and organi-
zation in vivo. A: Second harmonic generation imaging shows higher for-
ward scattering signal in the absence of collagen XII at all stages of
development in corneal tangential images. B: Similarly, increased signaling
is noted in the Col12a1�/� stroma during en face imaging of the adult
postnatal day (P) 60. Scale bars: 25 mm (A); 50 mm (B). En, endothelium;
Ep, epithelium; St, stroma; WT, wild type.
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5 days in serum containing medium supplemented with
ascorbic acid to build matrix. After 5 days, Col12a1
expression was shut down using shRNA gene silencing to
keep culture conditions equal. A group of cells transfected
with construct 902 to silence Col12a1. Medium was
collected after cells were maintained in serum-free medium
for 24 hours. Levels of total TGF-b1 in the conditioned
medium determined by ELISA were not statistically sig-
nificant as compared to those in control. Finally, a co-
314
culture system using corneal fibroblasts was transfected
with construct 902 and transformed mink lung reporter cells
in a 1:1 ratio. Luciferace activity was measured after 16
hours of co-culture in serum-free DMEM. Active TGF-b
level was significantly (P < 0.001) higher in fibroblasts in
which Col12a1 expression was silenced (Figure 8B). These
data show that in vitro, collagen XII regulates active TGF-b
levels and that a state of high active TGF-b occurs in the
absence of collagen XII.
Discussion

Understanding the mechanisms that regulate stromal struc-
ture and function is essential for designing translational
approaches to treat corneal diseases and attempting to
manipulate wound healing. Collagen XII was recently
shown to regulate structural and functional properties of the
corneal extracellular matrix.23 The current study shows that
collagen XII controls matrix deposition in the stroma during
development and homeostasis, and that one of the under-
lying mechanisms by which collagen XII regulates the
intrinsic properties of the stroma is by modulating TGF-b
activity. It also demonstrates that collagen XII modulates
TGF-b activation and latency.
The hypertrophic characteristics of the stroma in our

Coll12a1�/� model were further explored. An increase in
corneal thickness, increased collagen content, and unusual
SHG signaling was observed in the cornea of this mouse
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Collagen XII regulates transforming growth factor-b responsive genes in the corneal stroma in vivo in corneas with epithelium. Serpine1 (A),
Col1a1 (B), Col5a1 (C), and LOX (D) mRNA expression was down-regulated by collagen XII. **P < 0.01, ***P < 0.001. WT, wild type.

Collagen XII in Corneal Function
model compared with WT with an abnormally high depo-
sition of collagen in the matrix and the formation of a hy-
pertrophic matrix. We thus hypothesized that collagen XII
must have a role in regulating keratocyte synthetic activity
to explain the hypertrophic stroma phenotype seen in our
Coll12a1�/� knockout model.

With the observation that corneal stromata were hyper-
trophic in our Coll12a1�/� knockout model, subsequent
explorations into unraveling the underlying mechanisms
were focused on two well-characterized signaling pathways
known to cause hypertrophy and hyperplasia: Yes-associ-
ated protein 1/transcriptional coactivator with PDZ-binding
Figure 6 Collagen XII maintains transforming growth factor (TGF)-b
latency in stromal tissue in vivo. A luciferase assay was used to functionally
quantify TGF-b availability in tissue freshly harvested. A: A pilot study to
demonstrate that reporter cells were responding to TGF-b signaling and no
other cytokines was performed using a TGF-bespecific blocker, SB431542.
B: Collagen XII allows TGF-b latency in the stromal extracellular matrix.
**P < 0.01, ****P < 0.0001. DMEM, Dulbecco’s modified Eagle’s medium;
RLU, relative light unit; WT, wild type.

The American Journal of Pathology - ajp.amjpathol.org
motif (YAP/TAZ) and TGF-b. Because exploratory
research on YAP/TAZ did not yield significant findings, the
potential regulation of TGF-b by collagen XII was studied.
Interestingly, a recent study has shown decreased seques-
tration of TGF-b by the matrix in the skin in the absence of
collagen XII, and at the same time, increased active
TGF-b1.10 The in vitro data from the current study show
similar findings and suggest that collagen XII is essential to
regulate TGF-b activation and latency in the stromal matrix,
and therefore is a functional regulator of TGF-b activity in
the matrix.

How collagen XII regulates TGF-b latency in the matrix
needs further exploration and is a complex subject. We
propose two different hypotheses to explain why a matrix
without collagen XII does not properly store latent TGF-b
(Figure 9). The first hypothesis is that collagen XII, a large
protein with multiple domains, binds latent TGF-b per se or
regulates other matrix components known to bind latent
TGF-b (eg, LTBP-1, fibronectin, or fibrillin) to the matrix.
Therefore, in the absence of collagen XII, latent TGF-b
storage is dysfunctional. The activity of TGF-b, once
secreted, is elevated in the extracellular matrix, because it
cannot become latent. The mRNA quantification for LTBP-
1, fibrillin, and fibronectin demonstrated a statistically sig-
nificant higher expression of these matrix proteins in the
absence of collagen XII (data not shown). The presence of
LTBPs in the cornea has not been explored in the past, and
the presence of elastic fibers and elastin, as well as fibrillin,
is currently being studied.40e42 Our laboratory has pre-
liminary data suggesting that collagen XII binds LTBP-1,
and studies to better define these interactions are under-
way. The known function of collagen XII as a matrix
organizer could also play a role in regulating TGF-b latency.
A disorganized matrix cannot efficiently bind or sequester
TGF-b in the matrix. This hypothesis would explain the
findings shown in Figure 8 and Supplemental Figure S1,
where there is increased TGF-b activity in the absence of
collagen XII deposition on the culture dish.
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Figure 8 Collagen XII regulates active transforming growth factor
(TGF)-b in a co-culture system. A: Phase contrast and fluorescence mi-
croscopy shows co-culture in approximately 1:1 ratio of transformed mink
lung cells, not fluorescent and black arrowhead, and fresh stromal fibro-
blasts, green fluorescent and white arrowhead, cells from primary culture.
B: Two different clones from construct 902, each clone with at least three
samples, were used. Collagen XII in the system down-regulates TGF-b ac-
tivity. ***P < 0.001. Scale bar Z 50 mm (A). WT, wild type.

Figure 7 shRNA silencing of collagen XII expression in stromal fibro-
blast primary cultures. A: Real-time PCR of fibroblast cell culture trans-
fected with three different constructs shows significant silencing of
Col12a1 expression. B: Protein blots confirm significant silencing of
Col12a1 expression after puromycin selection in primary cultures. C: Cells in
primary cultures 48 hours after lentivirus transduction. Scale bar Z 40 mm
(C). Ctrl, control.
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A second hypothesis is that collagen XII regulates TGF-b
activation by regulating matrix mechanics. Collagen XII
confers the corneal stroma with normal tissue mechanics.23

Interestingly, collagen XII down-regulated the expression of
lysyl oxidase, suggesting another venue for matrix and tis-
sue stiffness regulation by collagen XII. The expression of
bone morphogenetic protein 1 as a regulator of lysyl oxidase
synthesis was explored in the absence of significant corneal
matrix expression or regulation by collagen XII. Normal
matrix mechanics directs the function and differentiation of
cells.43 In various tissues, fibroblasts, and myofibroblasts,
cells driving fibrosis and scar contraction are gradually
activated from their precursors by cues provided by the
matrix.44 In different tissues, matrix stiffness and exposure
to growth factors like TGF-b are among the cues provided
by the matrix.32,33,45,46 Understanding the roles of collagen
XII in regulating matrix-related mechanical and chemical
cues (eg, latent TGF-b in the stroma) is therefore essential.
Latent TGF-b storage occurs in a matrix of normal me-
chanics. However, a stiffer matrix or a matrix with
dysfunctional mechanics, as in the case of the Col12a1�/�

model,23 might be a facilitator of latent TGF-b activation.
This could, at the very least, lead to the activation of TGF-
b1, with continuous release into surrounding keratocytes,
keeping latent TGF-b stores depleted.

Quantification of active TGF-b in tissues, or even in vitro,
is complex and technically challenging because of the fast
316
degradation of this cytokine.47 It is known that TGF-b1 in
its active form lasts only 2 minutes.48,49 To study the effects
of collagen XII on TGF-b activation, this study used a
combination of ELISA and a co-culture system using
transformed mink lung cells and corneal fibroblasts in which
shRNA abolished collagen XII expression. Unfortunately,
this co-culture system has intrinsic problems, including the
effects on corneal fibroblasts of serum exposure, the use of a
rigid nonphysiological plastic matrix, and the need of cell
passage and manipulation to obtain cell clones with
decreased collagen XII expression. There was variability in
the luciferase readings with cell passage, but active TGF-b
was increased in the fibroblast clones with early passages
(less than four passages), in which collagen XII was
silenced (Figure 8). The findings in this study, together with
decreased latent TGF-b levels, are highly suggestive that
collagen XII plays a regulatory role in TGF-b activation and
keeping TGF-b latent.
A better understanding of tissue biomechanics is of the

outmost importance for corneal translational research. The
ajp.amjpathol.org - The American Journal of Pathology
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Figure 9 Illustration summarizing the mechanism of collagen XII regulation of latent transforming growth factor (TGF)-b activation. In vivo, wild type
(WT; A) and Col12a1�/� (B). In vitro, wild type (C) and Col12a1�/� (D). A minimal part of this illustration was generated with biorender.com (Toronto, ON,
Canada). LTBP-1, TGF-b binding protein 1.

Collagen XII in Corneal Function
current findings are suggestive of the important regulatory
function of collagen XII and open further research questions
regarding the function of collagen XII in tissue mechanics
and its effects in other aspects, including regulation of
corneal thickness during development and modulation of
wound healing. In summary, collagen XII, by regulating
The American Journal of Pathology - ajp.amjpathol.org
TGF-b activation and latency, is a regulator of matrix
deposition during development and homeostasis. Collagen
XII is needed to down-regulate active TGF-b. In the absence
of collagen XII, cells are dysregulated and overstimulated to
produce and deposit more collagen fibrils and matrix. This
is shown in our Col12a1�/� model, where keratocytes
317
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increased collagen and matrix deposition in vivo and where
SHG data clearly reflected irregular collagen organization
reminiscent of collagen accumulation and matrix fibrosis.
Therefore, collagen XII is not just a simple structural
collagen, but a protein that greatly influences matrix prop-
erties and cell function and contributes to stromal unique-
ness. Further studies are underway to evaluate the effects of
collagen XII manipulation during different stages of wound
healing with the purpose of improving corneal function after
injury.
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