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ABSTRACT OF THE THESIS

Fibromodulin Deficiency Alters Transforming Growth Factor- Expression during

Mouse Wound Healing

By
Kevin Seokjong Lee
Master of Science in Oral Biology
University of California, Los Angeles, 2016
Professor Xinli Zhang, Co-Chair

Professor Sanjay M. Mallya, Co-Chair

Background: Fibromodulin (FMOD) is a small leucine-rich proteoglycan required for
scarless fetal cutaneous wound repair. Interestingly, increased FMOD levels have been
correlated with decreased transforming growth factor (TGF)-B1 expression in multiple
fetal and adult rodent models. Our previous studies demonstrated that FMOD deficiency
in adult animals results in delayed wound closure and increased scar size accompanied
by loose package collagen fiber networks with increased fibril diameter. In addition, we
found that FMOD modulates in vitro expression and activities of TGF-B ligands in an
isoform-specific manner. In this study, we investigated the temporospatial distribution of
TGF-B ligands and receptors in both adult FMOD-null and wild-type (WT) mouse wounds
to further elucidate how FMOD coordinates TGF-f bioactivity to promote proper

cutaneous wound healing.
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Methods: Expression profiles of TGF-f ligands and receptors in FMOD-null and WT
mice were compared by immunohistochemical staining and quantitative reverse
transcriptase-polymerase chain reaction (QRT-PCR) using a full-thickness, primary
intention wound closure model.

Results: During the inflammatory stage, elevated inflammatory infiltration accompanied
by increased type | TGF-B receptor levels in individual inflammatory cells was observed
in FMOD-null wounds. This increased inflammation was correlated with accelerated
epithelial migration during the proliferative stage. On the other hand, significantly more
robust expression of TGF-3 and TGF- receptors in FMOD-null wounds during the
proliferative stage was associated with delayed dermal cell migration and proliferation,
which led to postponed granulation tissue formation and wound closure and increased
scar size. Compared with WT controls, expression of TGF-f ligands and receptors by
FMOD-null dermal cells was markedly reduced during the remodeling stage, which may
have contributed to the unordinary collagen architecture.

Conclusion: This study demonstrates that a single missing gene, FMOD, leads to
conspicuous alternations in TGF- ligand and receptor expression at all stages of
wound repair in various cell types. Therefore, FMOD critically coordinates
temporospatial distribution of TGF-B ligands and receptors in vivo, suggesting that
FMOD modulates TGF-f bioactivity in a complex way beyond simple physical binding to

promote proper wound healing.
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Fibromodulin Deficiency Alters Transforming Growth Factor- Expression during

Mouse Wound Healing

INTRODUCTION

Wound healing is a highly ordered and well-coordinated process involving inflammation,
proliferation, and remodeling orchestrated by a myriad of cytokines and growth factors
[1-3]. Transforming growth factor (TGF)-B, which is like a cytokine owing to its small
molecular weight and selective effect on multiple inflammatory processes, is one of the
most crucial modulators in wound healing [1-6]. TGF-f is produced by several cell types
that are present in wound site including activated macrophages, neutrophils, platelets,
fibroblasts, and keratinocytes [3,5,7]. Three mammalian TGF-$ isoforms (TGF-B1, B2,
and B3), which share 64-86% amino acid sequence homology, are all essential for
wound healing regulation [5,8,9]. Interestingly, although all three TGF-3 isoforms exert
their effects by binding to transmembrane type Il receptor (TBRII), which activates type |
receptor (TBRI) to initiate signal transduction [10], they exhibit different and even
opposite functions. For example, compared with TGF-B1 and 2, TGF-f3 presents more
potent inhibition on DNA synthesis in keratinocytes [11]. Moreover, TGF-B1 significantly
promotes migration of dermal fibroblasts, while TGF-B3 exerts remarkable anti-migratory
effects on these cells [12-14]. In addition, TGF-1 and B2 are known to promote
fibroplasia, while TGF-3 may or may not reduce scar [15-20]. It is worthy of note that
TGF-Bs can bind to a variety of extracellular matrix (ECM) proteins and regulate their
expression and activities [21-26], and these ECM molecules in turn can modulate TGF-3

expression and activities [21,27-29]. For instance, application of decorin, a small
1



leucine-rich proteoglycan (SLRP) family member, for prevention of TGF-B-mediated
fibrosis in various tissues is currently being attempted due to the high-affinity interactions

between decorin and TGF-f isoforms [27-31].

To date, 18 SLRP family members have been discovered, which are grouped into five
classes based mainly on evolutionary conservation, homology, and chromosomal
organization [32]. Regardless of the classification, SLRPs share common functionality
including interaction with diverse molecules such as TGF-Bs, collagens, and other ECM
molecules, and thus have wide-ranging functions from regulation of collagen matrix
architecture and mechanical properties to control of cellular proliferation and
differentiation [32-34]. Notably, fiboromodulin (FMOD), a class Il keratin sulphate SLRP, is
essential for maintenance of endogenous stem cell niches [35]. FMOD is found in
connective tissues including skin, and is more highly expressed in fetal tissues than in
adult tissues [35]. FMOD have a wide range of effects on cellular motility, proliferation,
differentiation, and extracellular matrix production [35,36,37]. In fact, FMOD deficiency
leads to osteogenesis of tendon stem/progenitor cells [35], resulting in a structurally and
mechanically abnormal tendon phenotype [36,37]. Moreover, recent studies
demonstrated that FMOD can directly reprogram somatic cells to a minimally
proliferative, multipotent progenitor state [38], indicating that FMOD regulates
intracellular signaling cascade and determines cell fate in addition to carrying out ECM

structural functions [39].



Cutaneous scar formation resulting from wound healing affects up to 100 million patients
per year, the majority of which are post-surgical; this is a result of 55 million elective
operations and 25 million operations after trauma, which translate to annual costs
approaching $3 billion [40]. A devastating early complication for any closed surgical
wound, such as a wound resulting from repair of the most common craniofacial
congenital anomaly cleft lip and palate, is wound dehiscence [40], a separation of
approximated tissues that can lead to significant cutaneous scarring. The majority of
patients (~60%) are dissatisfied with the appearance of their scars and often undergo
multiple surgical revisions [41,42]. Physically, excessive scarring can cause pain, itching,
discomfort, and contractures that limit mobility and daily living activities [40,41,42].
Unfortunately, current therapies to treat pre-existing, already formed scars exhibit
marginal effectiveness (e.g. intralesional corticosteroids, silicone, topical ointments, and
lasers), while simple scar excision has a high recurrence rate [43]. On the other hand,
common surgical adjuvants to minimize the size of developing scars in freshly closed
wounds to minimize the ultimate scar size have undesirable side effects [43] such as
reduced wound strength, pigmentary changes, granulomas, and skin atrophy from local
corticosteroid injection [44] or growth inhibition, deceased wound strength and increased

long-term cancer risks from wound irradiation [45,46].

To address the need for safer, more efficacious wound healing therapies that can
actively modulate the early wound environment to prevent/reduce the tendency to form
scar, we looked to developmental biology for potential solutions. Adult-type repair with

scar occurs after dermal skin injury [47]. It is characterized by replacement of normal
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dermal structure with a disorganized extracellular matrix (ECM) and replacement of
normal dermal appendages, such as hair follicles [47]. In contrast, extensive
investigations from small to large animals to humans have unequivocally established
that, before a specific gestation age, fetal cutaneous wounds heal scarlessly with
restoration of normal dermal ECM architecture and appendages [48]. For instance in
mice, scarring of skin wounds begins on day ~18.5 of an ~20 day gestation period,
whereas in humans scarring of wounds begins at approximately 24 weeks of gestation
[48,49]. These findings indicate that the human body possesses the intrinsic molecular

signals to heal scarlessly, but loses this ability [49].

Our previous studies have demonstrated that high expression of FMOD in fetal skin
decreases during the transition from scarless fetal-type repair to adult-type repair with
scarring [50,51]. Likewise, adult animals with FMOD deficiency display abnormal wound
healing: they exhibit delayed dermal wound closure and increased scar formation with
reduced angiogenesis and unordinary collagen architecture [14,52]. Importantly, when
we used FMOD to rescue rat fetal wounds at day 19 of gestation (E19) from scar
formation, TGF-B1 expression was significantly decreased [50]. We have also found that
FMOD modulates expression and activities of TGF-Bs in an isoform-specific manner
[14,50,51]. For example, FMOD potentiates TGF-B1-induced cell migration and reverses
TGF-B3 inhibition of migration, governing timely epithelialization and granulation tissue
formation. Thus, the relationship among FMOD expression, TGF- activity, and scarring
in both fetal and adult wound repair suggests that FMOD may exert anti-scarring effects

by orchestrating TGF- expression and function.
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In this study, we investigated the temporospatial distribution of TGF-B ligands and
receptors in both adult FMOD-null and wild-type (WT) mouse wounds to further

elucidate how FMOD coordinates TGF-B bioactivity to promote proper cutaneous

wound healing.



MATERIALS AND METHODS

2.1 Primary intention wound closure model

Three and one-half month old male 129/sv WT and FMOD-null mice [36] were
anesthetized, and the dorsal skin was sterilely prepared [14]. Four full-thickness, 10 mm
x 3 mm skin ellipses with the underlying panniculus carnosus muscle were excised on
each mouse. Each open wound edge was injected with 25 pl phosphate-buffered saline
or 0.4 mg/ml recombinant FMOD solution (25 ul x 2 edges = 50 pl total per wound).
Wounds were then closed primarily with 4-0 Nylon using two simple interrupted sutures
consistently placed at one-third intervals in each 10 mm length wound. All wounds were
separated by at least 2 cm to minimize adjacent wound effects [14]. Sutures were
removed at day 7 post-injury and wounds were harvested at 0.5, 1, 2, 3, 5, 7 and 14 days
after injury. Unwounded skin samples from identical locations in three animals were
collected as controls. Tissue for RNA isolation (entire wound + 1 mm edge) was
immediately frozen in liquid nitrogen and stored at -80°C until RNA extraction [14].
Wound tissue for histology (entire wound + 10 mm edge) was bisected centrally between
the two 4-0 Nylon sutures, perpendicular to the long axis of each 10 mm length wound,
and placed in formalin [14]. All animal surgery procedures were performed under
institutionally approved protocols provided by the Chancellor's Animal Research

Committee at UCLA (protocol number: 2000-058).

2.2 Histology and immunohistochemistry



Table 1. Description of primary antibodies used for indirect immunostaining

Final
Initial concentration
Antibody  Concentration Origin Epitope recognition  (diluted in PBS)
TGF-B1 (V) 200 pg/ml Rabbit Extreme carboxy 0.002 g/L
polyclonal IgG  terminus of TGF-1 (1:100)
(region of mature
peptide)
TGF-B2 (V) 200 pg/ml Rabbit Extreme carboxy 0.002 g/L
polyclonal IgG  terminus of TGF-2 (1:100)
(region of mature
peptide)
TGF-B3 (V) 200 pg/ml Rabbit Extreme carboxy 0.002 g/L
polyclonal IgG  terminus of TGF-B3 (1:200)
(region of mature
peptide)
TBRI (V-22) 200 pg/ml Rabbit Carboxy terminus of 0.002 g/L
polyclonal IgG  TRRI (1:100)
(region of mature
peptide)
TRRII 200 pg/ml Rabbit Carboxy terminus of 0.002 g/L
(C-16) polyclonal IgG  TRRII (1:100)
(region of mature
peptide)
TRRIII 200 pg/ml Goat polyclonal Carboxy terminus of 0.002 g/L
(C-20) I9G TRRIII (1:100)
(region of mature
peptide)
Lumican 1000 pg/mi Rabbit Internal region of 0.02 g/L (1:50)




(L-20) monoclonal lumican
IgG

After fixation, skin samples (from 36 wounds of 16 animals per time point) were
dehydrated, paraffin-embedded, and cut into 5-um sections for hematoxylin and eosin
(H&E) and immunohistochemical (IHC) staining. To ensure consistent sampling from the
center rather than the periphery of the wound, specimens were sectioned starting from
the areas of previous wound bisection. Immunohistochemistry staining was performed
as previously described [53]. Relative inflammatory infiltration in 8 animals per genotype
(2 randomly chosen wound edge fields and 2 randomly chosen wound bed fields per
animal) was semi-quantitatively evaluated by three blinded reviewers using the following
criteria:

Control: unwounded WT skin tissue (< 2 inflammatory cells per field based on 32

randomly selected fields from 16 unwounded WT animals)

Score 0: < 2 times the unwounded skin tissue

Score 1: 2-5 times the unwounded skin tissue

Score 2: 5-10 times the unwounded skin tissue

Score 3: 10-15 times the unwounded skin tissue

Score 4: > 15 times the unwounded skin tissue
All antibodies used in this study were obtained from Santa Cruz Biotech. (Santa Cruz,
CA) except for the antibody against lumican that was purchased from Abcam Inc.
(Cambridge, MA) (Table 1). Computerized immunolocalization intensity analysis was

performed using the commercial software Image-Pro® Plus 6.0 (Media Cybernetics Inc.,



Rockville, MD). Relative dermal protein expression was quantified by the mean optical

density of staining signal x percent area positively stained x 100 [14,54].

2.3 Quantitative reverse transcriptase-polymerase chain reaction (QRT-PCR)

Table 2. TagMan® gene expression assay

Gene Genbank no. TagMan® Gene Expression Assay no.*
TGF-31 NM_011577.1 MmO00441724 m1
TGF-B2 NM_009367.1 MmO00436952_m1
TGF-B3 NM_009368.1 MmO00436960_m1
TBRI NM_009370.2 MmO00436971_m1
TBRRII NM_009371.2 MmO00466494_s1
TBRRIII NM_011578.2 MmO00803538_m1

*  Commercial TagMan® gene expression assays were purchased from Applied

Biosystems, Foster City, CA, USA.

Total RNA was extracted using TRIzol® Reagent (Invitrogen, Carlsbad, CA) and treated
with RNase-Free DNase Set (Qiagen, Valencia, CA) to remove chromosomal DNA
contamination. 1 pg total RNA was reverse transcribed into cDNA in a 20-ul reaction
mixture with 50 pmol of oligo(dT)z0 primer and 1 pl (200 U) of SuperScript™ Il reverse
transcriptase (Invitrogen). Expression of mRNA was measured by qRT-PCR using

TagMan® Gene Expression Assays (Table 2) on a 7500 Fast Real-time PCR System



(Applied Biosystems, Foster City, CA) [14]. Concomitant glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was also performed in separate tubes for each RT reaction
with TagMan® Rodent GAPDH control reagents (Applied Biosystems). For each gene,
at least three separate sets of qRT-PCR analysis were performed using different

complementary DNA templates.

2.4 Scratch wound assay

Primary dermal fibroblasts from WT and adult FMOD-null mice were derived and
maintained following the published procedure [55]. A scratch wound assay was
performed to mimic the scarring process in vitro [56]. Briefly, passage 3 dermal
fibroblasts were grown in 6-well tissue culture plates until confluence. After 12 h serum
starvation, the cell monolayer was scraped to generate a single 1-mm wide gap. The
wounded monolayer was washed 3 times with phosphate-buffered saline (PBS) to
remove dead cells prior to 24 h incubation in DMEM medium (Invitrogen). 100 pM
TGF-B1 or -B3 (Sigma-Aldrich, St. Louis, MO) in PBS was used to regulate fibroblast
migration [14], while 10 uM TBRI-specific inhibitor SB-431542 (Sigma-Aldrich) [57] was
used to attenuate TBRI-mediated TGF-B bioactivities. Cell migration was documented
by photographs taken immediately after scraping, as well as 24 h later. Migration was
guantified by measuring the average wound gap between the wound edges before and
after the treatment using the commercial software Image-Pro® Plus 6.0, and calculated

as: Cell migration (%) = (Gapon-Gap24n)/Gapon X 100%.
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2.5 Statistical analysis

The results are graphically depicted as the mean * the standard error of mean. Statistical
significance was computed using ANOVA (13.0 for Windows, SPSS, Chicago, IL).
Independent-sample t-test was used to compare results of two groups. Individual
comparisons between two groups were determined using the Mann-Whitney test for

non-parametric data. P value < 0.05 was considered statistically significant.
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RESULTS

3.1 FMOD-null mice exhibit increased inflammation
Figure 1. Hematoxylin and eosin (H&E) staining of wounded WT and
FMOD-null adult mice skin

A

FMOD-null

FMOD-null
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(A) At day 0.5 post-injury, minimal (score: 1) inflammatory infiltrate was present at the
wound edge of WT mice (upper right), while significant (score: 3) inflammatory infiltrate
was detected at the wound base. On the other hand, moderate (score: 2) and significant
inflammatory infiltrates were observed at the wound edge (lower right) and base of
FMOD-null mice, respectively. (B) At day 1 post-injury, moderate and significant
inflammatory infiltrates were seen at the wound edge (upper right) and base of WT mice,
respectively. Meanwhile, high (score: 4) inflammatory infiltrate was observed at both the
wound edge (lower-right) and base of FMOD-null mice. (C) Relative inflammatory
infiltration (median, 25-75% quartile, min, max) in 8 animals per genotype (2 randomly
chosen wound edge fields and 2 randomly chosen wound bed fields per animal; N = 32)
was semi-quantitatively evaluated by three blinded reviewers. Yellow arrowheads:
representative inflammatory cells (not all inflammatory cells are indicated); yellow circles:
randomly chosen fields for inflammatory infiltration evaluation. Bar= 100 um. *, significant

difference determined by the Mann-Whitney test.

Wound inflammatory infiltration was scored from 1 (minimal) to 4 (high) by three

independent pathologists using the criteria described in Materials and Methods
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section. At day 0.5 post-injury, WT wounds showed minimal inflammatory cell
numbers (score: 1) within the fibrin clot at the wound edge and significant
inflammatory infiltrate (score: 3) at the wound base upon H&E staining (Figure
1A). At the same locations, FMOD-null wounds showed moderate inflammatory
cell numbers (score: 2) at the wound edge and, like WT wounds, significant
inflammatory infiltrate (score: 3) at the wound base (Figure 1A). For both
genotypes, neutrophils comprised the major inflammatory cell type present at day
0.5 post-injury, followed by monocytes (about 10%) and lymphocytes (about 5%).
At day 1 post-injury, WT wounds exhibited mildly to moderately elevated
inflammatory infiltrate at both the wound edge and wound base (score: 2 to 3)
(Figure 1B), with a higher lymphocyte proportion at the wound periphery (about
15%). In contrast, highly increased inflammatory infiltrate (score: 4) was observed
at both the wound edge and wound base of FMOD-null mice at day 1 post-injury
(Figure 1B). Macrophages were noted 1 day after injury at the wound base of
FMOD-null mice, and not until 2 days after injury in WT mice. Overall, FMOD-null
mice demonstrated higher inflammatory infiltration than WT animals before wound
closure (Figure 1C), and inflammatory cell density was significantly reduced with
macrophages as the dominant immune cell type (above 50%) in both genotypes

after would closure.

14



3.2 TGF-B1 protein expression is elevated in migrating epidermis and granulation

tissue of FMOD-null wounds

Figure 2. Immunohistochemical (IHC) staining of wounded WT and

FMOD-null adult mice skin

A

FMOD-null

Day 0.5

TGF-p1
TGF-p2
Day 1

Day 7

TBRII
Day 1

TGF-B3

Day 1

TBRIII

TBRI
Day 2

(A) TGF-B1, (B) TGF-B2, (C) TGF-B3, (D) TBRI, (E) TRRII, and (F) TBRRIII. Inserts show
low magnification view. Red arrowheads: inflammatory cells; open black triangles:
epidermis at wound edge; solid black triangles: migrating epidermal tongues; blue arrows:

dermal fibroblasts. Bar = 100 um.
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Figure 3. Quantification of dermal protein expression and total wound RNA

expression of TGF-B ligands
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Quantification of dermal protein expression (A, C, E; N = 9) and total wound RNA (B, D, F; N = 4)
expression of TGF-B ligands. (A, B) TGF-B1, (C, D) TGF-2, and (E, F) TGF-B3. RNA expression|is

normalized to unwounded WT skin (blue dotted line). *, P < 0.05.
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Table 3. Relative immunostaining intensity of TGF-B ligands in wounded WT and

FMOD-null adult mice*

After injury Unwounded 0.5 day 1 day 2 days 7 days 14 days
TGF-B1 WT* FN* WT FN WT FN WT FN WT FN WT FN
Epidermis
Migrating

N/A*  N/A  N/A N/A X ++4+* 44+ +++ NJA O N/A - N/A  N/A
epi.

Outerlayer it 44t 44+ +++ A+ At HHE AR HEE AR R bt

Basallayer i+ 444 b4+ Hb+ o+ HEE bR R R bR b

Dermis
ECM - - - - - - - - +* o+ + +
Fibroblasts - - - S = T o T o = S o S o S S e
Inflammatory

- - ++ o+ o+t I = s T e = = S = = S
cellst

Hair follicles* R = = S e S o & = T = T o o T o = S o S SR o S S

17



Table 3. (continued)

After injury Unwounded 0.5 day 1 day 2 days 7 days 14 days
TGF-p2 WT FN WT FN WT FN WT FN WT FN WT FN

Epidermis
Migrating epl.  \yaA  N/A N/A NA -  +++ +++ +++ NA NA NA NA
Outer layer

+++ A+ - - +++  +++ A+ A
Basal layer

+++ A+ - - +++  +++ A+ A
Dermis
ECM

- - - - - - - - ++ + + +
Fibroblasts

- - +++  +++ - +++ + +++ 4+ - - -
Inflammatory

- - +++  +++ ++ - - - -
cells
Hair follicles

+++ 4+ A+ A+ e
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Table 3. (continued)

After injury Unwounded 0.5 day 1 day 2 days 7 days 14 days
TGF-B3 WT FN WT FN WT FN WT FN WT FN WT FN
Epidermis
Migrating €pi.  \/A  N/A NIA NIA - +++ +++ +++ NA NA NA NA
Outer layer +++ - L & & L - o T o o T = S o Sy o Ao
Basal layer o+ - T o T e
Dermis
ECM - - e s - + + + -
Fibroblasts - - - 4+ o+ ++ + + ++ o+ -
Inflammatory
- - - -+ -+ - - - -
cells
Hair follicles +H+ - T o o T o o o e A

*  WT, wild-type; FN, FMOD-null; N/A, not applicable; -, negligible staining (< 5%); +, minimal staining
(5% - 25%); ++, moderate staining (25% - 50%); +++, strong staining (> 50%).

T In general, unwounded control skin contained very few inflammatory cells. The chart reflects the
intensity of intracellular TGF-f staining and not the actually number of inflammatory cells present.

*  Due to no hair follicle regeneration was detected in the adult skin wounds in this study, the chart

reflects the influence of the wounds on adjacent hair follicles.
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Table 4. Relative immunostaining intensity of TGF-B receptors in wounded WT and

FMOD-null adult mice

After injury  Unwounded 0.5 day 1 day 2 days 7 days 14 days
TBRI WT* FN* WT FN WT FN WT FEN WT FN WT FN
Epidermis
Migrating
N/A*  N/A -* - - +++* +++ +++ N/A N/A NA N/A
epi.
Outerlayer ., 44+ S IR S SN HFHTAN oS

Basal layer .., 444 © A A AR R R

Dermis
ECM

Fibroblasts L, 444 ©  4ur dhd 4t 44 bt AR 4t

Inflammatory
- - - ++ A+ - - - -

cellst

ir folliclest
Hair follicles* ., 444 - +* + A
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Table 4. (continued)

After injury  Unwounded 0.5 day 1 day 2 days 7 days 14 days
TRRII WT FN WT FN WT FN WT FN WT FN WT FN
Epidermis
Migrating
N/A N/A - +++ - +++ ++ +++ N/A N/A N/A N/A
epi.
Outerlayer iy 4ot - 4t bt AR b b bR AR bt
Basallayer ... 44+ - bt b bR bR bR bR R bR b
Dermis
ECM _ . - - - - - . - . - -
Fibroblasts + - - AR AR+ +
Inflammatory
- - - o SN FAAVAS VAR s - -
cells
Hairfollicles 4 ii 444 & 44 - bbb bR bR bR R b
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Table 4. (continued)

After injury Unwounded 0.5 day 1 day 2 days 7 days 14 days
TRRIII WT FN WT FN WT FN WT FN WT FN WT FN
Epidermis
Migrating epi.  N/A N/A - - - 44+ +++ +++ N/A NA NA NA
Outer layer TR = R o T = o T e N s s s s T
Basal layer I R & = T o o o T o S .
Dermis
ECM } . . - ; . . . . . . .
Fibroblasts . 3 . . - . , - - - - -
Inflammatory
cells - - - - - - - - - - _ _
Hair follicles

+++ A+t - - S S S e e s =

*  WT, wild-type; FN, FMOD-null; N/A, not applicable; -, negligible staining (< 5%); +, minimal staining
(5% - 25%); ++, moderate staining (25% - 50%); +++, strong staining (> 50%).

T In general, unwounded control skin contained very few inflammatory cells. The chart reflects the
intensity of intracellular TGF-f receptor staining and not the actually number of inflammatory cells
present.

*  Due to no hair follicle regeneration was detected in the adult skin wounds in this study, the chart

reflects the influence of the wounds on adjacent hair follicles.
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To determine how FMOD deficiency affects wound healing, expression of TGF-f ligands
and receptors was documented in adult FMOD-null mice and compared with that in WT
controls. Cellular and ECM TGF-B ligand and receptor immunostaining patterns are
shown in Figure 2 (which provides information on global TGF-B ligand and receptor
staining and relative cell density), while the dermal protein expression and relative total
wound mRNA transcription levels are summarized in Figure 3 (for TGF-B ligands) and
Figure 5 (for TGF-B receptors). In addition, specific staining intensities for epidermal,
dermal, inflammatory, and hair follicle cell types are summarized in Tables 3 and 4
(which provide information on individual cell TGF-B ligand and receptor staining

intensities, respectively).

During the wound healing process, although the relative inflammatory infiltrate (primarily
comprised of neutrophils, monocytes, and macrophages) was greater in FMOD-null
wounds compared with WT wounds (Figure 1), the TGF-B1 staining intensity for the
individual inflammatory cells was relatively similar between WT and FMOD-null wounds
(Figure 2A and Table 3). Strong (+++) TGF-B1 staining was observed at the epithelial
wound edge in both WT and FMOD-null genotypes (Table 3). TGF-B1 staining was
detected at the migrating epidermis at day 1 post-injury in FMOD-null mice, while
TGF-B1 staining was hardly observed at the migrating epidermis in WT mice at the same
wound healing stage (Figure 2A and Table 3). With respect to fibroblasts, both WT and
FMOD-null mice exhibited negligible (-) TGF-B1 staining prior to injury, but TGF-1
signals were increased to moderate (++) levels in about 10% of FMOD-null fibroblasts at

day 1 post-injury and in WT fibroblasts at day 2 (Table 3 and Figure 3A). These
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observations correlated with the gRT-PCR data demonstrating similar TGF-1
expression levels in WT and FMOD-null mice before injury and before wound closure
(Figure 3B). However, after wound closure (day 3 for WT wounds and day 5 for
FMOD-null wounds [14]), TGF-B1 staining intensity in WT and FMOD-null fibroblasts
increased to strong levels at days 7 and 14 (Figure 2A and Table 3). At day 7
post-injury, ECM of WT granulation tissue showed only minimal TGF-B1 signals, while
ECM of FMOD-null granulation tissue showed strong TGF-B1 staining that contributed to
significantly higher total dermal TGF-B1 protein expression levels in FMOD-null wounds
(Table 3, Figures 2A and 3A). Peak TGF-B1 ECM staining at day 7 coincided with peak
fibroblast density rather than peak inflammatory cell density in FMOD-null wounds —
suggesting that the source of elevated ECM TGF-B1 in FMOD-null wounds is likely
fibroblasts rather than inflammatory cells. Interestingly, total TGF-81 mRNA expression
when normalized to GAPDH was significantly higher in WT wounds than in FMOD-null
wounds during the entire 14-day experimental period (Figure 3B), while total dermal
TGF-B1 protein expression levels were significantly higher in FMOD-null wounds at day
7 post-injury (Figure 3A). The reason for this apparent discrepancy between TGF-1
MRNA and protein expression profiles at day 7 may be that qRT-PCR results are
reflective of gene expression per cell, and thus do not take into account the increased
cell density in day 7 FMOD-null granulation tissue (Figure 2A and ref. [14]). In contrast,
IHC results are reflective of total TGF-B1 protein expression quantity in all the cells
present within the granulation tissues. Cell density was significantly higher in FMOD-null
wounds at day 7 post-injury, but a single WT cell may have had a relatively higher

TGF-B1 mRNA transcriptional activity than a single FMOD-null cell. Thus, the total
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amount of stained TGF-B1 protein was higher in FMOD-null wounds at day 7 post-injury.
Overall, WT and FMOD-null wounds demonstrated similar TGF-B1 staining intensities for
inflammatory cells, epidermal cells, hair follicles, and fibroblasts. However, epidermal
TGF-B1 staining was significantly more pronounced in FMOD-null mice relative to WT
mice at day 1 post-injury, while TGF-B1 staining in ECM of granulation tissue was more

prominent in FMOD-null mice at day 7 post-injury.

3.3 TGF-B2 expression in FMOD-null wounds is increased at early wound stage but

decreased after wound closure

After injury, inflammatory cell TGF-2 staining intensity was increased to strong levels at
day 0.5 post-wounding, but reduced to negligible levels at days 7 and 14 in WT and
FMOD-null mice (Table 3). Unwounded skin exhibited strong TGF-B2 staining in
epidermis and hair follicles, but TGF-B2 levels in WT and FMOD-null epithelial wound
edges dropped to negligible levels without a marked difference between the two
genotypes at day 0.5 post-injury (Table 3). With respect to fibroblasts, WT displayed
strong TGF-B2 staining intensity at day 0.5 post-injury that diminished by day 1
post-injury, followed by an upswing in TGF-B2 expression that peaked at day 7 (Figure
2B and Table 3). Meanwhile, FMOD-null fibroblasts presented strong TGF-B2 signals
during day 0.5 to day 2 post-injury that disappeared after wound closure (Figure 2B and
Table 3). After wound closure, TGF-B2 signals were moderate in WT granulation tissue
ECM at day 7 that decreased to minimal levels by day 14 post-injury (Figure 2B and
Table 3), while minimal TGF-B2 staining was observed in FMOD-null granulation tissue

ECM at days 7 and 14 (Figure 2B, Table 3). In addition, total dermal TGF-B2 protein
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staining (Figure 3C) and TGF-82 mRNA transcriptional activity (Figure 3D) were
significantly higher in FMOD-null wounds at day 0.5 post-injury relative to WT wounds.
Unlike TGF-B1, both total dermal TGF-B2 staining (Figure 3C) and TGF-82 mRNA
transcription (Figure 3D) analyses showed that TGF-B2 levels were significantly
decreased in FMOD-null granulation tissue at day 7 post-injury. Overall, TGF-32
expression in FMOD-null wounds was higher at the early wound edge but lower after

wound closure compared with that in WT wounds.

3.4 TGF-B3 expression in FMOD-null mice is boosted at day 0.5 post-injury but becomes

lower than WT expression at day 14 post-injury

In WT and FMOD-null mice, inflammatory cell TGF-B3 staining was negligible in
unwounded tissue, increased during days 1 and 2 post-injury, and returned to the
baseline levels after wound closure (Table 3). Similar to TGF-B1 and -B2, unwounded
skin showed strong TGF-3 staining in epidermis and adjacent hair follicles of both WT
and FMOD-null groups (Table 3), but the TGF-B3 expression dwindled by day 0.5
post-injury (Table 3). As described in our previous observation [14], in contrast to WT
wounds with negligible ECM and fibroblast TGF-B3 staining, FMOD-null wounds
displayed strong TGF-B3 signals in both the ECM and ~25% of dermal fibroblasts at day
0.5 post-injury (Figure 2C and Table 3). This finding correlated with higher total dermal
TGF-B3 protein expression (Figure 3E) and mRNA transcription at day 0.5 (Figure 3F).
At day 14 post-injury, WT fibroblasts displayed strong TGF-f3 staining while FMOD-null

fibroblasts only exhibited negligible signals (Figure 2C and Table 3). Thus, TGF-f3

26



expression was relatively higher in WT wounds than FMOD-null wounds at day 14

post-injury (Figure 3E, F).

3.5 Expression of TGF-B receptors is increased in FMOD-null wounds at early stage of

wound healing

Figure 4. IHC staining of lumican in wounded WT and FMOD-null adult mice skin at

1 day post-injury

Lumican
Day 1

Inserts show low magnification view. Black triangles: migrating epidermal tongues. Bar = 100 pm.

Figure 5. Quantification of dermal protein expression and total wound RNA

expression of TGF-B receptors
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Quantification of dermal protein expression (A, C, E; N = 9) and total wound RNA (B, D, F; N = 4)
expression of TGF-B receptors. (A, B) TBRI, (C, D) TBRII, and (E, F) TBRIIl. RNA expressipn is

normalized to unwounded WT skin (blue dotted line). *, P < 0.05.

For WT and FMOD-null mice, individual inflammatory cell TBRI [aka. activin receptor-like
kinase 5, (ALK5)] staining was negligible in unwounded tissues. At day 0.5 post-injury,
inflammatory cells exhibited moderate TRRI staining in FMOD-null wounds but negligible
staining in WT wounds (Table 4). From days 1 to 2 post-injury, inflammatory cells of both
groups presented strong TRRI signals, which returned to negligible levels by day 7
(Table 4). Meanwhile, strong TBRI staining was found in the migrating epidermis of
FMOD-null mice at day 1 post-injury but not in WT controls (Figure 2D and Table 4).
Interestingly, elevated expression of lumican — another class Il SLRP that binds to TBRI
and thus promotes epithelial migration [58] — was also found in the FMOD-null migrating
epidermis as evidenced by IHC staining (Figure 4). As we reported previously [14], more
dermal fibroblasts strongly expressing TRRI were found in FMOD-null wounds than in
WT wounds, although similar staining density was observed in both wounds (Figure 2D
and Table 4). Unwounded WT and FMOD-null skin tissues had similar total TRRI
expression (Figure 5A, B). After injury, TBRI transcripts of WT mice peaked at day 0.5
post-injury and slowly decreased to baseline levels by day 14 (Figure 2B). TBRI
transcripts of FMOD-null mice also peaked at 0.5 day post-injury, but were ~1.84 times
WT TBRI transcripts at the same time point (Figure 5B). FMOD-null TBRI mRNA levels
then rapidly declined to baseline by day 1, but rebounded at days 7 and 14 (Figure 5B).
Generally, the trends in TBRI protein expression paralleled its mRNA transcription

pattern, but were relatively delayed and less dramatic in the degree of changes. Overall,
29



total dermal cell TBRI protein was significantly increased in FMOD-null wounds relative

to WT wounds at 0.5, 1, 2 and 14 days after injury (Figure 5A).

WT and FMOD-null wounds exhibited similar TBRII staining intensities for individual
inflammatory cells at all examined time points (Table 4). Our previous studies [14] have
already demonstrated that TRRII staining in unwounded WT epidermis, hair follicles, and
dermal fibroblasts transiently drops to negligible levels at days 0.5 and 1 post-injury
before returning to strong levels by day 2 (Figure 2E and Table 4). On the contrary, the
strong TBRRII staining in unwounded FMOD-null epidermis and hair follicles persisted at
the same levels during the entire 14-day experimental period (Figure 2E and Table 4).
In addition, FMOD-null fibroblasts exhibited strong TBRII signals from days 0.5 to 7
post-injury until receding to minimal levels of unwounded skin at day 14 (Figure 2E and
Table 4). Similar to TBRI (Figure 5A, B), there was a lag phase between the peak
MRNA transcription and protein expression of TRRII (Figure 5C, D). The reason behind
the lag between TBRII mMRNA and protein expression is unclear, but it has been
described in a mouse embryonic model [59]. In sum, these data demonstrated that
FMOD-null wounds have higher TBRII expression than WT wounds during the first 24

hours post-injury.

The epidermis and hair follicles of unwounded WT and FMOD-null mice exhibited strong
type Il TGF-B receptor (TRRIII, aka. betaglycan) staining (Table 4). Both genotypes lost
TBRIIl signals in the migrating epidermis at day 0.5 post-injury but re-gained strong

baseline levels by day 1 for FMOD-null wounds and day 2 for WT wounds (Figure 2F
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and Table 4). WT hair follicles demonstrated minimal (day 1) to strong (day 14) TRRIII
staining, while strong TBRIII signals were observed in FMOD-null hair follicles from days
1 to 14 (Table 4). No obvious TBRIII staining was detected in dermal inflammatory cells,
ECM, or fibroblasts in either genotype during the entire experimental period (Table 4).
As such, no significant deviation from the baseline for total TRRIIl expression was
detected (Figure 5E, F). Meanwhile, the lack of ECM staining indicated that the majority
of TBRIIl protein existed in the membrane-anchored form rather than the soluble form
[60]. Taken together, all three TBRs were upregulated in FMOD-null wounds in

comparison with WT wounds, especially at early wound healing stages.
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3.6 TBRI is essential in TGF-B modulation of dermal fibroblast migration

Figure 6. In vitro TGF-B1 migration assay of primary dermal fibroblasts derived

from adult WT and FMOD-null mice skin
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(Gapon-Gapzan)/Gapon x 100% (B). 100 pM TGF-pf1 and/or 10 puM TRRI-specific inhibitor
SB-431542 were used. Bar = 200 um. N = 6; *, P < 0.05. Red stars indicate the significance that
resulted from FMOD deficiency; yellow stars indicate the significance that resulted from TGF-f1
application; and blue stars indicate the significance that resulted from SA-431542 blockage of

TRRI.

Figure 7. In vitro TGF-B3 migration assay of primary dermal fibroblasts derived

from adult WT and FMOD-null mice skin
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Cell migration was documented by photographs taken immediately after scraping, as well as{24 h
later (A). Migration was quantified by measuring the average wound gap between the wound gdges
before and after the treatment, and calculated as: Cell migration (%) = (Gapon-Gapz4n)/Gapon X 100%
(B). 100 pM TGF-B3 was used to inhibit dermal fibroblast migration in vitro, while 10 pM
TBRI-specific inhibitor SB-431542 was used to block TBRI-mediated signal transduction. Bar # 200
pum. N = 6; *, P < 0.05. Red stars indicate the significance that resulted from FMOD deficiency;
green stars indicate the significance that resulted from TGF-B3 application; and blue stars indicate

the significance that resulted from SA-431542 blockage of TRRI.

ODutrdermat-fibrobtastsdemonstrated

onsistentwithourprevious studies {14}, FV
significantly less motility in comparison with WT controls (Figure 6 and Figure 7).
TGF-B1 restored FMOD-null fibroblast migration to PBS-treated WT levels, while
TGF-B1 markedly increased WT dermal fibroblast migration (Figure 6). Although
TBRI-specific inhibitor SB-431542 reduced WT fibroblast migration, SB-431542 did not
considerably influence FMOD-null dermal fibroblast migration (Figure 6). However,
SB-431542 markedly attenuated the pro-migratory effects of TGF-1 on both WT and
FMOD-null fibroblasts (Figure 6). On the other hand, TGF-B3 significantly inhibited WT
and FMOD-null dermal fibroblast migration to 50% and 8%, respectively, of PBS control
levels (Figure 7). Surprisingly, SB-431542 entirely prevented TGF-3’s inhibition on WT
and FMOD-null fibroblast migration (Figure 7), indicating that the anti-motility effect of

TGF-B3 on dermal fibroblasts is dependent on TBRI-mediated signal transduction.

34



DISCUSSION

Figure 8. A brief summary of the major effects of FMOD deficiency on adult mouse

wound healing
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In a rat fetal wound model, we previously demonstrated elevated FMOD expression as a
potential mechanism for scarless healing in fetal wounds at day 16 of gestation (E16)
relative to scarring E19 wounds [51]. Moreover, we restored scarless repair in normally
scarring E19 skin wounds by FMOD protein application, while FMOD blockade by

anti-FMOD antibodies induced scar in normally scarless E16 wounds [50]. With respect
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to adult wound repair, the role of FMOD in regulating collagen fibrillogenesis was
elucidated in our previous studies using FMOD-null mice, which exhibited loose package
collagen fiber networks with increased fibril diameter [52]. We also found that FMOD
deficiency dramatically altered adult mouse wound healing, leading to delayed dermal
cell migration, granulation tissue formation and wound closure, decreased vascularity,
and increased scar size accompanied by less orderly collagen architecture [14,52].
Based on these findings, adenoviral FMOD administration was used to ameliorate adult
rabbit wound healing [61]. In addition, recent studies revealed that FMOD expression is
reduced in human post-burn hypertrophic scar [62,63]. These studies indicate that

FMOD is profoundly involved in cutaneous wound healing.

Remarkably, FMOD and TGF-B1 levels showed inverse trends in both fetal and adult
wound healing processes (as one increases the other decreases and vice versa)
[50,51,53,63]. Specifically, in adult wounded mice, higher TRRI levels in FMOD-null
inflammatory cells indicate that FMOD deficiency enhanced chemotactic response of
these cells towards TGF-B ligands [64,65], which may have contributed to the
successively increased inflammatory cell recruitment in FMOD-null animals soon after
injury. In addition, TGF-Bs could have promoted inflammatory infiltration either directly or
by inducing inflammatory cell activation and synthesis of multifunctional cytokines (such
as interleukins, tumor necrosis factor-a, and platelet-derived growth factor) [64-76].
Since inflammatory cells that initially infiltrated FMOD-null wounds exhibited higher
sensitivity to TGF-Bs than those in WT wounds due to the increased TBRI expression,

the inflammatory autocrine network may have been strengthened [64,65,67], resulting in
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the relatively exaggerated inflammatory response in FMOD-deficient animals during the
entire wound healing period. It is worthy of note that the infiltrating inflammatory cells not
only combat invading pathogens but also participate in tissue degradation and
reestablishment [68]. Therefore, alteration of inflammatory infiltration may have profound
influence on downstream migration, proliferation, differentiation, and ultimately the
guality of the healing response. For instance, inflammatory cytokines induced by TGF-fs
during the inflammatory stage initialize epithelialization in cutaneous wound healing [5],
which may be one reason for faster epithelial migration in FMOD-null wounds relative to
WT controls [14]. Because TGF-B1 stimulates epidermal cell migration [69-72], earlier
and increased expression of TGF-B1, TBRI, and TRRII in migrating epidermal tongue
may have promoted FMOD-null epithelial migration. Meanwhile, although TRRIII itself
has no inherent signaling function, membrane-anchored TRRIII enhances TGF-§ signal
transduction by presenting TGF-B ligands to TBRIl [73]. Thus, expression of
membrane-anchored TBRIII in FMOD-null migrating epidermal tongue may also have
contributed to the increased epithelial migration. Although FMOD and lumican share 47%
amino acid sequence identity and the same collagen-binding region [74], they have
inverse expression trends in connective tissues and different functions in the regulation
of ECM assembly and cellular behavior [36,75-78]. For instance, we observed increased
lumican expression in FMOD-null wound migrating epidermis in our current study. Since
lumican promotes epithelial migration via binding to TBRI [58], the co-localization and
co-elevation of lumican and TBRRI could be an additional reason for the accelerated

epidermal migration of FMOD-null wounds.
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Once epidermal cells begin migrating, epidermal and dermal cells no longer remain
adhered to one another, and this disconnection allows the lateral movement of epidermal
cells over the wound matrix [3,7,79]. Importantly, during the epithelialization period, ECM
proteins such as fibronectin together with type | collagen provide the ‘railroad tracks’ on
top of dermis that facilitate migrating epidermal cells to separate desiccated eschar from
viable tissue and reestablish the epithelial layer [3,7,79]. However, our previous studies
have shown that expression of both fibronectin and type | collagen is decreased in
FMOD-null wounds compared with that in WT wounds before wound closure [14].
Instead of migrating on the ECM layer deposited by dermal cells that have newly moved
into the wound area as in WT wounds, epidermal cells migrated more intimately on
dermis in FMOD-null wounds, hindering normal establishment of viable epithelial layer
into the wounds [14]. Moreover, TGF-B3 selectively halts dermal fibroblast proliferation
and migration and leads to retarded dermal cell entry [12-14]. In our current study, we
have shown that TBRI plays an essential role in TGF-B3-mediated inhibition of
FMOD-null dermal fibroblast migration. Additionally, Bandyopadhyay et al. demonstrated
that the level of TBRII determines the uptake of the anti-motility signal of TGF-f3 on
dermal fibroblasts [12]. Hence, high TGF-B3, TBRI, and TBRIl levels in FMOD-null
dermis resulted in lack of accompanying dermal cell migration and proliferation and
subsequently delayed granulation tissue formation, leading to a greater wound surface
area requiring epithelialization [12-14]. Taken together, despite that epithelial migration
was accelerated in FMOD-null wounds, the need for migration through a large, deep,

U-shaped dermal concavity extending from superficial dermis to subcutaneous fat
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delayed epithelialization and led to an excessively exuberant fibroproliferative response

after wound closure to cause extensive scarring [14].

Furthermore, the production capability of all three TGF-B ligands by individual dermal
cells was reduced during the remodeling stage in FMOD-null wounds accompanied by a
decrease in collagen synthesis, which is predominantly stimulated by TGF- [14]. Adding
to the increased fibrotic cell density, the abnormal TGF- expression may have further
contributed to the disorganized collagen distribution in FMOD-null scars [52]. Meanwhile,
previous studies have shown that FMOD activates the classical and the alternative
pathways of complement [32,80]. Considering that administration of complement
components in acute injury models promotes wound healing by enhancing angiogenesis
and wound strength [81,82], it is possible that the weakened activation of the
complement cascade caused by FMOD deficiency led to a less vascularized, less
strengthened scar in FMOD-null mice. Therefore, the present study clearly provides
valuable insight into the novel and complex role of FMOD in orchestrating TGF-$
bioactivity during wound repair and reveals that FMOD critically coordinates
temporospatial distribution of TGF-B ligands and receptors in various cell types during

the entire adult mouse wound healing process (Figure 8).

Since its discovery, TGF-B has been shown to have cell-specific effects on cellular
proliferation, differentiation, and metabolism [8,83-86]. In particular, TGF-$ is known to
regulate wound repair and can be produced by a variety of cells that are active in the

wound healing process [5,9,85,87]. In addition, the expression level and pattern of
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TGF-B ligands and receptors are differentially regulated during normal and impaired
wound healing [5,88,89], which suggests that the concomitant expression of TGF-3
isoforms and their signal-transducing receptors govern potential TGF-f activities. In this
study, a single missing gene, FMOD, leads to marked alterations in wound healing
phenotype as well as in temporospatial expression of TGF-f ligands and receptors
throughout the wound repair process. The profound alterations in FMOD-null mice
demonstrate that TGF-3 signaling is contextually dependent on relative ligand, receptor
and modulator (e.g., FMOD) ratios, and that the onset, degree, distribution and duration
of TGF-Bs are crucial to the wound healing process. FMOD is thus essential regulator of
TGF signaling that predominates the wound healing process [5,9] and functions as a
key regulator of intracellular signal cascades governing multiple cellular processes [78,
79]. Our study suggests the critical roles that the FMOD-TGFf interactions play in cell
migration and myofibroblast function, and opens up a completely new therapeutic
strategies of modulating and orchestrating delicate cell matrix cross-talking in wound
healing medicine. FMOD thus may be a novel protein-based pharmaceutical candidate
for wound management to improve the quality healing in children and adults, such as
cleft lip and palate patients suffering from hypertrophic scars after repair surgeries. Our
findings also enrich our knowledge about the mechanism of action governing the

adult-type wound healing and the complexity of TGFf signal pathway modulation.

As a broadly distributed ECM component, FMOD exerts functions in a variety of
biological processes. All SLRP members, including FMOD, have a central protein core
made up of 6-10 leucine-rich repeats (LRRs) flanked by cysteine-clusters and
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substituted with covalently lined glycosaminoglycan (GAG) side chains [32,33]. They are
able to bind to various types of collagens, thereby regulating the kinetics, assembly, and
special organization of fibrils and protecting collagen fibrils from cleavage by
collagenases [32,33]. For instance, FMOD-deficient mice have impaired collagen
fibrillogenesis in tendon and predentin in addition to dermis [36,65,90]. However, the
biological functions of SLRPs extend far beyond their interactions with collagens since
they also interact with various growth factors and cytokines, allowing modulation of their
diverse functions [32-34]. For example, in agreement with our previous research
[14,50,51], this study demonstrates that FMOD interacts with TGF-Bs to modulate the
cellular responses in cutaneous wound healing. In addition, our recent studies have
revealed that FMOD can promote angiogenesis [78], which is essential in wound healing
especially during the remodeling stage. FMOD also offers potential therapeutic benefits
in saphenous vein graft failure by reducing associated neointima formation [91]. Thus,
FMOD is a potential agent that can aid tissue regeneration. Moreover, Oldberg et al.
found that FMOD determines carcinoma stroma matrix structure and fluid balance in
carcinoma [92]. Other studies revealed FMOD as a novel tumor-associated antigen in
leukemia, lymphoma, and leiomyoma [93-95]. Hence, FMOD may additionally play a vital
role in cancer diagnosis and treatment. Finally, FMOD has been found to be integral in
maintenance of endogenous stem cell niches [35], and we have discovered that
continual treatment with FMOD in a serum-free condition is sufficient to reprogram
somatic cells to a minimally proliferative, multipotent stage [38]. Thus, FMOD has an
extensive function in cell fate determination as well. On the other hand, upregulation of

FMOD in inflamed joint and gingival tissues indicates that FMOD is also involved in
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sustained inflammation, possibly via activating the complement cascade [80,96]. Taken
together, FMOD as well as other SLRP family members are implicated in diverse
biological functions during development and in various pathologies. Future research
should aim at translating the rapidly expanding knowledge on SLRPs into the clinical
setting by elucidating the detailed mechanisms underlying their functions and defining
therapeutic strategies for inflammatory, fibrotic, and malignant disorders. SLRPs such as
FMOD may become safe, efficacious protein-based wound healing therapies that can
actively modulate the wound environment to prevent and reduce scar formation,
significantly improving the quality of life of patients suffering from scars due to cleft lip

and palate revision surgery, burns, and other trauma.
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CONCLUSION

In summary, our results indicate that a single missing gene, FMOD, leads to significant
alternations in TGF-B ligand and receptor expression at all stages of wound repair in
various cell types in vivo. Therefore, FMOD critically orchestrates temporospatial
distribution of TGF-B ligands and receptors, suggesting that FMOD modulates TGF-3

bioactivity in an isoform-specific manner to promote proper cutaneous wound healing.

43



REFERENCES

1. Clark R (1996) Wound repair: overview and general considerations In: Clark R, editor.
The Molecular and Cellular Biology of Wound Repair. New York: Plenum Press. pp. 3-50.
2. Broughton G, 2nd, Janis JE, Attinger CE (2006) The basic science of wound healing.
Plast Reconstr Surg 117: 12S-34S.

3. Lorenz HP, Longaker MT (2008) Wounds: Biology, Pathology, and Management. In:
Norton JA, Barie PS, Bollinger RR, Chang AE, Lowry SF et al., editors. Surgery: Springer
New York.

4. Clark RAF, Henson PM (1988) The molecular and cellular biology of wound repair.
New York: Plenum Press.

5. O'Kane S, Ferguson MW (1997) Transforming growth factor bs and wound healing.
International Journal of Biochemistry and Cell Biology 29: 63-78.

6. Henry G, Garner WL (2003) Inflammatory mediators in wound healing. Surg Clin North
Am 83: 483-507.

7. Singer AJ, Clark RA (1999) Cutaneous wound healing. N Engl J Med 341: 738-746.
8. Massague J (1990) The transforming growth factor-beta family. Annu Rev Cell Biol 6:
597-641.

9. Penn JW, Grobbelaar AO, Rolfe KJ (2012) The role of the TGF-beta family in wound
healing, burns and scarring: a review. Int J Burns Trauma 2: 18-28.

10. Chaudhury A, Howe PH (2009) The Tale of Transforming Growth Factor-Beta (TGF
beta) Signaling: A Soigne Enigma. lubmb Life 61: 929-939.

11. Graycar JL, Miller DA, Arrick BA, Lyons RM, Moses HL, et al. (1989) Human

44



transforming growth factor-beta 3: recombinant expression, purification, and biological
activities in comparison with transforming growth factors-beta 1 and -beta 2. Mol
Endocrinol 3: 1977-1986.

12. Bandyopadhyay B, Fan J, Guan S, Li Y, Chen M, et al. (2006) A "traffic control" role
for TGFB3: orchestrating dermal and epidermal cell motility during wound healing. The
Journal of Cell Biology 172: 1093-1105.

13. Han GW, Li FL, Singh TP, Wolf P, Wang XJ (2012) The Pro-inflammatory Role of
TGF beta 1: A Paradox? International Journal Of Biological Sciences 8: 228-235.

14. Zheng Z, Nguyen C, Zhang XL, Khorasani H, Wang JZ, et al. (2011) Delayed Wound
Closure in Fibromodulin-Deficient Mice Is Associated with Increased TGF-beta 3
Signaling. Journal of Investigative Dermatology 131: 769-778.

15. Shah M, Foreman DM, Ferguson MW (1995) Neutralisation of TGF-beta 1 and
TGF-beta 2 or exogenous addition of TGF-beta 3 to cutaneous rat wounds reduces
scarring. J Cell Sci 108: 985-1002.

16. Lin RY, Sullivan KM, Argenta PA, Meuli M, Lorenz HP, et al. (1995) Exogenous
transforming growth factor-beta amplifies its own expression and induces scar formation
in a model of human fetal skin repair. Annals of Surgery 222: 146-154.

17. Wu LC, Siddiqui A, Morris DE, Cox DA, Roth SlI, et al. (1997) Transforming growth
factor beta 3 (TGF beta 3) accelerates wound healing without alteration of scar
prominence - Histologic and competitive reverse-transcription polymerase chain reaction
studies. Archives of Surgery 132: 753-760.

18. Murata H, Zhou L, Ochoa S, Hasan A, Badiavas E, et al. (1997) TGF-beta 3

stimulates and regulates collagen synthesis through TGF-beta 1-dependent and

45



independent. Journal of Investigative Dermatology 108: 258-262.

19. Occleston NL, Laverty HG, O'Kane S, Ferguson MW (2008) Prevention and
reduction of scarring in the skin by Transforming Growth Factor beta 3 (TGFbeta3): from
laboratory discovery to clinical pharmaceutical. J Biomater Sci Polym Ed 19: 1047-1063.
20. (2011) Juvista Fails Late-Stage Trial. Drug. Discovery & Development

(www.ddmag.com).

21. Danielpour D, Sporn MB (1990) Differential inhibition of transforming growth factor
beta 1 and beta 2 activity by alpha 2-macroglobulin. J Biol Chem 265: 6973-6977.

22. Paralkar VM, Vukicevic S, Reddi AH (1991) Transforming Growth-Factor-Beta
Type-1 Binds to Collagen-lv of Basement-Membrane Matrix - Implications for
Development. Developmental Biology 143: 303-308.

23. Hildebrand A, Romaris M, Rasmussen L, Heinegard D, Twardzik D, et al. (1994)
Interaction of the small interstitial proteoglycans biglycan, decorin and fiboromodulin with
transforming growth factor 3. Biochem J 302: 527-534.

24. Grande J, Melder D, Zinsmeister A, Killen P (1993) Transforming growth factor-beta
1 induces collagen IV gene expression in NIH-3T3 cells. Lab Invest 69: 387-395.

25. Li X, McFarland DC, Velleman SG (2006) Effect of transforming growth factor-beta
on decorin and betal integrin expression during muscle development in chickens. Poult
Sci 85: 326-332.

26. Heegaard AM, Xie ZJ, Young MF, Nielsen KL (2004) Transforming growth factor beta
stimulation of biglycan gene expression is potentially mediated by Spl binding factors. J
Cell Biochem 93: 463-475.

27. Kolb M, Margetts PJ, Sime PJ, Gauldie J (2001) Proteoglycans decorin and biglycan

46


http://www.ddmag.com)/

differentially modulate TGF-beta-mediated fibrotic responses in the lung. American
Journal of Physiology-Lung Cellular and Molecular Physiology 280: L1327-L1334.

28. Zhang Z, Garron TM, Li XJ, Liu Y, Zhang X, et al. (2009) Recombinant human
decorin inhibits TGF-betal-induced contraction of collagen lattice by hypertrophic scar
fibroblasts. Burns 35: 527-537.

29. Zhang Z, Li XJ, Liu Y, Zhang X, Li YY, et al. (2007) Recombinant human decorin
inhibits cell proliferation and downregulates TGF-betal production in hypertrophic scar
fibroblasts. Burns 33: 634-641.

30. Isaka Y, Brees DK, Ikegaya K, Kaneda Y, Imai E, et al. (1996) Gene therapy by
skeletal muscle expression of decorin prevents fibrotic disease in rat kidney. Nat Med 2:
418-423.

31. Baghy K, lozzo RV, Kovalszky | (2012) Decorin-TGF beta Axis in Hepatic Fibrosis
and Cirrhosis. Journal of Histochemistry & Cytochemistry 60: 262-268.

32. lozzo RV, Goldoni S, Berendsen AD, Young MF (2011) Small Leucine-Rich
Proteoglycans: The Extracellular Matrix: an Overview. In: Mecham RP, editor: Springer
Berlin Heidelberg. pp. 197-231.

33. Merline R, Schaefer RM, Schaefer L (2009) The matricellular functions of small
leucine-rich proteoglycans (SLRPs). J Cell Commun Signal 3: 323-335.

34. Schaefer L, Schaefer RM (2010) Proteoglycans: from structural compounds to
signaling molecules. Cell Tissue Res 339: 237-246.

35. Bi Y, Ehirchiou D, Kilts TM, Inkson CA, Embree MC, et al. (2007) Identification of
tendon stem/progenitor cells and the role of the extracellular matrix in their niche. Nat

Med 13: 1219-1227.

47



36. Svensson L, Aszodi A, Reinholt F, Heinegard D, Oldberg A (1999) Fibromodulin-null
mice have abnormal collagen fibrils, tissue organization, and altered lumican deposition
in tendon. J Biol Chem 274: 9636-9647.

37. Viola M, Bartolini B, Sonaggere M, Giudici C, Tenni R, et al. (2007) Fibromodulin
interactions with type | and Il collagens. Connect Tissue Res 48: 141-148.

38. Zheng Z, Jian J, Zhang XL, Zara JN, Yin W, et al. (2012) Reprogramming of human
fibroblasts into multipotent cells with a single ECM proteoglycan, fibromodulin.
Biomaterials 33: 5821-5831.

39. lozzo RV, Schaefer L (2010) Proteoglycans in health and disease: novel regulatory
signaling mechanisms evoked by the small leucine-rich proteoglycans. Febs Journal 277:
3864-3875.

40. B. Hahler (2006) Surgical wound dehiscence. Medsurg nursing : official journal of the
Academy of Medical-Surgical Nurses 15, 296.

41. B. C. Brown, S. P. McKenna, K. Siddhi, D. A. McGrouther, A. Bayat (2008) The
hidden cost of skin scars: quality of life after skin scarring. J Plast Reconstr Aesthet Surg
61, 1049.

42. V. L. Young, J. Hutchison (2009) Insights into patient and clinician concerns about
scar appearance: semiquantitative structured surveys. Plast Reconstr Surg 124, 256.
43. G. G. Gauglitz, H. C. Korting, T. Pavicic, T. Ruzicka, M. G. Jeschke (2011)
Hypertrophic scarring and keloids: pathomechanisms and current and emerging
treatment strategies. Mol Med 17, 113.

44. C. W. Chang, W. R. Ries (2001) Nonoperative techniques for scar management and

revision. Facial plastic surgery : FPS 17, 283.

48



45. F. Haubner, E. Ohmann, F. Pohl, J. Strutz, H. G. Gassner (2012) Wound healing
after radiation therapy: review of the literature. Radiation oncology 7, 162.

46. G. Juckett, H. Hartman-Adams (2009) Management of Keloids and Hypertrophic
Scars. Am Fam Physician 80, 253.

47. S. A. Eming, P. Martin, M. Tomic-Canic (2014) Wound repair and regeneration:
Mechanisms, signaling, and translation. Sci Transl Med 6.

48. B. J. Larson, M. T. Longaker, H. P. Lorenz (2010) Scarless fetal wound healing: a
basic science review. Plast Reconstr Surg 126, 1172.

49. S. R. Beanes et al. (2002) Confocal microscopic analysis of scarless repair in the
fetal rat: defining the transition. Plast Reconstr Surg 109, 160.

50. Soo C, Beanes S, Dang C, Zhang X, Ting K (2001) Fibromodulin, a TGF-3 modulator,
promotes scarless fetal repair. Surgical Forum 578-581.

51. Soo C, Hu FY, Zhang X, Wang Y, Beanes SR, et al. (2000) Differential expression of
fibromodulin, a transforming growth factor-beta modulator, in fetal skin development and
scarless repair. Am J Pathol 157: 423-433.

52. Khorasani H, Zheng Z, Nguyen C, Zara J, Zhang XL, et al. (2011) A Quantitative
Approach to Scar Analysis. American Journal of Pathology 178: 621-628.

53. Soo C, Beanes SR, Hu F-Y, Zhang X, Dang C, et al. (2003) Ontogenetic transition in
fetal wound transforming growth factor-§ regulation correlates with collagen organization.
American Journal of Pathology 163: 2459-2476.

54. Allen A, Southern S (2002) A novel technique of computer-assisted image analysis to
guantify molecular stress in cetaceans.

55. Denton CP, Khan K, Hoyles RK, Shiwen X, Leoni P, et al. (2009) Inducible

49



lineage-specific deletion of ThetaRlIl in fibroblasts defines a pivotal regulatory role during
adult skin wound healing. J Invest Dermatol 129: 194-204.

56. Xiao YQ, Liu K, Shen JF, Xu GT, Ye W (2009) SB-431542 inhibition of scar formation
after filtration surgery and its potential mechanism. Invest Ophthalmol Vis Sci 50:
1698-1706.

57. Inman GJ, Nicolas FJ, Callahan JF, Harling JD, Gaster LM, et al. (2002) SB-431542
is a potent and specific inhibitor of transforming growth factor-beta superfamily type |
activin receptor-like kinase (ALK) receptors ALK4, ALKS5, and ALK7. Mol Pharmacol 62:
65-74.

58. Yamanaka O, Yuan Y, Coulson-Thomas VJ, Gesteira TF, Call MK, et al. (2013)
Lumican Binds ALK5 to Promote Epithelium Wound Healing. PLoS One 8: e82730.

59. Mariano J, Montuenga L, Prentice M, Cuttitta F, Jakowlew S (1998) Concurrent and
distinct transcription and translation of transforming growth factor-b type | and type I
receptors in rodent embryogenesis. Int J Dev Biol 42: 1125-1136.

60. Lopez-Casillas F, Cheifetz S, Doody J, Andres J, Lane W, et al. (1991) Structure and
expression of the membrane proteoglycan betaglycan, a component of the TGF-beta
receptor system. Cell 67: 785-795.

61. Stoff A, Rivera AA, Mathis JM, Moore ST, Banerjee NS, et al. (2007) Effect of
adenoviral mediated overexpression of fibromodulin on human dermal fibroblasts and
scar formation in full-thickness incisional wounds. J Mol Med 85: 481-496.

62. Honardoust D, Varkey M, Hori K, Ding J, Shankowsky HA, et al. (2011) Small
leucine-rich proteoglycans, decorin and fibromodulin, are reduced in postburn

hypertrophic scar. Wound Repair and Regeneration 19: 368-378.

50



63. Honardoust D, Varkey M, Marcoux Y, Shankowsky HA, Tredget EE (2012) Reduced
Decorin, Fibromodulin, and Transforming Growth Factor-beta 3 in Deep Dermis Leads to
Hypertrophic Scarring. Journal of Burn Care & Research 33: 218-227.

64. Brandes ME, Mai UE, Ohura K, Wahl SM (1991) Type | transforming growth
factor-beta receptors on neutrophils mediate chemotaxis to transforming growth
factor-beta. J Immunol 147: 1600-1606.

65. Brandes ME, Wakefield LM, Wahl SM (1991) Modulation of monocyte type |
transforming growth factor-beta receptors by inflammatory stimuli. J Biol Chem 266:
19697-19703.

66. Lagraoui M, Gagnon L (1997) Enhancement of human neutrophil survival and
activation by TGF-beta 1. Cell Mol Biol (Noisy-le-grand) 43: 313-318.

67. Wahl SM, Hunt DA, Wakefield LM, Mccartneyfrancis N, Wahl LM, et al. (1987)
Transforming Growth-Factor Type-Beta Induces Monocyte Chemotaxis and
Growth-Factor Production. Proc Natl Acad Sci U S A 84: 5788-5792.

68. Eming SA, Krieg T, Davidson JM (2007) Inflammation in wound repair: Molecular and
cellular mechanisms. Journal of Investigative Dermatology 127: 514-525.

69. Hebda PA (1988) Stimulatory effects of transforming growth factor-beta and
epidermal growth factor on epidermal cell outgrowth from porcine skin explant cultures.
Journal of Investigative Dermatology 91: 440-445.

70. Sun T, Adra S, Smallwood R, Holcombe M, MacNeil S (2009) Exploring hypotheses
of the actions of TGF-betal in epidermal wound healing using a 3D computational
multiscale model of the human epidermis. PLoS One 4: e8515.

71. Decline F, Okamoto O, Mallein-Gerin F, Helbert B, Bernaud J, et al. (2003)

51



Keratinocyte motility induced by TGF-betal is accompanied by dramatic changes in
cellular interactions with laminin 5. Cell Motil Cytoskeleton 54: 64-80.

72. Cui W, Fowlis DJ, Cousins FM, Duffie E, Bryson S, et al. (1995) Concerted action of
TGF-beta 1 and its type Il receptor in control of epidermal homeostasis in transgenic
mice. Genes Dev 9: 945-955.

73. Lopezcasillas F, Payne HM, Andres JL, Massague J (1994) Betaglycan Can Act as a
Dual Modulator of Tgf-Beta Access to Signaling Receptors - Mapping of Ligand-Binding
and Gag Attachment Sites. Journal of Cell Biology 124: 557-568.

74. Svensson L, Narlid 1, Oldberg A (2000) Fibromodulin and lumican bind to the same
region on collagen type | fibrils. FEBS Lett 470: 178-182.

75. Ezura Y, Chakravarti S, Oldberg A, Chervoneva |, Birk DE (2000) Differential
expression of lumican and fibromodulin regulate collagen fibrillogenesis in developing
mouse tendons. Journal of Cell Biology 151: 779-787.

76. Kalamajski S, Oldberg A (2009) Homologous Sequence in Lumican and
Fibromodulin Leucine-rich Repeat 5-7 Competes for Collagen Binding. Journal Of
Biological Chemistry 284: 534-539.

77. Niewiarowska J, Brezillon S, Sacewicz-Hofman I, Bednarek R, Maquart FX, et al.
(2011) Lumican inhibits angiogenesis by interfering with alpha2betal receptor activity
and downregulating MMP-14 expression. Thromb Res 128: 452-457.

78. Jian J, Zheng Z, Zhang K, Rackhon TM, Hsu C, et al. (2013) Fibromodulin promoted
in vitro and in vivo angiogenesis. Biochemical and Biophysical Research Communication
436.

79. Martin P (1997) Wound healing--aiming for perfect skin regeneration. Science 276:

52



75-81.

80. Sjoberg A, Onnerfjord P, Morgelin M, Heinegard D, Blom AM (2005) The extracellular
matrix and inflammation - Fibromodulin activates the classical pathway of complement
by directly binding C1g. Journal of Biological Chemistry 280: 32301-32308.

81. Bossi F, Rizzi L, Bulla R, Tripodo C, Guarnotta C, et al. (2011) C1q induces in vivo
angiogenesis and promotes wound healing. Molecular Immunology 48: 1676-1677.

82. Sinno H, Malholtra M, Lutfy J, Jardin B, Winocour S, et al. (2013) Topical application
of complement C3 in collagen formulation increases early wound healing. Journal of
Dermatological Treatment 24: 141-147.

83. Roberts AB, Sporn MB (1996) Transforming growth factor-beta. In: Clark RAF, editor.
The Molecular and Cellular Biology of Wound Repair. New York: Plenum Press. pp.
275-308.

84. lkushima H, Miyazono K (2012) TGF-beta signal transduction spreading to a wider
field: a broad variety of mechanisms for context-dependent effects of TGF-beta. Cell
Tissue Res 347: 37-49.

85. Leask A, Abraham DJ (2004) TGF-beta signaling and the fibrotic response. Faseb
Journal 18: 816-827.

86. Massague J (2012) TGFbeta signalling in context. Nat Rev Mol Cell Biol 13: 616-630.
87. Beanes SR, Dang C, Soo C, Ting K (2003) Skin repair and scar formation: the central
role of TGF-beta. Expert Rev Mol Med 5: 1-22.

88. Levine JH, Moses HL, Gold LI, Nanney LB (1993) Spatial and Temporal Patterns of
Immunoreactive Transforming Growth-Factor-Beta-1, Beta-2, and Beta-3 during

Excisional Wound Repair. American Journal of Pathology 143: 368-380.

53



89. Frank S, Madlener M, Werner S (1996) Transforming growth factors beta 1, beta 2,
and beta 3 and their receptors are differentially regulated during normal and impaired
wound healing. Journal of Biological Chemistry 271: 10188-10193.

90. Goldberg M, Septier D, Oldberg A, Young MF, Ameye LG (2006)
Fibromodulin-deficient mice display impaired collagen fibrillogenesis in predentin as well
as altered dentin mineralization and enamel formation. Journal of Histochemistry &
Cytochemistry 54: 525-537.

91. Ranjzad P, Salem HK, Kingston PA (2009) Adenovirus-mediated gene transfer of
fibromodulin inhibits neointimal hyperplasia in an organ culture model of human
saphenous vein graft disease. Gene Ther 16: 1154-1162.

92. Oldberg A, Kalamajski S, Salnikov AV, Stuhr L, Morgelin M, et al. (2007)
Collagen-binding proteoglycan fibromodulin can determine stroma matrix structure and
fluid balance in experimental carcinoma. Proc Natl Acad Sci U S A 104: 13966-13971.
93. Mayr C, Bund D, Schlee M, Moosmann A, Kofler DM, et al. (2005) Fibromodulin as a
novel tumor-associated antigen (TAA) in chronic lymphocytic leukemia (CLL), which
allows expansion of specific CD8(+) autologous T lymphocytes. Blood 105: 1566-1573.
94. Mikaelsson E, Danesh-Manesh AH, Luppert A, Jeddi-Tehrani M, Rezvany MR, et al.
(2005) Fibromodulin, an extracellular matrix protein: characterization of its unique gene
and protein expression in B-cell chronic lymphocytic leukemia and mantle cell lymphoma.
Blood 105: 4828-4835.

95. Levens E, Luo XP, Ding L, Williams RS, Chegini N (2005) Fibromodulin is expressed
in leiomyoma and myometrium and regulated by gonadotropin-releasing hormone

analogue therapy and TGF-beta through Smad and MAPK-mediated signalling.

54



Molecular Human Reproduction 11: 489-494.
96. Qian H, Xiao Y, Bartold PM (2004) Immunohistochemical localization and expression
of fibromodulin in adult rat periodontium and inflamed human gingiva. Oral Diseases 10:

233-239.

55





