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SUMMARY

The skin epidermis forms mainly by the stratification or differentiation of
keratinocytes which dividing begin from the basal region right above the dermis. As the
keratinocytes moved outward, they cease dividing and initiate their terminal
differentiation process such as enucleation and keratinization. This regeneration and
maintenance of the epidermis is dependent on the precise regulation of cellular
proliferation, differentiation and apoptosis orchestrated with the underlying dermal tissue.
Once the skin integrity is damaged, it is critical to activate the repair process in place to
prevent the host from being exposed to foreign particle and infectious agents. The
regulation of wound healing is also dictated by epithelial-mesenchymal interactions and
purportedly mediated by the action of central players, such as chemokines and growth
factors. The synchrony of this interaction is important to prevent excessive or insufficient
wound repair. This complex interplay demands the expression of soluble factors
exerting autocrine and paracrine activity, and importantly the integration of such diverse
signals culminating in appropriate cellular responses. Apart from wound healing, a
collective research has also revealed the involvement of stromal fibroblasts in cancer
development. It is conceivable that irregularities or aberrations in the epithelial-stromal
interaction can either enhance or attenuate tumor cell proliferation and metastasis.
Though the importance of the epithelial-mesenchymal communication is well realized,

the mechanism underlying this event needs in-depth study.

Thus, this study aims to understand the molecular communications between fibroblasts
and keratinocytes during skin homeostasis and wound healing. Using a combination of

molecular biology techniques, in vitro organotypic cultures and in vivo animal

17



experimentation, we analyze the growth characteristics of normal epithelial cells and the
wound microenvironment. A better understanding of the molecular dialogue between
fibroblasts and the epithelium opens a new avenue for the development of new

therapies for wound treatment.
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CHAPTER 1: REGULATION OF EPITHELIAL-MESENCHYMAL INTERLEUKIN-1
SIGNALING BY PPAR/5 IS ESSENTIAL FOR SKIN HOMEOSTASIS AND WOUND
HEALING
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1.1 ABSTRACT

The maintianence of skin function and integrity during normal skin hemostasis or wound
repair involved complex epithelial-mesenchymal interactions. We show a novel
paracrine effect of fibroblast PPARB/® on epithelial cell growth. IL-1 produced by
keratinocytes activates PPARB/® expression in underlying fibroblasts, which in turn
stimulates the production of the secreted IL-1 receptor antagonist (slL-1ra) in the
fibroblasts. sIL-1ra acts in an autocrine fashion onto the IL-1R1 expressed on the
fibroblasts modulate the IL-1-mediated signalling events and consequently decreases
production of several AP-1 mediated mitogenic factors. The mitogenic factors exert a
reduced paracrine effect on the epithelial growth via their cognate receptors. Therefore,
PPARR/d in the fibroblasts plays an important homeostatic role in maintaining epidermal
homeostasis and proper wound healing. The absence of PPARB/ in the fibroblasts can
result in significant epidermal proliferation similar to a tumour characteristic. Together,
these findings provide evidence for a novel homeostatic control of keratinocyte
proliferation and differentiation mediated via PPARB/d regulation in dermal fibroblasts of
IL-1 signalling. Given the ubiquitous expression of PPARB/d other epithelial-

mesenchymal interactions may also be regulated in a similar manner.
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1.2 INTRODUCTION

1.2.1 Skin

The skin is the largest organ of the human body, covering a surface of approximately 20
square feet and weighing roughly 16% of our total body weight. The skin serves a
variety of functions'. It provides a protective shield against external environmental
insults, such as pathogens and ultraviolet radiation, and helps sense the surroundings®?.
Basic protection against environmental insults includes the use of pigmentation, which
protects the underlying tissues from dehydration and from ultraviolet radiation injury**.
The skin can sense extreme temperatures through sensory detection from nerve
endings that perceive pain'. The physical structures of the skin prevent most pathogens
and environmental toxins from harming the host>. Beyond this physical structure is the
host innate immune system, which includes monocytes/macrophages, dendritic cells,
and polymorphonuclear leukocytes (PMNs), providing an overall effective host defense
against foreign pathogens®. The human skin is primarily built by three main layers: a thin
outer epidermis, an inner dermis and a subcutis that is also known as the hypodermis.
The epidermis mainly consists of keratinocytes and, to a lesser extent, melanocytes,
Merkel cells and Langerhans cells’. The boundary between the epidermis and the
dermis is known as the basement membrane and consists of a densely packed layer of
proteins, such as proteoglycans and laminins. The basement membrane provides the
anchorage for the basal keratinocytes. The dermis provides a structural and nutritional
support with an established vascular network. This network is composed of a collagen

and elastin fiber matrix with a residing population of fibroblasts, endothelial cells,
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macrophages and mast cells. Specialized components of the skin, such as hair follicles,
sebaceous glands and sweat glands are found anchored in the hypodermis. The

hypodermis also contains fat lobules separated by layers of connective tissue™.

1.2.2 Wound healing

Normal wound healing occurs through a series of events involving the interaction
between multiple cells, proteins, growth factors and extracellular matrix components.
The process of wound healing can be characterized into three considerably overlapping
phases: the inflammatory phase, the proliferative phase and the maturational phase®’

(Figure 1).

Briefly, the inflammatory phase is characterized by hemostasis and inflammation.
Hemostasis is triggered upon activation of the intrinsic and extrinsic clotting cascade. In
addition, skin injury triggers the release of potent vasoconstrictors, such as
thromboxane A2 and prostaglandin 2 alpha, leading to the extravasation of blood
constituents®. The extravasated blood forms a clot to reinforce the hemostatic plug,
which helps to limit hemorrhage. Once hemostasis is achieved, the surrounding
capillaries will vasodilate and become leaky, resulting in the release of local histamine
through the local activation of the complement cascade’. Furthermore, the altered
vascular permeability allows the migration of inflammatory cells to the wound bed, and
the presence of foreign organisms stimulates the activation of the alternate complement

pathway'. Activation of Complement C3 results in a cascade of non-enzymatic protein
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Figure 1. Phases of repair in acute wound healing

These processes, which are triggered by tissue injury, involve the three overlapping but
well-defined phases of inflammatory (red), proliferative (blue) and maturational (green).
Basic descriptions of each phase are noted below.
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cleavage and interactions that eventually activate inflammatory cells and lead to
bacterial killing™. In addition, the infiltration of neutrophils is responsible for debris
scavenging, complement mediated opsonization and the lysis of foreign organisms as
well as bacterial destruction via oxidative burst mechanisms, such as superoxide and

hydrogen peroxide formation™.

The proliferative phase is marked by epithelialization, angiogenesis, granulation
tissue formation, and collagen deposition''. Epithelialization usually occurs a few hours
after injury, but this process depends on the severity of the wound damage. In cases
such as skin abrasion or first degree burn, the basement membrane is still intact and
the epithelial cells can migrate in their normal orientation, with the epithelial progenitor
cells remaining intact below the wound'. The normal layers of epidermis can be
restored within a few days. However, if the basement membrane has been damaged, as
is the case for a deeper burn or a full thickness cutaneous wound, then the normal
epidermal cells from skin appendages (e.g., hair follicles and sweat glands) will
reepithelialize the wound from the wound edges™. The formation of new blood vessels
is necessary to deliver nutrients to the wound and help to maintain the granulation
tissue bed. Angiogenesis has been linked to many cytokines and growth factors,
including fibroblast growth factor, vascular endothelial growth factor, transforming
growth factor B, tumor necrosis factor alpha, and thrombospondin®*. In clinical
complications from diseases such as diabetes, poor capillary formation results in an
insufficient nutrient supply to sustain the tissue deposition in the granulation phase and
thus leads to the development of a chronically unhealed wound. The formation of

granulation tissue marks the end of the proliferative phase'. As the new stroma begins
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to invade the wound bed region, this invasion also provides an entry point for cells, such
as macrophages and fibroblasts. Macrophages can supply growth factors to further
stimulate angiogenesis and fibroplasia®. The secreted platelet derived growth factor
and transforming growth factor B, along with extracellular matrix molecules, can
stimulate fibroblast differentiation to myofibroblasts and the production of collagen®.
Fibroblasts are key players in the synthesis, deposition, and remodeling of the

extracellular matrix, providing strength and contraction to the wound.

The final phase of wound healing is the maturational phase. This is characterized
by the transition from granulation tissue to scar formation’**. Weeks after injury, the
wound undergoes contraction, ultimately resulting in the formation of apparent scar
tissue'®. Collagen continues to be produced by fibroblasts for a prolonged period of time,
lasting up to several weeks after tissue injury and resulting in an overall increase in

collagen deposition’.

1.2.2.1 Inflammatory phase (phase 1)

The inflammatory phase is often referred to as the second phase of wound healing and
is characterized by increased vascular permeability and the sequential migration of
leukocytes into the extravascular space'. One of the key functions of inflammation is to
recruit inflammatory cells to the wounded area®. These cells are essential to remove
dead cell debris, bacteria and damaged matrix, thus enabling the repair processes®.
Signs of inflammation, including erythema and heat, develop soon after wound injury as

a result of vasodilatation. Simultaneously, the endothelial cells lining the capillaries in
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the wound region develop gaps, which allow for the leakage of plasma into the
extravascular compartment®. Edema is then generated from the migration of fluid into
the injured area and contributes to the sensation of pain. Endothelial products and mast
cell-derived factors, such as leukotrienes, prostaglandins and, in particular, histamine,
contribute to this vasodilation.

Although the primarily capillary leakage is mediated by the release of histamine
and prostaglandins, there is an additional influence from thrombin and the complement
system. Complement factors C3a and C5a promote capillary leakage and also act as
chemoattractants for neutrophils and monocytes®. Their chemotactic function is
dependent on the release of TGF-b and formyl-methionyl peptides®. The migration of
leukocytes into the wounded area is stimulated by complement factors, collagen and
immunomodulatory factors, including TGF-b, tumor necrosis factor-a (TNF-a),
interleukin-1 (IL-1), PDGF, leukotriene B4, and platelet factor IV. Leukocytes anchor
and adhere to endothelial cells lining the capillaries in the wounded area through an
interaction of intracellular adhesion molecules on the endothelial cell membranes and
integrins expressed on the cell surface of the leukocytes. Leukocytes then transmigrate
across the endothelium through a facilitated mechanism involving the expression of
CD11/CD18, an integrin on the neutrophil surface*. As the monocytes migrate into the
extravascular space, they are transformed into macrophages by the stimulation of
chemotactic factors such as fibronectin, elastin from the damaged matrix, complement
components, TGF-b, and other factors. Macrophages can then be activated by IL-2 and
INF-s derived from T lymphocytes®. Activated macrophages and neutrophils then

initiate cellular wound debridement by phagocytosing bacteria and other foreign
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materials**°. Both cell types present specific surface receptors that allow them to
recognize, bind, and engulf foreign materials®”’. Once the bacteria and debris are
engulfed, they are digested by oxygen radicals and hydrolytic enzymes within the
inflammatory cells”. In addition, macrophages also contribute to extracellular
breakdown by releasing matrix metalloproteinases into the wounded area®®. In addition,
macrophages are also a primary source of cytokines that mediate several aspects of the
wound healing process. Unlike polymorphonuclear leukocytes, the removal of
macrophages from the healing environment significantly alters and impedes the healing
process™. The presence of polymorphonuclear leukocytes will only alter the rate of
wound infection®. The role of the macrophage is complex as it is involved in many
aspects of healing through the production of cytokines and immunomodulatory factors®.
Macrophage-produced cytokines are involved in angiogenesis, fibroblast migration and
proliferation, collagen production, and possibly wound contraction®*. TGFb, IL-1, insulin-
like growth factor-1 (IGF-1), FGF-2, and PDGF are several of the more critical
macrophage-derived cytokines®”. TGF-b regulates its own production by macrophages
in an autocrine manner®. It also stimulates macrophages to secrete PDGF, FGF-2,
TNF-a, and IL-1 through binding to the epidermal growth factor receptor®. Furthermore,
macrophages also release nitric oxide, which may serve an antimicrobial function,
among other functions, during the healing process. The inhibition of nitric oxide release
has been found to impair wound healing in an in vivo mouse model*’. The complete role
of nitric oxide in wound healing has yet to be fully delineated (refer to 2.2.4 Nitric oxide
and wound healing). As the healing process proceeds, inflammatory cells trapped within

clots are sloughed®. Neutrophils remaining within the wound become senescent and
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undergo apoptosis®. Apoptosis is characterized by the activation of endogenous
calcium dependent endonucleases. The activation of these endonucleases results in the
cleavage of chromatin into oligonucleosome DNA fragments and is indicative of
irreversible cell death®. The stimuli that lead to inflammatory cell apoptosis during tissue
repair and scar formation have yet to be determined. Neutrophils are the first of the
inflammatory cells to become apoptotic. They are then phagocytosed by macrophages®.
Macrophages and lymphocytes remain in the wound for approximately 7 days, after
which they gradually diminish in number unless a noxious stimulant or further
inflammation persists. Inflammatory cell apoptosis influences antigen presentation and,
more importantly, contributes to the modulation of cytokine concentrations?'.

The wound-healing process is, in large part, regulated by the ordered production
of cytokines that control the gene activation responsible for cellular migration and
proliferation and synthetic activities. As mentioned, platelets and macrophages are key
cytokine sources, although many other cells produce cytokines as well. The control of
cytokine release is regulated, in part, by other cytokines and by the characteristics of
the surrounding tissue milieu®***’. An often underreported signal for cytokine release is
tissue hypoxia. Hypoxia has been shown to stimulate the release of TNF-a, TGF-b,
vascular endothelial growth factor (VEGF), and IL-8 (IL-8) from fibroblasts, endothelial
cells, and macrophages®®***. “Cytokine networks” exist where multiple cell types involved
in the healing process have receptors for the same cytokine. This permits the
simultaneous stimulation of multiple activities by single cytokines*. This redundancy is
most likely important in that it allows different factors to play greater or lesser roles at

different time points or at different sites. In an individual cell, many cytokines can also
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stimulate several different cellular functions that are often dependent on the
concentration of the cytokine. This further allows individual cytokines to have varying
effects at different points during the healing process. TGF-b, for example, is a
macrophage chemoattractant when circulating in the femtomolar range but cannot
stimulate collagen synthesis by fibroblasts until found in the nanomolar range?®. In
addition, PDGF facilitates chemotaxis for fibroblasts but only at a 100-fold greater
concentration gradient than is necessary to stimulate fibroblast proliferation®. Cellular
activity is also regulated by the balance of cytokines and cytokine isoforms with
conflicting activities. Cytokines such as PDGF, TGF-b, and FGF-2 accelerate collagen
synthesis scar formation*’. Other cytokines slow collagen synthesis, including the b3
isoform of TGF-b and INF-a*. Cellular activity is therefore modulated by the balance of
cytokines with competing functions. A loss of this network balance has been implicated

in chronic wound healing pathways®.

1.2.2.2 Proliferative or migratory phase (phase 2)

The cellular situation in wounds changes dramatically after the initial phase. The fibrin—
fibronectin matrix of the wound bed is heavily populated by inflammatory cells, whereas
fibroblasts and endothelial cells needed for revascularization begin to predominate as
healing progresses®. The reestablishment of the epithelial surface of the damaged area
will also be initiated. Cytokine networks continue to be a part of the process because
cytokine release contributes to fibroplasia, epithelialization, and angiogenesis®.
Although much is known about the cytokine signals that stimulate these processes

during the proliferative phase of healing, less is known about the signals that modulate
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or control these processes. Negative feedback mechanisms that deactivate cells after
they have completed their work are also essential for normal healing. The recruitment of
additional fibroblasts is required in the healing wound because the resident cells are lost
or damaged in any injury***. Fibroblasts can repopulate the wounded area through
migration from adjacent tissues or through the proliferation of the resident cells in the
wound®. Integrin expression and several other factors, including PDGF*, TGF-b®,
EGF*, and fibronectin®*, are vital for the migration of fibroblasts and other cell types.
There are several different integrin molecules, and most present both a and B subunits*.
Different cells express different integrins, and individual cells commonly express more
than one integrin, often under the influence of varied cytokines. Briefly, most cell
migration requires that cell membrane-bound integrins adhere to fibronectin within the
extracellular matrix®. The migrating cell then forms lamellipodia that extend outward to
another binding site within the matrix®*. The cell will then release itself from the primary
binding site and pull the secondary site. The orientation of fibers in the matrix can
influence cellular migration because cells tend to migrate along fibers. The migratory
fibroblasts may be impeded by residual debris found in the wound matrix. To facilitate
migration through such debris, TGF-b-stimulated fibroblasts can secrete several
proteolytic enzymes to degrade obstacles, including matrix metalloproteinase-1 (MMP-
1), gelatinase (MMP-2), and stromelysin (MMP-3)******, The proliferation of resident
fibroblasts in the wounded area as well as fibroblasts that have migrated to the
wounded area is regulated by a variety of cytokines, including PDGF and TGF-b. PDGF
often works in concert with IGF to facilitate fibroblast proliferation*. PDGF primarily

stimulates cell progression through the early GO and G1 phases of the cell cycle. IGF,
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which is derived primarily from hepatocytes and fibroblasts, then facilitates progression
through the subsequent S1, G2, and M phases of the cell cycle®®. TGF-b can induce
FGF-2 signaling in fibroblasts, leading to induction of fibroblast proliferation and fibrotic

activation through the ERK kinase pathway’.

1.2.2.2.1 Re-epithelization or Keratinocyte migration

Wound epithelization is critical for the reconstruction of injured epithelium and the re-
establishment of the skin barrier functions. Re-epithelization of injured epithelium begins
almost immediately upon wound injury. After injury, basal epithelial cells at the wound
edge elongate and begin to migrate across the exposed wound surface®. If the
epithelial appendages, such as hair follicles and sweat glands, are still intact after the
injury, these structures can contribute migratory epithelial cells for the re-epithelization
process®®. Basically, these migratory epithelial cells form a monolayer across the
wounded region. After the initiation of cellular migration, basal cells at the wound edge
or from the appendages begin to proliferate, contributing additional cells to this
monolayer. The migration of epithelial cells continues until overlap is achieved with
other epithelial cells migrating from different directions. At that point, the cell to cell
contact results in the cessation of cellular migration. The processes of cellular migration
and proliferation occur under the control of various cytokines including EGF, TGF-q,
platelet-derived EGF, and FGF-7°°°%, Cellular migration may also require the secretion
of MMPs to penetrate wound scabs. Cell migration requires formation of actin filaments
within the cytoplasm of migratory cells and the removal of desmosomes that assist cells

to link to one another and to the basement membrane. These processes are dependent
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on changes in the expression of integrins on the cell membranes®. It is believe that
decreased calcium or increased magnesium concentrations stimulate the
downregulation of the critical integrins, although the precise signal is not yet known®.
Migratory cells can simply migrate over the basement membrane if it is still intact.
However, in wounds where the basement membrane has been destroyed, the cells
have to migrate over the fibrin—fibronectin provisional matrix. As they migrate across the
matrix, the epithelial cells can then regenerate a new basement membrane®®. This re-
establishment of a basement membrane involves the secretion of several matrix
proteins such as tenasin, vitronectin, and type | and V collagens®. When cellular contact
is established via these matrix proteins, the hemidesmosomes link can reform between
the cells and the basement membrane, and tenasin and vitronectin secretion will slowly
diminishes®*®. The cells become more basaloid, and further cellular proliferation
generates a multi-laminated neo-epidermis that is covered by keratin®. The neo-
epidermis is similar to the native epidermis, although it is slightly thinner, its basement

membrane is flatter, and the ridges that normally penetrate the dermis are absent®.

1.2.2.2.2 Wound angiogenesis

The angiogenic process becomes active within 2 days after wounding®. Various factors
in the wound environment can contribute to angiogenesis. These factors included high
lactate levels, acidic pH, and decreased oxygen tension, all of which occur in a hypoxic
state®’. Severe hypoxia in the wound milieu is most likely due to the disruption of
vasculature and increased oxygen consumption by cells, as active proliferating cells

consume oxygen much faster than resting cells**. During angiogenesis, endothelial cells
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migrate and proliferate from the intact capillaries at the wound periphery®. The
endothelial cells develop a curvature and begin to produce a lumen as the chain of
endothelial cells elongates. Eventually, the endothelial sprout comes into contact with a
sprout derived from a different capillary, and the two interconnect to generate a new
capillary®®. The migration of endothelial cells involves interactions of integrin domains
within the provisional fibrin—fibronectin matrix in a similar manner to fibroblasts®. The
upregulation of av33 integrins on the endothelial cells has strong association with
angiogenesis®. Endothelial cell migration is also facilitated by the cell's ability to
produce matrix metalloproteinases that break down collagen and the plasminogen
activator, facilitating movement through the matrix’***. The angiogenic process is
regulated by a variety of cytokines. The angiogenic factors that contribute to wound
angiogenesis include FGF-27°, VEGF", TGF-b, angiopoietin and PDGF**. This change
in angiogenic cytokines may facilitate the maturation of the vascular system. Cytokine

concentrations diminish as the wounded area becomes revascularized.

1.2.2.2.3 Formation of granulation tissue

The formation of acute granulation tissue is the final step in the proliferation phase and
represents the beginning of the remodeling phase. As transitional tissue replaces the
fibrin-/fibronectin-based provisional wound matrix, it produces a scar by maturation®”*’*
. This granulation tissue is characterized by a high density of fibroblasts, granulocytes,
macrophages, capillaries and loosely organized collagen bundles™. At this stage, the
angiogenesis is also not completely finished; therefore, the granulation tissue is highly

vascular’®. However, the dominating cell in this phase is the fibroblast, which fulfils
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different functions, such as producing collagen and ECM substances. The formation of
the ECM represents another important step because it provides a scaffold for cell
adhesion and critically regulates and organizes the growth, movement and
differentiation of the cells within it”>’¢. The fibroblast is, therefore, the precursor of the
provisional wound matrix within which the subsequent cell migration and organization
takes place’. At the end of this phase, the number of maturing fibroblasts is reduced by

myofibroblast differentiation and consecutive apoptosis’.

1.2.2.3 Maturational phase (phase 3)

This phase is considered the last phase of wound healing and can also be called the
remodeling phase’™. Briefly, the maturational phase involves the remodeling of collagen
from type Il to type I; cellular activity diminishes, and the blood vessels in the wounded
area regress and decrease in number; the formation of granulation tissue stops via
apoptosis; therefore, a mature wound is usually characterized as both avascular and
acellular’. During wound maturation, the ECM components undergo remodeling.
Collagen l1ll, which was produced in the proliferative phase, is now replaced by the
stronger collagen I. Collagen | is arranged in small parallel bundles and is therefore
different from the basket-weave collagen structure found in healthy unwounded
dermis’”. After the remodeling, myofibroblasts can attach to these collagen fibers for
wound contraction, which helps to reduce the surface of the developing scar. Lastly, as
the angiogenic processes diminish, the wound blood flow will decline, and the wound

metabolism will slow.
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1.2.2.3.1 Scarring

Scar formation usually marks the endpoint of mammalian wound repair. There is
evidence suggesting that the process of wound healing is directly linked to the extent of
scar formation. Fetal wound healing is known to be scarless up to a certain age due to
the lack of an inflammatory response®®'. In addition, studies showed that the presence
of low levels of reproductive hormones, such as estrogen in mice, can lead to excessive

inflammation, scarring, and a corresponding impairment in the rate of healing®*®.

Excessive scarring is a fibrotic disorder that results from a disruption in the
normal wound healing process. Most non-healing wounds fail to progress through the
normal phases of wound repair and instead remain in a chronic inflammatory state®.
This leads to abnormal wound repair and the formation of hypertrophic or keloid scars®.
Keloids scars are usually made up of thick collagen fibers, whereas hypertrophic scars
contain thin fibers organized into nodules®. During the maturation phase, the abnormal
remodeling of collagen from type Il to type | can contribute to the change in excessive
scar formation®. The granulation tissue continues to grow due to the excessive
secretion of growth factors and the lack of molecules necessary for the initiation of
apoptosis or ECM remodeling. Hypertrophic scars contain excessive microvessels,
which are mostly occluded due to the over proliferation and functional regression of
endothelial cells induced by myofibroblast hyperactivity and by excessive collagen

production®.

Scarring is a major cause of physical and psychological morbidity. While various
studies have utilized a range of model systems to increase our understanding of the
pathways and processes underlying scar formation, they have typically not translated to

35


http://wizfolio.com/?citation=1&ver=3&ItemID=1378&UserID=8326&AccessCode=3660824A0F574069A7F2CF47AA09BD06&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1378&UserID=8326&AccessCode=3660824A0F574069A7F2CF47AA09BD06&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1337&UserID=8326&AccessCode=1761CD772D6341E9AC5492E9FB6D029D&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1337&UserID=8326&AccessCode=1761CD772D6341E9AC5492E9FB6D029D&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1019&UserID=8326&AccessCode=78C39BDC81EF4CB4920C13153F1AA2FA&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1327&UserID=8326&AccessCode=33FD2DE6D3C64F6580F960FCDF715764&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1380&UserID=8326&AccessCode=2505E5F5C75F4F5AA91C4CAECAB58727&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1326&UserID=8326&AccessCode=F25C258C4FFE41DBA9614198D3136326&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1381&UserID=8326&AccessCode=1CB9CAEE3DEA4338BFB4422172B3469E&CitationSuffix=

the development of effective therapeutic approaches for scar management. This is
evidenced by the fact that despite a number of potential treatment regimens, no single
therapy is accepted universally as the standard of care. As such, scar improvement still
remains an area of clear medical need. Currently, there are no registered
pharmaceuticals for the prophylactic improvement of scarring, and no single therapy is
accepted universally as the standard of care®*,

1.2.3 Cells of the Epidermis

The epidermis is clearly defined by its name: “epi” in Greek means top, while “dermis”
means skin®*. The epidermis is a multilayered keratinized epithelium consisting of cells
such as melanocytes and Langerhans cells (Figure 2). The cell type that predominates
in the epidermis is the keratinocyte. Keratinocytes produce keratins, which are the main
structural proteins of the skin epidermis, hair and nails®. The epidermis is the skin's
outer structure, which serves a protective function, and consists of five defined layers.
The proliferation, differentiation and migration of epidermal cells begin in the basal layer
known as the stratum basale (the inner-most layer closer to the dermis). As the basal
cells divide and differentiate, they accumulate and are pushed upwards toward the
surface. Keratinocytes go through phases of maturation, starting with an early
differentiated cell layer known as the stratum spinosum, where the shape of the cells
changes from columnar to polygonal®. The cells switch from the expression of keratins
K14 and K5 to K1 and K10%°°'. They exhibit spine-like cytoplasmic processes to which
the desmosomes are anchored. In the granular layer (stratum granulosum), enzymes
induce the degradation of nuclei and organelles®. Granules attach to the cell membrane

and release keratohyalin, which contributes to cell adhesion and to the cornified layer.
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At this point, the keratinocytes no longer require metabolic activity to start a process of
self-destruction that resembles apoptosis. The product of this process forms the
cornified layer (stratum corneum), which is the outermost epidermal layer consisting of
tightly packed enucleated and flattened cells®. Another layer (stratum lucidum) that is
found between the granular and cornified layer has no real distinction from the cornified
dead cell layer except that keratinization can be observed®. The skin epidermis forms
an impenetrable seal that is continually replenished as inner layer cells move outwards
and are sloughed from the skin surface®. During skin perturbation, the restoration of an
intact epidermal barrier through wound epithelialization is an essential feature. The
migration of keratinocytes directed by a complex balance of signaling factors and
surface proteins regulated in a temporospatial manner is critical to wound re-
epithelialization’. Re-epithelialization of the wound can be simply viewed as the product
of overlapping functions of keratinocyte migration, proliferation, and differentiation’.
Keratinocytes are believed to begin re-epithelization with the dissolution of cell-cell and
cell-substratum contacts followed by the polarization and initiation of migration of basal
keratinocytes over the provisional wound matrix*'. A group of keratinocytes found closer
to the wound edge, but not within the wound bed itself, then undergoes mitosis to
induce keratinocyte proliferation'’. Finally, the induction of keratinocyte differentiation
forms a multilayer epidermis with a restored functionality. The clinical phenotype of
chronic non-healing wounds is mostly associated with problems in Kkeratinocyte
migration rather than problems in keratinocyte proliferation or differentiation®.
Langerhans cells are antigen-presenting dendritic cells that are localized to the

suprabasal region of the epidermis®™®*. There is also a substantial number of existing
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Figure 2. Skin layers

The epidermis is the outermost layer of the skin and is separated from the underlying
dermis by the basal lamina. Keratinocytes, which compose the epidermis, proliferate
within the basal layer. As differentiation proceeds, keratinocytes progress upwards
through the different epidermal layers (the spinous layer, granular layer, stratum
lucidum and stratum corneum), becoming anucleated and increasingly compacted in
size, before being eventually lost from the skin surface by desquamation. Each stage of
epidermal differentiation is characterised by the expression of specific proteins, and
examples of these are listed on the right of the figure.
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dendritic leukocytes in the dermis. Although some of these leukocytes may represent
Langerhans cells on their way into or out of the epidermis, most of these cells are
phenotypically slightly different from Langerhans cells and are generally referred as
dermal dendritic cells®®. These cells populate the epidermis during ontogeny and were
originally thought to be constantly replenished by bone-marrow-derived cells®®.
However, it has recently been shown that Langerhans cells are self-renewing®. When
Langerhans cells are depleted by irradiation with ultraviolet light, they are replenished
from circulating bone-marrow-derived precursors in a CCR2-dependent manner,
indicating that a circulating precursor is only utilized when the system is under stress®.
Similar observations have been made in the case of human hand-allograft
transplantation. At 4.5 years after transplantation, the Langerhans cells were solely of
donor origin, supporting the idea that the replacement of Langerhans cells by recipient
bone-marrow precursors is rare under steady-state conditions. Whether the CCR2-
dependent recruitment of the Langerhans-cell precursor involves the recruitment of an
inflammatory monocyte or a lineage-committed precursor is unclear. During skin
homeostasis, dendritic cells are sensors and guardians of peripheral tolerance due to
their capacity to process self-antigens and signal tolerance to the T-cell pool upon
evading the peripheral organs via the lymphatics to reach regional lymph nodes®. This
functional property constantly assures the quiescence of the immune system in
homeostasis®. Dendritic cells and tissue macrophages share certain functions, such as
particle phagocytosis and danger recognition/signaling upon the recognition of
pathogens®. Hence, these two cell types are together referred to as the mononuclear

phagocyte system. The importance of circulating precursors in the repopulation of
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tissue-resident dendritic cell (DC) populations is not fully understood. Furthermore, the
nature of the type of precursor, such as a peripheral-blood monocyte or a circulating
lineage-committed precursor is still unclear.

Melanocytes originate in neural crest melanoblasts that migrate to different destinations,
including the basal layer of the epidermis and the hair follicles. Their migration,
proliferation, and differentiation into melanin-producing cells depend on mediators
produced by keratinocytes, which bind the c-Kit receptor tyrosine Kkinase in
melanocytes®. Melanocytes are surrounded by keratinocytes and are regulated by a
paracrine system. This system is responsible for melanin production and distribution
through a process called melanogenesis®. Melanogenesis is a complex process with
multiple stages involving melanocyte-keratinocyte interactions. When disturbed, this
interaction may determine different types of pigmentation defects, which are classified
as hypo or hyperpigmentation of the skin. This may occur with or without an altered

number of melanocytes™.

1.2.4 Cells of the Dermis

The dermis is organized into papillary and reticular regions. The distinction between the
two zones is based largely on differences in their connective tissue organization, cell
density, and neurovascular patterns. The papillary dermis is proximal to the epidermis
and follows the epidermal contours®”. The epidermis and proximal dermis exchange a
number of cytokines and growth factors, and matrix components of the dermis are
linked to the cytoskeleton of the epidermis through transmembrane receptors”.
Therefore, it is possible that the organization and composition of the papillary dermis

reflects the influence of the epidermis through some soluble and diffusible factors. The
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papillary dermis has a high density of fibroblastic cells that proliferate more rapidly, have
a higher rate of metabolic activity and synthesize different types of proteoglycans
compared with those in the reticular dermis®. The reticular dermis is the dominant
region of the dermis and constitutes the bulk of the skin. It is woven with large diameter
collagen fibrils organized into large fiber bundles®. Elastic fibers form a superstructure
around the collagen fiber bundles. This fiber organization is integrated to provide the
dermis with strong resilient mechanical properties®”. Dermal fibroblasts, macrophages
and endothelial cells are regular residents of the dermis”. They are found at a high
density in healthy skin within the papillary dermis, but they can also occur in the reticular
dermis, where they are found in the interstices between collagen fiber bundles®”. A small
number of lymphocytes can also be found near the blood vessels in normal skin.

Dermal macrophages are heterogeneous and can be grouped into two types:
tissue resident macrophages (M2-like) and recruited inflammatory macrophages (M1-
like)®®**. The M1-M2 classification of macrophages represents a simplified operational
concept to find distinctions within the heterogeneous macrophage populations but has
often been over-interpreted as a true functional classification. Tissue resident
macrophages are mainly involved in immune surveillance by contributing to the priming
of adaptive immunity and tissue homeostasis after skin injury or infection®. They can be
maintained locally by proliferative self-renewal. Macrophages can persist through all
stages of the repair response and can promote a return to homeostasis by the removal
of apoptotic cells and cell debris in all repair stages®. During the resolution of
inflammation, recruited inflammatory macrophages are often greater in number than

resident macrophages and are likely to resume the role of apoptotic cell clearance®.
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However, the distinction of their roles between tissue-resident and recruited
inflammatory macrophages in various disease settings remains unknown.

Dermal microvascular endothelial cells play a major role in stabilizing and
destabilizing vascular structures by balancing cellular processes such as proliferation,

100

quiescence, apoptosis, and senescence™. The rate of new blood vessel formation must

equal the rate of the loss of old blood vessels to achieve homeostasis'®

. During
angiogenesis, the proliferation of endothelial cells occurs in an area proximal to the tip
of the new vessel. Controlling the rate of angiogenesis is considered a major
therapeutic target in pathological diseases such as cancer, acute lung infection and
chronic wounds. Many angiogenic and angiostatic factors are believed to influence the
level of endothelial proliferation.

Dermal fibroblasts are an essential component of the skin and are critical in the
maintenance of skin homeostasis. They not only produce and organize the extracellular
matrix of the dermis, but they also communicate with themselves and other cell types to

play a crucial role in regulating skin physiology***®

. Fibroblasts are important in
cutaneous wound repair and influence tumor biology through interactions with multiples
cells; however, their mechanisms and extensive crosstalk are not yet fully understood.

(Refer to section 1.2.5 for more details on dermal fibroblasts).

1.2.5 Dermal Fibroblasts
Dermal fibroblasts are a dynamic and diverse population of cells whose functions in the
skin are poorly understood. Their phenotypic differences are demonstrated in a variety

of ways, such as through extracellular matrix production and organization, the

42


http://wizfolio.com/?citation=1&ver=3&ItemID=1751&UserID=8326&AccessCode=813464D0520446D5B55F0944C7F623D9&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1751&UserID=8326&AccessCode=813464D0520446D5B55F0944C7F623D9&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1221&UserID=8326&AccessCode=022CD0C6499849D090429FEEB6AA343F&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1221&UserID=8326&AccessCode=022CD0C6499849D090429FEEB6AA343F&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1084&UserID=8326&AccessCode=68CD4841DA784DF8BB79242335A15AFE&CitationSuffix=

production of growth factors/cytokines, and involvement with inflammatory responses'®*

% Normal adult human skin contains at least three distinct populations of fibroblasts, all
of which occupy unique niches in the dermis. Two subpopulations of fibroblasts reside
in distinct dermal layers: the papillary dermis and the reticular dermis. A third population
is associated with hair follicles, which lie in the dermal papilla region of the follicle and
along its shaft. These subpopulations exhibit characteristic phenotypic differences*®.
During the proliferation phase of wound healing, multiple cells are recruited to
wound sites by the localized release of growth factors/cytokines. Fibroblasts enter the
wound site with new sprouting vasculature. Fibroblasts can differentiate into a
specialized but transient cell type called the myofibroblast'®. Myofibroblasts produce a
provisional wound matrix that is enriched in fibronectin and hyaluronan in response to
certain factors®*'"**2, These cells also provide the motive force to contract the wound.
Myofibroblasts disappear from the wound site, apparently by apoptosis, and are
replaced by newly recruited fibroblasts that initiate the formation of a collagenous

matrix**3

. However, their ability to organize this matrix is impaired, resulting in the
formation of scar®. Fetal skin is repaired without scar formation******. This is mainly due
to the differences in fetal and adult fibroblast phenotypes™®. The low production of
certain growth factors/cytokine fetal cells, such as TGF-B1, appears to be a major factor
for scarless formation”’**°, The aberrant fibroblast phenotype also appears to contribute
to fibrotic disorders, such as keloid formation and scleroderma™®**. Signals such as
TGF-B and connective tissue growth factor play a significant role in the latter process'”.

In tumor progression, stroma cells including fibroblasts, endothelial cells and

inflammatory cells can interact with tumor cells by influencing the tumor growth™**%,

43


http://wizfolio.com/?citation=1&ver=3&ItemID=1199&UserID=8326&AccessCode=3C823C212E9C449BACF705867526704E&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1199&UserID=8326&AccessCode=3C823C212E9C449BACF705867526704E&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1217&UserID=8326&AccessCode=BB1CDC693CDB41BC88083A3389E1138D&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1217&UserID=8326&AccessCode=BB1CDC693CDB41BC88083A3389E1138D&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1756&UserID=8326&AccessCode=EAF1FE2B85F448FEAF07EC749BDDA5C6&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1116&UserID=8326&AccessCode=CBAB579712EF49A7842975D2AAE02762&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1197&UserID=8326&AccessCode=C188D7DAA474457490473F7CD5BFF961&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1197&UserID=8326&AccessCode=C188D7DAA474457490473F7CD5BFF961&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1106&UserID=8326&AccessCode=5724FF6416D54734B9838670B96D115E&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1172&UserID=8326&AccessCode=BABDC9BFC96D4E4387CB0B75347F209C&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1184&UserID=8326&AccessCode=4CCA03D8A16546BB9D1BAAAFFEE0663A&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1226&UserID=8326&AccessCode=DFB1E31C7A744FFE9D39E88D0B0A0B49&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1226&UserID=8326&AccessCode=DFB1E31C7A744FFE9D39E88D0B0A0B49&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1193&UserID=8326&AccessCode=895ABCAECDFE4145B2130DBF9D0D2C3B&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1188&UserID=8326&AccessCode=8A18C8916AA04E2C95B82842653317E4&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1188&UserID=8326&AccessCode=8A18C8916AA04E2C95B82842653317E4&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1109&UserID=8326&AccessCode=52EDE218F90E45808993EEC419316CDA&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1183&UserID=8326&AccessCode=686C7D0EBAA545E9B4F6A844CAE988D5&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1183&UserID=8326&AccessCode=686C7D0EBAA545E9B4F6A844CAE988D5&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1171&UserID=8326&AccessCode=392EB49DEE7F497CAA5BA90471582AAE&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1074&UserID=8326&AccessCode=52F2BA87EF0B49EE8F0280788AD0EBA8&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1074&UserID=8326&AccessCode=52F2BA87EF0B49EE8F0280788AD0EBA8&CitationSuffix=

This tumor/stroma crosstalk not only modifies and controls angiogenesis, suppressing
immune responses in the tumor but also modulates the composition of the extracellular
matrix and secreting factors, which in turn, alters cell physiology as well as the cellular
composition of the tumor microenvironment™>****>>. Normal fibroblasts or early cancer
phase fibroblasts are believed to have certain tumor suppressing activities. However,
the phenotype of these fibroblasts can be altered to a tumor promoting state as
carcinogenesis progresses. This switch in the fibroblast phenotype occurs in two stages
in which a reversible “primed” fibroblasts type is generated first and then followed by the
manifestation of irreversible “tumor promoting” fibroblasts'. These “tumor promoting”
fibroblasts, or so-called cancer associated fibroblasts (CAFs), have properties distinct
from those of normal fibroblasts'®. They actively promote tumorigenesis in a variety of
cancers. The idea of CAFs is relatively new in the field of tumor biology research. (Refer
to this review article “Insidious Changes in Stromal Matrix Fuel Cancer Progression” for

more details'*).

1.2.6 Intercellular communication between fibroblasts and keratinocytes

Regeneration and maintenance of epithelial tissue homeostasis requires a complex
interplay with neighbouring cells and extracellular matrix of the adjacent stroma. This is
well understood in skin based on data from wound healing, transplantation and cell
culture studies, which strongly indicate that epidermal tissue regeneration is regulated
by a network of cytokines and growth factors controlling functional behaviour of
keratinocytes and dermal fibroblasts”**. Keratinocytes and fibroblasts engage in

paracrine and autocrine interactions in skin®**“(Figure 3). It is shown in a
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conventional cell culture system where keratinocyte proliferation is strongly enhanced
by a feeder layer co-culture with dermal fibroblasts™***. Accumulating data strongly
indicate that this stromal cell support of epithelial cell proliferation is, for the most part,
mediated by diffusible factors. Importantly, the support of keratinocyte proliferation is not
based on their passive utilization of growth factors constitutively produced by fibroblasts
but represents an active interplay between both cell types in a double paracrine
mechanism™?. A series of recent studies have highlighted the importance of stromal
factors in the regulation of keratinocyte proliferation and differentiation in health and
disease. This led to the identification of stromal factors that regulate keratinocyte
proliferation, including keratinocyte growth factor/fibroblast growth factor 7 (KGF/FGF-7).
This is a member of the fibroblast growth factor (FGF) family that is exclusively
produced by stromal cells. However, only epithelial cells express the KGF receptor and,
hence, respond to KGF-1. Fibroblasts also produce other factors that regulate the
proliferation of keratinocytes and play roles in wound repair. These include granulocyte-
macrophage colony-stimulating factor (GM-CSF), epidermal growth factor (EGF),
hepatocyte growth factor/scatter factor (HGF/SF), FGF-10, interleukin-1 (IL-1) and
interleukin 6 (IL-6)'*". Fibroblasts release growth factors/cytokines that play a significant
role in wound repair by modulating the activity of keratinocytes. It was first found out
that coculture of fibroblasts and keratinocytes results in increased levels of KGF-1, IL-6
and GM-CSF mRNAs'”. The level of KGF-1 mRNA and the amount of protein released
into culture medium by cultured dermal fibroblasts were upregulated by treatment of
these cells with IL-1. KGF-1 produced by fibroblasts can in turn enhance the release of

IL-1a by keratinocytes. Thus, a paracrine loop is established between the dermal

45


http://wizfolio.com/?citation=1&ver=3&ItemID=1141&UserID=8326&AccessCode=DBCD9CA706614E8EB7F3F6052A7CB657&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1141&UserID=8326&AccessCode=DBCD9CA706614E8EB7F3F6052A7CB657&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1141&UserID=8326&AccessCode=DBCD9CA706614E8EB7F3F6052A7CB657&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1206&UserID=8326&AccessCode=7E4A45053DE946B7A6282D24E1C57D17&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1206&UserID=8326&AccessCode=7E4A45053DE946B7A6282D24E1C57D17&CitationSuffix=

fibroblasts and keratinocytes. Soluble factors released by fibroblasts do not possess
inductive characteristics with respect to interfollicular keratinocytes. Nonetheless, these
factors can modulate specific aspects of epidermal formation. An Abnormal
overexpression of KGF-1 can result in a hyperproliferative epidermis and suppression of
terminal differentiation of the keratinocytes. By contrast, overexpression of GM-CSF
results in increased apoptosis of cultured keratinocytes, and overexpression of KGF-2
could accelerate keratinocyte differentiation. These observations have led to the
proposal that the epidermal response to fibroblast-derived signaling molecules depends
upon the ratio of these factors. It is believed that the ratio of KGF-1 to GM-CSF
presented to epidermal cells determines the status of this tissue. Site-matched papillary
and reticular dermal fibroblasts differ significantly in the release of KGF-1 and GM-CSF
where the ratio of GM-CSF to KGF-1 is higher in papillary fibroblasts than in
corresponding reticular cells. Thus, these two populations of cells exert subtle
differences on epidermal proliferation and differentiation. Communication between
fibroblasts and keratinocytes appears to involve AP-1 target genes in dermal
fibroblasts. Fibroblasts from Jun-knockout mouse were found to produce very low
levels of KGF-1 and GM-CSF, whereas fibroblasts from JunB-/- knockout mouse
produced elevated levels of these factors™. Incorporation of these fibroblasts into bi-
layered skin equivalents with normal adult human keratinocytes for the epidermal layer
led to strikingly different results. Epidermal layers on skin equivalents containing Jun-/-
fibroblasts were atrophic, basal cell proliferation was reduced, and terminal
differentiation was delayed. JunB-/- fibroblasts caused epidermal hyperplasia. IL-1 and

other inflammatory factors, such as tumor necrosis factor (TNF)-a, activate AP-1-
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Figure 3. Schematic illustration of keratinocyte-fibroblast cross-talk

Keratinocyte-derived IL-1a/B stimulates expression and secretion of multiple growth
factors in fibroblasts through the c-Jun/AP-1 and JunB transcription factors. Growth
factors such as HGF, KGF and GM-CSF are then released by fibroblasts and stimulate
keratinocyte proliferation, migration and differentiation in a paracrine manner. siL-1ra, a
target protein of PPARB/® from fibroblast can modulate keratinocyte derived IL-1
signaling on stimulates multiple growth factors expression in fibroblasts.
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mediated transcription and enhance the activity of NF-kB™*. Differences in the
phenotypes of fibroblasts in skin might be related to how these cells respond to external
signals and modulate the diverse group of genes regulated by AP-1 transcription

factors®®

. Obviously, these signaling molecules are only part of a more complex
regulatory mechanism of epithelial-stromal interactions controlling tissue regeneration
and homeostasis. Recently, a group of transcriptional factors/ nuclear hormone receptor,
called peroxisome proliferator-activated receptors (PPARS) have also been shown to be
involved in epidermal skin hemostasis and wound repair***’. Furthermore, they
stimulate keratinocyte migration and differentiation and promote keratinocyte survival®”
% Upon injury, a cascade of inflammatory signals produced from other cells can target
the AP-1 site in the PPAR beta/delta promoter in the keratinocytes resulting in
increased survival®’. This transcriptional regulation of epithelial-stromal communication
during wound repair is less studied and a better model system to study this interaction is
needed. Thus, for studying in detail the complex basic mechanisms of epidermal-dermal
cell interactions, a standardized and reproducible in vitro skin equivalent model would
be advantageous. In this thesis, the creation of a standardized skin equivalent model
system also known as organotypic culture (OTC) will be introduced. This model is useful
for the study of epithelial-stromal interaction which supports keratinocyte growth and

differentiation as well as growth of fibroblasts to produce multiple growth factors and

extracellular matrices.
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1.2.7 Peroxisome proliferator-activated receptors (PPARS) in the skin

The PPARs belong to a subfamily of nuclear hormone receptors comprised of three
different isoforms: PPARa, PPARB/S and PPARY'. These subtypes are encoded by
separate genes, exhibit different tissue distributions and functions and, to some extent,
different ligand specificities'®. After ligand binding, PPARSs regulate gene expression by
binding to peroxisome proliferator response elements (PPRE) in target genes as
heterodimers with the retinoid X receptors (RXR)*°. PPAR activation has been shown to
play an important role in the regulation of energy homeostasis, modulating glucose and
lipid metabolism and transport*°. Moreover, recent studies have demonstrated that
PPARs regulate important cellular functions in the skin and other organs, including
inflammation, immune responses, cell proliferation, cell differentiation and apoptosis**.
All three PPARs contribute to epidermis homeostasis in both rodents and humans.
PPARS, which is the most abundantly expressed isotype, and PPARa both participate
in keratinocyte differentiation and contribute to skin repair after injury®**’. The

contribution of PPARYy is less well understood, although it appears to be important for

epidermal functions.

PPARJ expression is strongly reactivated in keratinocytes at the edges of wounds, and
its activation is maintained during the entire repair process. The expression of PPARR is
increased following the activation of the stress-associated protein kinase pathway in
response to inflammatory cytokines, such as TNF-q, that are released after an injury**.
In addition to the stimulation of PPARB expression, the inflammatory response also

induces the production of endogenous ligands, which are required for PPAR activation

in keratinocytes. After its maximal expression during the inflammatory phase, PPARf
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expression is progressively reduced in the healing epithelium, finally reaching levels
observed in the unwounded skin'**. The mechanism of this downregulation is controlled
by TGFB-1, which inhibits the binding of AP-1 to the PPARB promoter'**. In genetically
impaired PPARB-null mice, wound repair is delayed, demonstrating that PPAR is an
important transcriptional regulator in the wounded epidermis**>. PPARPB promotes
keratinocyte survival at the wound edges via the activation of the PI3K/PKBa/Akt1
pathway and regulates keratinocyte adhesion and migration, two key processes that

occur during re-epithelialization™®

. Keratinocyte proliferation during wound healing is
also fine-tuned by a PPARB-dependent interaction between epidermal keratinocytes
and dermal fibroblasts'. Interleukin-1 (IL-1) is produced by keratinocytes and
stimulates the activity of the AP-1 (Jun/Fos) transcription complex in dermal fibroblasts,
resulting in an increased production of mitogenic cytokines that enhance keratinocyte
proliferation. In parallel, the work presented here highlights a novel paracrine effect of
PPARp/ in fibroblasts on epithelial cell growth; the expression of PPARB/® in the
fibroblasts stimulates the production of secreted IL-1 receptor antagonist (sIL-1ra),
which results in the autocrine downregulation of the IL-1 signaling pathway. As a
consequence, there is a reduced production of secreted mitogenic factors by the IL-1-

stimulated fibroblasts, which contributes to the homeostatic control of keratinocyte

proliferation.

1.2.8 Biological role of the Interleukin 1 receptor antagonist in skin
The interleukin 1 receptor antagonist (IL1Ra) family of molecules now includes one

secreted isoform (sIL1ra) and three intracellular isoforms (iclL1ral, 2, and 3). Extensive
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evidence suggests that the sole biological function of slL1ra is to competitively inhibit
the binding of IL1 to cell-surface receptors. Although intracellular IL1Ral may be
released from keratinocytes under some conditions, the intracellular isoforms of IL1Ra

may perform additional intracellular roles.

The IL1Ra gene (IL1RN) is found on the long arm of human chromosome 2 at band
2q14, adjacent to the IL1a and IL1B genes'*'*. The first described intracellular isoform
of IL1Ra (iclL1lral) is created by an alternative transcriptional splice of an upstream
exon into the amino terminus of slL1ra, creating an 18 kDa protein that lacks a signal
peptide'*. IclL1ral is a major protein in keratinocytes and other epithelial cells, and it is
also produced with delayed kinetics by monocytes and macrophages. The cDNA for a
second intracellular isoform of IL1Ra (iclL1Ra2) was cloned from human neutrophils
and contained a 63-bp sequence inserted between the first and second exons for

iclL1ral'¥’148,

This cDNA was present in fibroblasts, keratinocytes, and human
myelomonocytic cells, although the predicted 25-kDa protein has not yet been
described as a natural product in any cell. Thus, it remains unknown whether iclL1Ra2
exists as a protein in vivo. A third intracellular isoform of IL1Ra (iclL1Ra3) was recently
described as a 16-kDa product, predominately of siL1lra mRNA, that is created by
alternative translational initiation'**"*’. IclL1Ra3 is a major protein in hepatocytes and
neutrophils. It is also present in smaller amounts in monocytes, macrophages, and
keratinocytes. The major function of slL1ra is to regulate the pleiotropic effects of IL1 by
competitively blocking its binding to cell surface receptors'®'. Thus, slL1ra functions as a

major naturally occurring anti-inflammatory protein; when the balance between IL1 and

ILAIRa is upset, inflammatory disease and tissue damage may ensue. The

51


http://wizfolio.com/?citation=1&ver=3&ItemID=1433&UserID=8326&AccessCode=5F61794D452D4D4696FEF8ACBF4325FF&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1433&UserID=8326&AccessCode=5F61794D452D4D4696FEF8ACBF4325FF&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1431&UserID=8326&AccessCode=FDD663FDC69A4FB2B60F9B212AF52409&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1430&UserID=8326&AccessCode=65B4152DC7B3451DACE6EDA70302CB0F&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1428&UserID=8326&AccessCode=66B5083C2391472CAD57BD1FC6D6BEFD&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1428&UserID=8326&AccessCode=66B5083C2391472CAD57BD1FC6D6BEFD&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1427&UserID=8326&AccessCode=3812E14DCBD54FFDA1368F78420F950A&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1427&UserID=8326&AccessCode=3812E14DCBD54FFDA1368F78420F950A&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=1063&UserID=8326&AccessCode=615CB81BCB9146A3A28B27569A424B0D&CitationSuffix=

administration of recombinant human slL1ra has been effective in preventing the onset
of disease or in ameliorating established inflammatory diseases. The biological effects
of the intracellular isoforms of IL1ra have been less thoroughly investigated. IclL1ral
and iclL1Ra2 bind to IL1RI as well as slL1ra and inhibit the stimulatory effects of IL1. In
contrast, iclL1ra3, which predominates in neutrophils and hepatocytes, is only a weak
inhibitor of IL1 receptor binding'®. Keratinocytes may express on their plasma
membrane and release iclL1lral from that location'*?. Although keratinocytes possess
small amounts of active IL1RI, biologically inactive IL1RIlI predominates on these cells,
particularly after activation. IL1RII is cleaved from expressing cells, avidly binds IL1(3,
and functions in the cell microenvironment as an IL1 inhibitor'. Thus, although
keratinocytes are capable of releasing small amounts of iclL1ral, the functional
importance of this cytokine as an extracellular receptor blocker in the skin remains
unclear.

Here, we provide evidence for a novel paracrine effect of PPARB/® on epithelial
cell growth. We find that fibroblast PPARB/® attenuates keratinocyte proliferation by
directly increasing the expression of slL-1ra, thereby repressing IL-1 signaling.
Epithelial-mesenchymal communications and IL-1 signaling are responsible for a wide
range of biological events, such as epidermis homeostasis, wound repair and
tumorigenesis. Our results underscore the paracrine role of PPARB/d in the control of

cell proliferation involving epithelial-mesenchymal interactions.
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1.3 MATERIALS AND METHODS

1.3.1 Reagents

Antibodies and suppliers: anti-Ki67, anti-keratin 10, anti-involucrin, anti-keratin 5, anti-
transglutaminase, anti-cyclin D1, anti- PCNA (Novacastra); anti-B-tubulin (Santa Cruz);
anti-PPARaq, B/d and y (Chemicon and Affinity BioReagent); Cytokines: IL-1a, TNFa and
neutralizing antibodies against IL-1a, B, KGF, IL-6 and GMCSF (PeproTech), anti-
caspase 3, anti-c-JUN, anti-phospho(Ser63)-c-JUN, anti-TAK1 and anti-phospho-TAK1
(Cell Signaling); Alexa488-conjugated goat anti-mouse antibody, Alexa488-conjugated
goat anti-rabbit antibody and ProLong® Gold anti-fade reagent with DAPI (Molecular
Probes). Real-time reagent SYBR GreenER (Invitrogen). Rat tail collagen type | (BD
Biosciences). Transfection reagent Superfect (Qiagen). All restriction enzymes and
DNA/RNA modifying enzymes (Fermentas). Double-promoter lentivirus-based siRNA
vector and pFIV Packaging kit (System Biosciences). The PPARa, 3/6 and y Complete
Transcription Factor Assay Kit was from Cayman Chemical. Primary neonatal human
fibroblasts and keratinocytes were obtained from Cascade Biologics. GW501516 was

from Alexis Biochemicals. Otherwise, chemicals were from Sigma-Aldrich.

1.3.2 Total RNA isolation, Reverse transcription PCR and qPCR

Total RNA was extracted from fresh tissues using Aurum total RNA kit (Bio-Rad)
following the supplier's protocol. Five pg of total RNA was reverse-transcribed with
oligo-dT primers using RevertAid™ H Minus M-MuLV. After reverse transcription, the
RNAs were removed by RNase H digestion. Quantitative real-time PCR (gPCR) was

performed with platinum Taq polymerase and SYBR greener supermixes using a
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MiniOpticon PCR machine (Bio-Rad). Melt curve analysis was included to assure that
only one PCR product was formed. Primers were designed to generate a PCR
amplification product of 100 to 250 bp. Only primer pairs yielding unique amplification
products without primer dimer formation were subsequently used for real-time PCR
assays. Expression was related to the control gene ribosomal protein PO (RPLPO),
which did not change under any of the experimental conditions studied. The sequence
of primers is available in Table 1. For each wound biopsies, ten 8 um-thick tissues were
microdissected and pooled. RNA was isolated from microdissected paraformaldehye-
fixed, paraffin embedded sections (FFPE) using RecoverAll™ total nucleic acid isolation
kit for paraformaldehyde-fixed, paraffin-embedded tissues (Ambion). Five ng of RNA
was subjected to Full Spectrum™ Complete Transcriptome RNA Amplification (System

Biosciences) prior qPCR.

1.3.3 Lentivirus-mediated knockdown of PPARB/® and slL-1ra

Two siRNAs targeting the human PPARf/d, one against sIL-1ra and one unrelated
control siRNA were subcloned into the lentiviral-based siRNA vector pFIV-H1/U6-puro
(System Biosciences). The correct pFIV siRNA constructs were verified by sequencing
using H1 primer. The sequence of the siRNAs was as given in Table S1. Transduction-
ready pseudoviral particles were produced and harvested as described by
manufacturer. Transduced cells were enriched by puromycin selection for 1 week.
Western blot analysis, ELISA or qPCR were used to assess the efficiency of

knockdown.
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1.3.4 Transactivation assay

A ~4.4 kb (-1572 to -5980) promoter of the human slL-1ra was PCR amplified from
human genomic DNA using Pfu polymerase. The primer pairs used is given in Table S1.
The resulting fragment was used for a second PCR amplification step introducing Sacl
and Bglll sites which were used for subcloning into the pGL-3 Basic vector (Promega).
Site-directed mutagenesis of the 3 putative PPREs (PPREL1 at -1038/-1050, PPRE?2 at -
1072/-1084, PPRE3 at -4067/-4079) were achieved using QuikChange site-directed
mutagenesis kit (Stratagene). Human fibroblasts were routinely grown in Medium 106
(Cascade Biologics). Fibroblasts in culture were cotransfected with a luciferase reporter
driven by the various sIL-1ra promoter constructs and pEF1-B-galactosidase as a
control of transfection efficiency using Superfect. After transfection, cells were incubated
in the presence or absence of 500 nM of PPARR/d ligand GW501516 and IL-1a for 24 h
prior to lysis. Transfections with the positive control reporter pGL-3xPPRE-tk-Luc were
included. Luciferase activity was measured using the Promega luciferase assay on a
Microbeta Trilux (Perkin Elmer). B-galactosidase activity was measured in the cell lysate

by a standard assay using 2-nitrophenyl-BD-galactopyranoside as a substrate.

1.3.5 Chromatin immune-precipitation (ChlP)

Chromatin immunoprecipitation was performed as described previously (Tan et al.,
2004) with minor modifications. Briefly, epidermis from OTC was physically separated
from the collagen-embedded human fibroblasts, following of Dispase treatment (2.5
U/ml) at 37 °C for 20 min. The dermal equivalents were thoroughly washed with PBS.
The collagen gel was cut into small pieces prior digestion with 0.5 % collagenase | at 37
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°C. The fibroblasts were retrieved and crosslinked with 1 % formaldehyde for 15 min at
37 °C prior sonication in lysis buffer. Monoclonal anti-PPARB/d antibody was used. The
immunoprecipitates were reverse crosslinked for PCR by heating at 65 °C for 6 h. The

primer pairs used were given in Table 1.

1.3.6 Organotypic tissue culture (OTC)

Primary human keratinocytes and fibroblasts were routinely maintained in EpiLife®
Defined Keratinocyte Medium and Medium 106, respectively, as described by the
manufacturer (Invitrogen). Organotypic skin cultures were performed as previously
described** in serum-free OTC medium with some modifications. One volume of 10x
Hanks’ balanced salt solution (HBSS) containing phenol red was mixed with 8 volumes
of 4 mg/ml rat tail type | collagen (BD Biosciences). The acetic acid was neutralized with
1N NaOH on ice. Fibroblasts were resuspended in one volume of 1x HBSS and added
drop wise to the neutralized collagen to achieve a final fibroblast density of 1 x 10°
cells/ml of collagen. Three ml of this fibroblast/collagen mixture was dispensed into a 24
mm diameter Transwell culture insert (3 um pore size, BD Biosciences). The culture
insert was placed in a 6-well Deep-Well Plate (BD Biosciences) and was allowed to gel
in a 37 °C, 5% CO,, 70% humidity incubator (ThermoFisher). Glass rings (outer
diameter, 20 mm; thickness, 1.2 mm and height, 12 mm) was centrally placed on to the
collagen. This glass rings serves to compress the collagen and delimit the area for the
seeding of keratinocytes. The fibroblast-embedded collagen was submerged and
cultured in serum-free OTC medium overnight. The serum-free OTC contains basal

medium: 3: 1 (v/v) of DMEM (low glucose):Ham’s F-12 nutrient mixture; basal
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supplements: 5 pg/ml insulin, 1 ng/ml epidermal growth factor, 0.4 pg/ml
hydrocortisone, 100 nM adenine, 10 uM serine, 100 nM cholera toxin, 10 uM carnitine,
1 mg/ml fatty-acid free albumin; lipid supplements: 0.05 mM ethanolamine, 1 uM
isoproterenol, 1 uM a-tocopherol and 50 pg/ml ascorbic acid. The following day, the
medium was removed and 1 x 10° keratinocytes were seeded into the center of the
glass ring. OTC medium was added to air-liquid interface and the setup was once again
incubated at 37 °C with 5% CO, for 24 h to allow the keratinocytes to attach. The next
day, the glass ring was removed and culture was maintained at air-liquid interface.
Medium was changed every 3 days for a total of 2-weeks. Neutralizing antibodies (each
at 400 ng/ml) were freshly supplemented at every change of medium throughout the 2-

weeks culture period.

1.3.7 Immunofluorescence

Organotypic skin cultures were fixed with 2% paraformaldehyde in PBS for 2 h at 25 °C.
The fixed OTCs were washed twice with PBS and embedded in Tissue-Tek OCT
compound medium (Sakura) overnight at 4 °C. The skin cultures were subsequently
frozen at -70 °C for cryosectioning. Ten um cryostat tissue sections were mounted on
SuperFrost Plus slides. The sections were processed for immunofluorescence as

described previously™®

except that Alexa488-conjugated goat anti-mouse secondary
antibody was used. The apoptotic keratinocytes were detected using the TUNEL assay
according to the manufacturer’s protocol (Roche). As positive control for TUNEL assay,

the section was pre-treated with DNase |. The slides were mounted with ProLong® Gold

anti-fade reagent with DAPI. Images were taken with Nikon inverted microscope

57


http://wizfolio.com/?citation=1&ver=3&ItemID=393&UserID=8326&AccessCode=CAF8DB0B5AC442868E81E560C6A11BD3&CitationSuffix=

ECLIPSE TE2000-U using a Plan Fluor 20x/0.45 objective, Qlmaging Retiga-EXi FAST

Cooled Mono 12-bit camera, and Image-Pro® Plus software.

1.3.8 Wounding experiment

Wounding of the mice dorsal skin was performed as previously described***. Wound
biopsies and fluids were isolated as previously described™ and were immediately snap-
frozen in liquid nitrogen for further analysis. Topical application of exogenous IL-1ra
treatment was performed as previously described® except that 3 applications of 2.5 ug

of recombinant IL-1ra were added over 3 days.

1.3.9 Measurement of cytokines by Enzyme-linked immunosorbent assay
(ELISA)

The concentration of slL-lra and iclL-1ra measured using sandwich ELISA (R&D
System). Briefly, 2x10° cells were cultured in a 35 mm culture dish with 750 pl of
medium and subjected to the indicated treatments. After 24 h, the media were
harvested and treated with by addition of complete protease inhibitors (Roche). The
level of slL-1ra was measured in culture supernatants accordingly to the manufacturer’s
instruction. To measure iclL-1ra, the cells were washed thoroughly, harvested by
treatment with trypsin and collected by centrifugation in fresh serum-free culture
medium. The cell pellet was resuspended in 750 ul of medium, disrupted by sonication
and the debris was removed by centrifugation. The concentration of iclL-ra in the

supernatant was measured as above.
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1.3.10 Protein arrays

Human Inflammation antibody array 3 and Growth Factor antibody array membranes
were processed according to the manufacturer’s protocol (RayBiotech). Protein spots
were detected by chemiluminescence. Signal intensities were quantified using ImageJ
analysis software and were normalized with the mean intensity of the positive controls

on each membrane.

1.3.11 Western blot analysis

Epidermis was physically separated from OTC after a 20 min treatment with Dispase.
Fibroblasts embedded in collagen were isolated after collagenase treatment. For
western blot, protein extracts were made in ice-cold lysis buffer (20 mM Na2H2PO4,
250 mM NacCl, 1% Triton-100, 0.1% SDS). Equal amount of protein extracts (50 ug)
were resolved by SDS-PAGE and electrotransferred onto PVDF membranes.
Membranes were processed as described by the manufacturer of antibodies and
proteins were detected by chemiluminescence (Millipore). Coomassie blue-stained

membrane or tubulin was used to check for equal loading and transfer.

1.3.12 Statistical analysis
Statistical analyses were performed using two-tailed Mann-Whitney tests or two-way
ANOVA using SPSS v.19 software (IBM Corporation, USA). Values are expressed as

mean + SEM. A P value of <0.05 was considered statistically significant.
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Table 1: Sequence of primers

Real-time quantitative PCR  Sequence

Human

PPARa (forward)
PPARa (reverse)
PPARS (forward)
PPARGS (reverse)
PPARYy (forward)
PPARYy (reverse)
slL-1ra (forward)
slL-1ra (reverse)
iclL-1ra (forward)
iclL-1ra (reverse)
RPLPO (forward)
RPLPO (reverse)
KGF (forward)
KGF (reverse)
GMCSF (forward)
GMCSF(reverse)
IL-6 (forward)
IL-6 (reverse)
IL-8 (forward)
IL-8 (reverse)
IL-1B (forward)
IL-1B (reverse)
IL-1a (forward)
IL-1a (reverse)
IL-1R1(forward)
IL-1R1 (reverse)
IL-1RII (forward)
IL-1RII (reverse)

5-ATGTCACACAACGCGATTC-3
5-TCTTGGCCAGAGATTTGAGA-3’
5-AGGAGCCATTCTGTGTGTGA-3
5-TCCTGCCAGCAGAGAGTGAT-3
5-AATGTGAAGCCCATTGAAGA-3’
5-TGCAGTAGCTGCACGTGTTC-3
5-CCGCAGTCACCTAATCACTCTCCT-3
5-CTCAGATAGAAGGTCTTCTGG-3’
5-GAAGACCTCAGAAGACCTCCTGTCC-3
: 5-CTCAGATAGAAGGTCTTCTGG-3
5-AACTCTGCATTCTCGCTTCC-3’
5-TCGTTTGTACCCGTTGATGA-3’
5-CATGACTCCAGAGCAAATGGC-3’
5-TCCTCAGGTACCACTGTGTTCG-3’
5-AGCAGCACTGCCCTCCAAC-3’
5-CAGCAGTCAAAGGGGATGAC-3
5’-CCCACACAGACAGCCACTCA-3
5-CCAGTGCCTCTTTGCTGCTT-3'
5-GAACTTAGATGTCAGTGCAT-3
5-CCAGACAGAGCTCTCTTCCATC-3’
5-CTGTACCTGTCCTGCGTGTT-3
5-GTGCTGATGTACCAGTTGGG-3
5-CAGTGCTGCTGAAGGAGATG-3
5-AGTTTGGATGGGCAACTGAT-3
5-GGTGGTTCATCTGAAGAGCA-3’
5-ACTGTGGTCCCTGTGTAAAGTC-3’
5-CCACGCCAGGAATATTCAGA-3
5-CCTTGACTGTGGTGCGTAGT-3’

Mouse

slL-1ra (forward)
slL-1ra (reverse)
iclL-1ra (forward)
iclL-1ra (reverse)
GMCSF (forward)
GMCSF (reverse)
IL-6 (forward)
IL-6 (reverse)

KC (forward)

KC (reverse)
IL-10 (forward)
IL-10 (reverse)
IL-16 (forward)
IL-16 (reverse)

5-GCTCATTGCTGGGTACTTACAA-3’
5-CCAGACTTGGCACAAGACAGG-3’
5-CAGTTCCACCCTGGGAAGGT-3
5-AGCCATGGGTGAGCTAAACAGGACA-3’
5-TCGTCTCTAACGAGTTCTCCTT-3
5-GCAGTATGTCTGGTAGTAGCTGG-3'
5-TAGTCCTTCCTACCCCAATTTCC-3
5-TTGGTCCTTAGCCACTCCTTC-3
5-CTGGGATTCACCTCAAGAACATC-3
5-CAGGGTCAAGGCAAGCCTC-3’
5-GCTCTTACTGACTGGCATGAG-3’
5-CGCAGCTCTAGGAGCATGTG-3
5-AAGAGCCGGAAATCCACGAAA-3’
5-GTCTCAAAAGGGTCAGGGTACT-3

SiRNA primers
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PPARB/311 (sense)
PPARB/311 (antisense)
PPARB/39 (sense)
PPARB/39 (antisense)
control (sense)

control (antisense)
slL-1ra (sense)

slL-1ra (antisense)

H1 sequencing primer

5-AAAGGGAAGCAGTTGGTGAATGG-3’
5-AAAACCATTCACCAACTGCTTCC-3
5-AAAGGAGCGCAGCTGCAAGATTC-3
5-AAAAGAATCTTGCAGCTGCGCTC-3
5-AAAGCTGTCTTCAAGCTTGATATCGAAGACTA-3
5-AAAATAGTCTTCGATATCAAGCTTGAAGACAG-3
5-AAAGATCACTCTCCTCCTCTTCCTG-3’
5-AAAACAGGAAGAGGAGGAGAGTGAT-3
5-CTGGGAAATCACCATAAACGTGAA-3’

Promoter primers

hsiL-1ra promoter 5-GACCAACTCTCCTGCTGAGAATAACTAG-3

(forward)

hslL-1ra promoter (reverse) 5-CTGCCATTGCGGGCCCAGAGTTGTGG-3
chlP primers

PPREL1 (forward)
PPREZ2 (reverse):
PPRE3 (forward):
PPRE3 (reverse):

control sequence
(forward):
control sequence
(reverse):

5’- AGCCCGGGGCTGGAGGTCAGAAGACCT -3
5- AACCTCTGCCACTTGCCTTGTGCCACC-3’
5-TTTACTCCTGGGGACATGTGCTGGTTTC-3’
5-GGCTGCCCCTGATTCAAATCCATGATT-3’
5-GGCTGGGAGTGCAGGGCAGGAGC-3

5’-CACACAATGTGCAGAGCCTGTCTT-3
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1.4 RESULTS

1.4.1 PPARf/5 knockdown in dermal fibroblasts results in increased
keratinocytes proliferation

Earlier studies have shown that ligand-activated PPARB/® stimulated the differentiation

of human keratinocytes in monolayer cultures®®

. In this study, the autocrine and
paracrine consequences of PPARPB/® deficiency during human epidermis formation
using the organotypic skin culture (OTC) model were examined. In this skin
reconstruction assay, keratinocytes were cultured on a collagen matrix containing
dermal fibroblasts. In line with the above-mentioned objective, the expression pattern of
the three PPAR isotypes in fibroblasts and keratinocytes of control OTC was first
examined. Both qPCR and ELISA analyses performed on mechanically separated
dermis and epidermis equivalents of OTCs revealed that PPARpB/d is the predominant
isotype in both the keratinocytes and dermal fibroblasts, whereas the lower levels of
PPARa and PPARy are comparable (Fig. 4A). We next assessed the knockdown
efficiency of PPARB/d expression in human keratinocytes and fibroblasts by lentivirus-
mediated siRNAs using gPCR and immunoblot analyses. gPCR revealed a >95%
reduction of PPARB/® expression in cells transduced with the siRNA PPAR(/511
sequence (Fig. 1B, left panel). Consistent with this result, immunoblot analysis showed

negligible levels of PPARB/® protein in the transduced cells (Fig. 4B, right panel). These

cells were used for subsequent experiments.

Next, OTCs were reconstructed using control and PPARpB/6-knockdown
keratinocytes (Kctre VS Kpparps) and fibroblasts (Fctre VS Fepargs) in various

combinations. Immunoblot analysis and immunofluorescence staining of the 2-week old
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control Kerri/Fetre OTCs with unmanipulated levels of PPAR/ displayed the expected
keratinocyte differentiation markers, keratin 5, 10 and involucrin (Fig. 5A & 5B). OTCs
with Kppargs sShowed a reduced expression of terminal markers, consistent with the
known pro-differentiation role of PPARB/d (Fig. 5A & 5B) **®. No difference in keratin 5
expression, localized to the basal layer of the epidermis, was observed among the
various OTCs (Fig. 5A & 5B). This provided evidence for a cell-autonomous action of
PPARR/d in keratinocyte differentiation. Interestingly, OTC with Fpparg/s led to increased
keratinocyte proliferation as evidenced by an increase in cyclin D1, PCNA expressions
(Fig. 6B) and Ki67-positive cells with respect to the control OTC (Fig. 6A). Notably, the
KrrargslFrrarsis OTC similarly displayed this enhanced proliferation of keratinocytes,
regardless of the impaired differentiation of the Kppargs (Fig. 5A & 5B). Furthermore,
OTC with Kpparss sShowed 3-fold more apoptotic cells (TUNEL-positive) and higher level
of cleaved caspase 3 as compared to OTC with Kcrre (Fig. 6A & 6B). A dynamic
epithelial-mesenchymal interaction is essential for the proper formation of the basement
membrane*’. The reduced laminin 5 staining in OTCs with either Kppagrgs Or Fpparsis
suggested a dysregulated epithelial-mesenchymal communication (Fig. 5B). Altogether,
these results are consistent with the observations from PPARRB/3-null mice™’**, and
revealed a potent proliferation stimulatory effect of Fpparps On co-cultured keratinocytes,
providing evidence for an important non-cell autonomous PPAR/d-dependent

mechanism regulating keratinocyte proliferation.
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Figure 4 Increased PPARP/d expression in both keratinocytes and fibroblasts.

(A) Expression profile of PPARs in OTC keratinocytes and fibroblasts. Total RNA and protein
were extracted from keratinocytes and fibroblasts in OTC. Expression levels of PPAR mRNA (left)
and protein (right) were monitored by gPCR and PPAR transcription factor assay kit, respectively.
PPARB/6 mRNA was normalized with control ribosomal protein PO mRNA. (B) Human
keratinocytes or fibroblasts were transduced with a lentiviral vector harbouring a control or two
different PPARp/3 (PPARB/39 and PPARB/311) siRNAs.
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Figure 5. Kppargs reduced the expression of terminal differentiation markers

(A) Immunofluorescence staining of two-week old organotypic skin cultures. Organotypic skin
cultures (OTC) constructed with control or PPARf/3-knockdown keratinocytes (Kctre VS Kpparps)
and fibroblasts (Fcrre VS Feparps). Pictures from representative immunostained sections are
shown. H&E: Hematoxylin and eosin staining; Bar: 40 Om. Involucrin, terminal differentiation
marker; keratin 10, intermediate differentiation marker; keratin 5, early differentiation marker;
laminin, Basal lamina membrane (green) and DAPI (blue): nuclear staining. Dotted white lines
show the epidermal-dermal junction. Bar: 20 um. (B) Immunoblot analysis of epidermis from 2-
week old OTCs constructed using control- or PPARB/3-knockdown human keratinocytes (KctrL VS
Krparss) and fibroblasts (Fcrre VS Feparps). Involucrin and transglutaminase | (Tgase I): terminal
differentiation markers; keratin 10 (CK10): early differentiation marker. Keratin 5 (CK5) identifies
the basal keratinocytes. Representative immunoblots of epidermis from 2 OTCs are shown.
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Figure 6. . Fppargs potentiate the adjacent epithelial proliferation

(A) Immunofluorescence staining of two-week old organotypic skin cultures. Organotypic skin
cultures (OTC) constructed with control or PPARf/3-knockdown keratinocytes (Kctre VS Kpparps)
and fibroblasts (Fcrre VS Feparps). Pictures from representative immunostained sections are
shown. H&E: Hematoxylin and eosin staining; Bar: 40 um. Ki67: cell proliferation (white arrows),
TUNEL: cellular apoptosis (white arrows) and DAPI (blue): nuclear staining. Dotted white lines
show the epidermal-dermal junction. Bar: 20 um. Mean numbers of proliferating and apoptotic
cells were derived from 5 standardized microscopic fields per section, performed on 3 sections
from 4 independent OTC constructions for each combination. Mean Ki67-positive cells per
microscopic field (KCTRL/FCTRL; 10 + 1.1; KPPAR,B/JFCTRL, 9 + 1.8; KCTRL/FPPARﬂ/& 325 + 2.11;
Kepargo/Frrargs 26.4 = 3.3). (B) Immunoblot analysis of epidermis from 2-week old OTCs
constructed using control- or PPARB/3-knockdown human keratinocytes (Kcrre VS Kppargs) and
fibroblasts (Fctre VS Feparps). Cell proliferation was measured using PCNA and cyclin D1.
Apoptosis was detected using caspase 3. B-tubulin showed equal loading and transfer. Representative
immunoblots of epidermis from 2 OTCs are shown.
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1.4.2 Organotypic cultures with Fppargis Show increased expression of mitogenic
factors

The paracrine effect of Fppargs On epidermal proliferation is likely mediated by changes
in the production and secretion of mitogenic or anti-mitogenic factors by the fibroblasts.
To understand the mechanism underlying the enhanced epidermal proliferation in OTC
with Fppargs an unbiased protein array was done. Inflammatory cytokine and growth
factor arrays were used to compare conditioned media from OTCs reconstructed using
wildtype keratinocytes with either Fcrr. Or Fppargs. A total of 76 distinct proteins were
screened and the results showed that the protein expression of several mitogenic
factors and cytokines were increased in OTC with Fpparps (Table 2). Notably, most of
the proteins whose expression was increased have a known mitogenic action on
keratinocytes. The expression of transforming growth factor-p1 (TGF-B1), which exerts
a pronounced anti-proliferative effect on keratinocytes, and the highly abundant IL-1q,
constitutively produced by keratinocytes, remained unchanged. The expression of two
pro-angiogenic factors, namely vascular endothelial growth factor (VEGF) and placental

growth factor (PIGF), were reduced in OTC with Fppargs When compared to Fergy.

To verify that a reduced PPARB/® expression leads to a transcriptional up-
regulation of mitogenic factor expression, we performed gPCR on selected mitogenic
genes from OTC Fcrre and Fpepargss in the absence or presence of the PPARB/S agonist
GW501516. Consistent with the protein array results, Fcrr. exposed to GW501516 for
12 h showed a decrease in the expression of these genes (Fig. 7A). Importantly,
Frrarsis €xpressed higher basal levels of these mitogenic factors and, as expected,
ligand treatment had no effect. Altogether, fibroblasts deficient in PPARB/® have an

increased expression of mitogenic factors (Fig. 7A).
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Table 2: Relative fold change of protein expression in OTCs with Fppargs
compared with Ferre

Cytokines /Growth Factors ®Fold change
°Keratinocyte growth factor (KGF) 4.01+0.11*
°Interleukin-6 (IL-6) 5.56+0.02**
°Interleukin-8 (IL-8) 2.94+0.14*
Interleukin-10 (IL-10) 2.13+0.07**
Interleukin-16( IL-16) 2.86+£0.11*
®Granulocyte-macrophage colony-stimulating factor 5.26+£0.10**
(GMCSF)

[-309 3.33+0.16**
Eotaxin-2 3.03+0.12**
Vascular endothelial growth factor (VEGF) 0.25+0.011*
Placental growth factor (PIGF) 0.33+0.014*

®The intensities of signals were quantified by densitometry. Positive control in the array
blot, as provided manufacturer, was used to normalise the results from different
membranes being compared. Values obtained from the control OTC derived using WT
keratinocytes and fibroblasts were arbitrarily assigned a value of 1. Values represent
the mean fold increase as compared to control OTC (n=3).

®The mRNA expression level of these genes were further verified by gPCR.
* denotes p<0.1

** <0.01.
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Figure 7. Reduced fibroblast PPARB/8 expression up-regulated AP-1-controlled
mitogenic target genes.

(A) Expression of mitogenic factor mRNAs in 2-week old OTC Fppargs and Fcrre treated with
PPARB/3 agonist (GW501516, 500 nM, 24 h) or vehicle. The expression levels of the indicated
mitogenic factors were analyzed by qPCR and normalized to control ribosomal protein PO.
Results are represented in fold induction as compared to OTC Fcrr.. KGF: keratinocyte growth
factor, interleukin (IL)-6, -8, -10, -16, GMCSF: granulocyte macrophage-colony stimulating factor.
Data are mean + SEM, n = 3. (B) Immunoblot analysis of phosphorylated c-JUN from Fppargs and
Fcrre extracted from Kerri/Fepargs and Ketri/Fetre OTCs (n=2), respectively. Total c-JUN and
TAK1 protein expression level, which remains unchanged, showed equal loading and transfer.
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1.4.3 Increased expression of mitogenic factors by Fppargss

To gain further insight into this mechanism, we sought to identify the signaling cascade
that culminates in the up-regulation of the mitogenic growth factors in the Fppargs.
Interestingly, the expression of the genes encoding these mitogenic factors is known to
be regulated by the transcription factor AP-1"***°, Although direct regulation of eotaxin-2
by AP-1 has not been reported, the expression of this gene is stimulated by [L-1"%"",
The increased expression of 1-309 is likely the consequence of increased IL-8 level*®.
We first addressed the hypothesis that AP-1 belongs to the pathway through which
PPARB/6 regulates the expression of mitogenic factors in the Fpparps. We examined the
levels of phosphorylated (activated) c-JUN in Fppargs and Ferre fibroblasts extracted
from Kcrri/Frearps and Kerri/Fetre OTCs, respectively. Immunoblot analysis showed
that Fppargss isolated from the Kcrri/Frearps OTCs had enhanced phosphorylated c-JUN,
which is consistent with an increased activity of the AP-1 complex (Fig. 7B) and

increased production of growth factors.

The transforming growth factor activated kinase-1 (TAK1) plays a pivotal role in
the activation of many genes, including genes encoding mitogenic factors, via activation
of AP-1*"'®*, The IL-1a/B released by keratinocytes and TNF-a present in wound sites
activate TAK1'. To investigate the effect of PPARB/d on TAK1 activation, we examined
the expression of phosphorylated (active) TAK1 (phospho-(Thr184/187)-TAK1) in Fcrre
and Fpparps after IL-1a and TNF-a stimulations. Fcrre and Fppargs Were treated with
either vehicle (DMSQO) or PPARB/® agonist (GW501516) for 24 h prior stimulation by

either IL-1a or TNF-a. As expected, there was an increase in phospho-TAK1 in vehicle-
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treated Fcrr. exposed to either IL-la or TNF-a (Fig. 8). Co-treatment of these
fibroblasts with IL-1a and GW501516 significantly prevented the increase in phospho-
TAK1 levels in a dose-dependent manner (Fig. 8A & 8B). In the Fpparps, @ more robust
increase in phospho-TAK1 was observed, which was only marginally affected by
GW501516, showing that the ligand effect in Fcrr. was PPARB/d-specific (Fig. 8B). In
contrast, neither ligand-activated PPARB/d nor PPARB/d deficiency had an effect on
TNF-a-mediated TAK1 activation (Fig. 8B). To further this observation, we performed
chromatin immunoprecipitation (ChlIP) using phospho-c-JUN antibodies on the KGF and
GMCSF gene promoters in fibroblasts from Kcrri/Fetre and Kerri/Feeargs OTCs (Fig.
9A & 9B). There was more phospho-c-JUN immunoprecipitated chromatin from Fppargs
when compared to Fcrre, pointing to enhanced AP-1 binding and activation of the KGF
and GMCSF genes in Fppargs (Fig. 9A & 9B). Together, these results indicate that

PPARR/d specifically attenuates IL-1a-mediated TAK1 activation and thus AP-1 activity.
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Figure 8. Reduced fibroblast PPARPB/d expression increases IL-1f activation of
TAK1.

Immunoblot analysis of IL-13 and TNF-a activation of TAKL in Fcrre OF Fppargs Cells were
treated with either vehicle (DMSO), (A) GW501515 (500nM) or (B) GW501516 (800 nM) for 24 h
prior exposure to 10 ng/ml IL-1B (upper panel) or TNF-a (lower panel). At indicated time points,
total cell lysates were extracted. Equal amounts of total protein (50 ng) were resolved,
electrotransferred and probed for phosphorylated TAK1 (Thr184/187), total TAK1 and B-tubulin.
Values below each band represent the mean fold differences (n = 3) in expression level with
respect to vehicle-treated Fcrre at 5 min, which was assigned the value of one.
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Figure 9. Increased c-Jun binding to AP-1 site of human KGF and GM-CSF gene in
Frrargs -

ChIP of AP-1 binding site of human (A) KGF and (B) GMCSF genes using phospho-c-JUN
antibodies. The gene sequence spanning the AP-1 site and a random control sequence were
analyzed by PCR in the immunoprecipitated chromatin of Fcrre and Fppargss fibroblasts extracted
from K/Fcrre and K/Fpparss OTC, respectively. Preimmune serum was used as a control. gPCR
was performed on immunoprecipitates of phosho-c-JUN antibodies and normalized to input
(chromatin before immunoprecipitation). Results are represented in fold change as compared with
Fcrre fibroblasts extracted from K/Fcrre OTC. NoO immuoprecipitation was observed with
preimmune serum, and no amplification was observed for a control sequence. M, 100 bp DNA
molecular weight ladder.
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1.4.4 Neutralization of IL-1a/B signalling abolishes the mitogenic action of
Frrarp/s

Our results showed that IL-13-mediated, but not TNF-a-mediated, TAK1 activation and
AP-1-dependent expression of mitogenic factors were increased in Fpparps. This result
suggested that the IL-1a/f pathway is responsible for the mitogenic effect of PPARR/6-
knockdown in fibroblasts. If this was the case, negating the effect of IL-1a/f with
neutralizing antibodies against IL-1o/B would counteract the effect of PPARp/6-
knockdown in Fppargs. As anticipated, OTCs exposed to anti-IL-1o. and 3 antibodies
displayed a reduction in Ki67-positive keratinocytes, and the mitogenic action of Fpparg/s
was completely abolished (compare Fig. 10A & 10C), indicating that IL-1a/p signaling is
a major pathway in the control of keratinocyte proliferation. This was further confirmed
by immunoblot analysis of cyclin D1 and PCNA (compare Fig. 11A & 11C). Similarly,
inhibiting the action of the mitogenic factors should replicate the neutralizing effect of
anti-IL-1o/B antibodies. To test this possibility, we treated the OTCs with neutralizing
antibodies against KGF, GMCSF and IL-6, the three most abundant mitogenic factors in
our model. To avoid possible compensatory effects, we neutralized all three growth
factors simultaneously. Consistent with the results reported so far, all OTCs showed
thinner epidermis and reduced Kkeratinocyte proliferation when compared to the
corresponding OTC treated with pre-immune IgG (Fig. 11B & 11C and 10B & 10C).
Altogether, our observations indicated that the mitogenic action of the Fppargs Was due

to an increase in IL-1o/B mediated expression of mitogenic factors via TAK1 and AP-1.

76



IL-1a & B neutralizing antibodies

Kerarps

77



Figure 10. Neutralizing antibodies against IL-1a/B or against KGF, GMCSF and IL-
6 abolished the mitogenic effect of Fppargs.

(A-C) Indicated OTCs were constructed and set at air interface for 3 d prior adding to (A) IL-1a
and B, (B) KGF, GM-CSF, and IL-6 neutralizing antibodies or (C) preimmune IgG control.
Neutralizing antibodies or preimmune IgG, each at 400 ng/ml, were added to serum-free OTC
medium at each change of medium. The epidermis thickness in OTCs treated with 10 pg/ml
neutralizing anti-IL-lcx/B antibodies was KCTRL/FCTRL1 89.84 + 2.11 pm; KPPARﬂ/dFCTRL; 82.69 + 1.06
um; Kerr/Frparps, 90.86 + 2.54 um; and KpparpdFrparss 80.18 = 2.77 um, whereas that in OTCs
treated with anti-KGF, GM-CSF, and IL-6 (0.8 pg/ml each) was Kcrri/Fetre, 112.42 £ 3.57 pm;
KPPARﬁ/dFCTRL! 81.46 + 2.03 pm; KCTRL/FPPARﬁ/ﬁ; 88.94 + 4.32 pm; and KppARﬂ/depARﬁ/g, 85.15 +
1.69 um. All values lower (epidermis thinner) than those of the corresponding OTCs were treated
with a preimmune |gG (KCTRL/FCTRL; 139.08 + 3.39 pm; KPPARﬁ/dFCTRL, 113.69 + 2.70 pm;
KCTRL/FPPARﬁ/& 165.71 £ 3.14 pm; KPPARﬂ/c‘/FPPARﬂ/& 114.86 + 4.23 p.m) Data are mean + SEM, n =
4. No difference in Ki67-stained (arrows) proliferating cells were observed among the different
OTCs except for the OTCs Fpparps treated with preimmune 1gG in which the number of
proliferating keratinocytes was higher, as expected. Mean Ki67-positive cells per microscopic field
were as listed subsequently (neutralizing antibodies against IL-1o/B: Ketri/Fetr, 6 = 1.9;
KPPAR/)’/d/FCTRL, 7+1.3; KCTRL/FPPARﬂ/o‘, 8+2.0; and KppARﬁ/depAng/g, 8+2.3; neutralizing antibodies
against KGF, GMSF, and II-6: Kctri/Fetry, 9 + 3.4; KPPARﬁ/{JFCTRLa 6+1.9; KCTRL/FPPARﬂ/& 8+ 2.7;
and KppargdFrearss, 7 + 2.6; preimmune 1gG control treatment: Kcrri/Ferre, 10 + 3.2;
KPPAR,B/JFCTRL, 9+ 1.7; KCTRL/FPPARﬁ/& 34 + 4.1; and KppARﬁ/depARﬂ/g, 35 £ 2.2). Picture from
representative immunostained sections are shown. H&E, haematoxylin and eosin staining.
Dashed white lines denote epidermal-dermal junction. Bars, 40 pum.
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Figure 11. Neutralizing antibodies against IL-1a/B or against KGF, GMCSF and IL-
6 abolished the mitogenic effect of Fppargs.

Immunoblot analysis of epidermis from indicated OTCs treated with (A) IL-1o/p (400 ng/ml) (B)
KGF, GMCSF and IL-6 neutralizing antibodies (each at 400 ng/ml) or (C) pre-immune IgG (400
ng/ml). Antibodies were added to OTC medium at each change of medium. Cell proliferation was
measured using cyclin D1 and PCNA. Values below each band represent the mean fold
differences in expression level with respect to Kcrre from Kerri/Fetre OTC, which was assigned
the value of one. B-tubulin served as a loading control. Representative immunoblots of epidermis
from 2 indicated OTCs are shown.
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1.4.5 Human slL-1ra gene is a direct target of PPARP/S in fibroblasts

In vivo, the release of IL-1a/f by basal keratinocytes is sufficient to maintain tissue
homeostasis and to initiate cutaneous inflammation**'*. While we did not detect a
change in the expression of IL-1a/f in the protein array (Table 2), we clearly showed
that PPARRB/® specifically attenuated IL-18 response, including the activation of TAK1.
This suggested that the attenuation of IL-1p signaling by PPARB/® occurs upstream of
TAK1 activation. To examine whether PPARB/d has a regulatory effect in IL-1o/f
signaling cascade, we measured the mRNA levels of IL-1a, IL-1pB, IL-1R1, IL-1R2, iclL-
lra , slL-1ra and IRAK (IL-1 receptor-associated kinase) - all key players of IL-1
signaling — in OTC epidermal keratinocytes (Kctre and Kppargs)and dermal fibroblasts
(FcrrL and Fppargs). With the exception of higher level of siL-1ra in the OTC Fcgrr, we
detected no change in the expression of the other mediators of IL-1o/B signaling
(Fig.129A). Consistently, elevated slL-1ra was detected in the medium of OTC with
Fcrre @s compared to Fppargss, but no difference was observed in iclL-1ra protein within

the fibroblasts (Fig. 12B).

To determine whether the sIL-1ra promoter is directly regulated by PPARB/ in
the fibroblasts, a 4.4 kb fragment of the promoter region was subcloned into a luciferase
reporter vector and analyzed in transactivation assays. Three putative PPRE sequences
were identified in the slL-1ra promoter (Genbank no. X64532), PPRE1 at position -
1038/-1050, PPRE2 at -1072/-1084 and PPRE3 at -4067/-4079, using NUBIScan™® (Fig.
13A). Transfected primary fibroblasts treated with the PPAR/5 ligand GW501516 alone
showed only a modest ~3-fold increase in reporter activity (Fig. 13A). As expected,
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Figure 12. Reduced slL-1rain PPARP/d deficient fibroblasts.

Expression of slL-1ra and iclL-1ra mRNA (A) and protein (B) in OTC keratinocytes (Kctre and
Kepargs) and fibroblasts (Fcrre and Fppargs). SIL-1ra and iclL-1ra mRNA were analyzed by gPCR
and normalized to ribosomal protein PO. sIL-1ra level was determined by ELISA from medium of

Ketru/Fetre @and Ketri/Fepargs OTCs. The iclL-1ra levels were measured by ELISA from cell
lysates. Data are mean + SEM, n = 4. * denotes p<0.05, ** p<0.01.
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treatment with IL-1B increased the reporter activity by ~20-fold, consistent with earlier

studies®®®

. Importantly, this IL-1B-mediated transactivation was further enhanced by
treatment with GW501516 to ~50-fold (Fig. 13A). To identify the functional PPREs
responsible for the PPAR-mediated up-regulation, site-directed mutagenesis of the
PPREs was performed. Transactivation assays with the various mutated promoters
clearly showed that the stimulatory effects of PPARB/d were mediated by two PPREsS,
i.e. PPRE1 and PPRE3. To investigate if PPARB/® was truly bound to these identified
PPREs in the slIL-1ra promoter, electrophoretic mobility shift assay (EMSA) and
chromatin immunoprecipitation (ChiP) were performed. As expected from the above
results, specific protein-DNA complexes were detected in EMSA for PPRE1 and PPRES3,
which were effectively competed by a consensus PPRE oligonucleotide (Fig. 13B). As
positive control, the consensus PPRE oligonucleotide was used as a probe, which was
specifically competed by the unlabelled consensus PPRE but not by a non-specific
competitor containing a non-functional MEd DR1 element from the malic enzyme
promoter'®” (Fig. 13B). Similarly, ChIP done on OTC F¢tr. Using a monoclonal anti-
PPARB/® antibody showed the binding of PPARB/d to both PPRE1 and PPRE3 (Fig.
13C). As expected, this effect was not observed in the Fppargs and no signal was seen
with pre-immune serum either. In addition, no binding was detected to a control
sequence residing between PPRE1 and PPRE3. These data clearly showed that
PPARB/® specifically binds to the identified functional PPREs in the human siL-1ra

promoter in OTC Fcrr.. Together, they indicated that the human siL-1ra promoter is a

direct PPARB/® target in primary human dermal fibroblasts.
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Figure 13. Human siL-1ra is encoded in a direct PPARP/d target gene in
fibroblasts.

(A) PPRE1 and PPRE3 of the human slL-1ra gene are functional. Transactivation assay in
fibroblasts co-transfected with a luciferase (luc) promoter driven by the human sIL-1ra promoter
and pEF1-B-galactosidase as control of transfection efficiency. Relative positions of the 3 putative
PPREs (PPRE 1-3) and their mutants (MPPRE 1-3) are represented in solid and open ovals,
respectively. Cells were treated with either GW501516 (500 nM) and/or IL-1B (10 ng/ml) for 24 h.
Luciferase activity was measured and normalised reporter activity is shown as fold induction as
compared to untreated fibroblasts. Data are meantSEM, n=4. (B) EMSA of human slL-1ra
PPRE1, PPRE3 and consensus PPRE (conPPRE). Radiolabelled PPRE1 (Top left panel),
PPRE3 (Top middle panel) and conPPRE (Top right panel) were incubated either with RXRa,
PPARp/5 or both. NSC denotes non-specific competitor, the non-functional MEd DR1 element in
the malic enzyme promoter. SC denotes non-radiolabelled conPPRE. As positive control,
conPPRE was used. Mutated consensus PPRE is denoted by mconPPRE. PPAR/5 did not bind
to PPRE2 and mutated PPRE probes (mconPPRE, mPPREL1, 2, 3) (bottom left panel). Alignment
of the PPREs (hslL-1ra PPRE 1-3) in the promoter of human slL-1ra gene with the consensus
PPRE. Site-directed mutations are indicated as underlined nucleotides (hsIL-1ra mPPRE 1-3)
(bottom right panel). (C) PPAR/d binds to PPRE1 and PPRE3 of the human siL-1ra gene in
fibroblasts. ChIP assays were conducted using pre-immune IgG or antibodies against PPARB/3
(AB) in Fcrre (Wt) and Fpparps (kd) fibroblasts extracted from 2 independent OTCs (OTC1 and
OTC2). The regions spanning PPRE1 and 2 of the sIL-1ra gene were amplified using appropriate
primers (Table 1). A control region between PPRE1 and 2 served as negative control.
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Altogether, these results revealed interplay between two neighboring cell types in
normal skin, the keratinocytes and the fibroblasts. We showed that IL-1a/B secreted by
the keratinocytes activates TAK1/AP-1 signaling, which up-regulates the expression of
mitogenic factors in the fibroblasts and thus, enhances epidermal proliferation. We also
showed that PPARB/S in the fibroblasts plays a homeostatic role where it stimulates the
expression of the slL-1ra, modulates IL-1oa/B-mediated mitogenic factors gene

expression and thus, attenuates epidermal proliferation.

1.4.6 slL-1ra knockdown fibroblasts increase keratinocytes proliferation

As a natural antagonist of IL-la/f signaling, slL-1ra attenuates IL-lo/B action by
competitive binding to the type 1 IL-1 receptor. So far herein, we have demonstrated
that the slL-1ra gene in fibroblasts is a direct target of PPARB/S, and that accordingly
PPARPB/d knockdown result in a reduced production of slL-1ra. To test if the reduced
production of siL-1ra by Fppargs triggers Kkeratinocyte proliferation, we examined the
effect of exogenous IL-1ra supplemented into the medium of various OTCs, in particular
those with Fppargs. Importantly, exogenous IL-1ra abolished the mitogenic effect of
Frrargs (Fig. 14A, top panel). This was further confirmed by immunoblot analysis of
cyclin D1 and PCNA on the epidermis from the various OTCs (Fig. 14A, bottom panel).
Thus, inhibition of IL-1o/p signaling using IL-1ra can rescue the pro-proliferating effect

that PPARB/® deficiency in the fibroblasts has on keratinocyte proliferation.

To strengthen these results, we examined the role of sIL-1ra on epidermal

proliferation using RNA interference. A siRNA designed to target slL-1ra was introduced
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into the human primary fibroblasts. gPCR and ELISA analyses revealed >95% reduction
in slL-1ra mRNA and protein in the transduced fibroblasts (Fig. 14B). The knockdown
showed high specificity for the targeted slL-1ra mRNA as the level of ic-IL-1ra mRNA
was not altered (Fig. 14B, left panel). The slL-1lra-knockdown fibroblasts (Fg-1ra),
together with wildtype keratinocytes, were used in OTC. Consistent with the above
results, reducing the slL-1ra production in fibroblasts resulted in increased keratinocyte
proliferation as indicated by the large increase in Ki67-positive cells, and cyclin D1 and
PCNA expression (Fig. 15A & 15B, left panel). This marked increase in epidermal cell
proliferation is accompanied by enhanced activation of TAK1 and c-JUN in the Fg.1ra

when compared to Fcrre (Fig. 15B, right panel).

To provide further evidence that reduced siL-1ra in fibroblasts results in the
increased expression of mitogenic factors, protein arrays were used to compare

conditioned media from OTCs using wildtype keratinocytes with either Fcrr. OF Fsji-1ra
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Figure 14. Reduced slL-1ra in fibroblasts potentiates epidermal keratinocyte
proliferation.

(A) Indicated OTCs were constructed as described in Material and methods and treated with
either vehicle (PBS) or 10 pg/ml IL-1ra from day 3 after air interface setting. Fresh medium
containing either vehicle or IL-1ra were changed every 3 d for 2 wk. As control for comparison,
vehicle-treated Kcrri/Fctre Was shown. Pictures from representative sections immunostained with
the denoted markers are shown. Ki67, cell proliferation; DAPI, nuclear staining. Dashed white
lines represent epidermal-dermal junction. Mean numbers of proliferating cells were determined
as described in Flg 7. Vehicle (PBS) treatment: Ketr/FcTre, 8.5  1.7; KCTRL/FPPARﬂ/& 30.5 +4.1;
KppARﬁ/depARﬁ/& 29 + 3.6; exogenous IL-1ra treatment: Kctr/Fetre, 8 £ 2.26; KppARﬂ/depARﬁ/g, 7+
2.04. Bars: (top) 40 pm; (bottom) 20 pum. (B) Immunoblot analysis of epidermis from indicated
OTCs treated with either vehicle (PBS) or exogenous IL-1ra (50 ng/ml). Cell proliferation was
measured using PCNA and cyclin D1. Pictures and values below each band were as derived as
described in Figure 8C. (C) Specific knockdown of sIL-1ra in human fibroblasts. Left: Knockdown
efficiency was monitored by gPCR and normalized with control ribosomal protein PO. Specificity of
knockdown was assessed by the relative expression level of icll-1ra. Right: protein expression of
slL-1ra and iclL-1ra as determined by ELISA. ** denotes p<0.01; *** p<0.001. Data are mean *
SD, n=3.
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Figure 15. Reduced fibroblasts slL-1ra increases epidermal proliferation.

(A) OTCs were constructed using Kcrre With either control (FctrL) or slL-1ra-knockdown (Fg-1ra)
fibroblasts. H&E: Hematoxylin and eosin staining (top panel); Bar: 40 um. Ki67: cell proliferation
(white arrows); DAPI: nuclear staining. Bar: 20 um. Mean numbers of proliferating cells were
derived as described in Figure 3. Broken lines denote epidermal-dermal junction. (B) Immunoblot
analysis of keratinocytes and fibroblasts extracted from two independent indicated OTCs. Equal
amounts of total protein (50 pg) were resolved, electrotransferred and probed for indicated
proteins. Values below each band represent the mean fold differences in expression level with
respect to Kcrre Or Ferre extracted from Kerr /Ferre OTC.
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(Table 3). In addition to those listed in Table 1, the expression of two additional factors,
chemokine ligand 1/growth-related oncogene (CXCL1 or GRO-a) and stromal-derived
growth factor (SDF-1), were increased in OTC Fg1a compared to Fcrre. The
expression of CXCL1 and SDF-1 is c-JUN-dependent and their expression increased
keratinocyte proliferation****®*. Similarly, when comparing OTCs with Fcrr. and Fepargs,
there was a trend for higher CXCL1 and SDF-1 expression in OTCs Fppargs, although

the fold increase was not significant.

Finally, we also performed ChIP using phospho-c-JUN antibodies on the KGF,
GMCSF and IL-6 gene promoters in fibroblasts extracted from Kcrr/Fctre and
Ketr/Fsit-ira OTCs. The sequences spanning the AP-1 binding site were significantly
enriched in the immunoprecipitates obtained from Fg -1, compared to Fcrre (Fig. 16, left
panel). This was further confirmed by gqPCR normalized to chromatin before
immunoprecipitation i.e. input (Fig. 16, right panel). Altogether, we concluded that
reduced slL-1ra production in the fibroblasts, as observed in Fppargs, had a pronounced

mitogenic effect on the epidermis.
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Table 3: Relative fold change of protein expression in OTCs with Fg 1aCOmpared

to Fcrre.

Cytokines /Growth Factors

2Fold increase

"KGF 5.47+0.22%
°IL-6 6.11+0.31*
IL-8 3.47+0.06**
IL-10 3.88+0.15%
IL-16 3.78£0.41%
"GMCSF 7.74+0.31%
Chemokine ligand 1 (CXCL1) / Growth-related oncogene (GRO-

a) 2.67+0.16*

Stromal-derived growth factor 1 (SDF-1) 2 3340 07*

[-309 4.57+0.20**
Eotaxin-2 6.19+0.62**
VEGF 0.22+0.030*
PIGF 0.25+0.021*

®The intensities of signals were quantified by densitometry. Positive control in the array
blot, as provided manufacturer, was used to normalise the results from different
membranes being compared. Values obtained from the control OTC derived using WT
keratinocytes and fibroblasts were arbitrarily assigned a value of 1. Values represent

the mean fold increase as compared to control OTC (n=3).

PChIP was performed on these genes using phospho-c-JUN antibodly.

* denotes p<0.1

** n<0.01.
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Figure 16. Increased c-JUN binding to AP-1 site of human KGF, GMCSF and IL-6
gene promoter in Fg-1ra.

ChIP of AP-1 binding site of human KGF (top), GMCSF (middle) and IL-6 (bottom) genes using
phospho-c-JUN antibodies. The gene sequence spanning the AP-1 site and a random control
sequence were analyzed by PCR in the immunoprecipitated chromatin of Fcrre and Fgi-1ra
fibroblasts extracted from K/Fcrre and K/Fg.1ra OTC, respectively. Pre-immune serum was used
as a control. gPCR was done on immunoprecipitates of phospho-c-JUN antibodies and
normalised to input (chromatin before immunoprecipitation). Results are represented in fold
change as compared to Fcrro extracted from K/Fcrre OTC. M: 100 bp DNA molecular weight
ladder.
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1.4.7 PPARP/5 KO mice show reduced slL-1ra expression during early wound
healing

Next, we evaluated the relevance of our findings during mouse skin wound healing, an
in vivo model that involves the IL-1a/pB pathway. We first demonstrated that, consistent
with our observations in human cells, activated PPARB/® increased the IL-la-induced
slL-1ra expression in WT but not in PPARB/3-KO primary fibroblasts (Fig. 17A & B).
Next, we examined the in vivo expression of IL-1ra in skin wound biopsies collected
during early wound healing. Quantitative PCR analysis of early wound biopsies (Day 1
to Day 3) showed a significantly lower slL-1ra expression in PPARB/5-KO tissue when
compared to its WT counterpart (Fig. 17C), consistent with the enhanced -cell
proliferation previously reported during early wound healing™**. Notably, this difference in
slL-1ra expression was no longer detected in later wound biopsy specimens (Day 7)
(Fig. 17C). Consistently, analysis of wound fluids collected from Day 2 and 3 wound
beds showed reduced slL-1ra protein in PPARB/3-KO mice, when compared to WT
mice (Fig. 17C). The expression of iclL-1ra in early and late wound biopsies was
unchanged between WT and PPARB/3-KO mice (data not shown). Because
keratinocytes only produced iclL-1ra, the change in slL-1ra expression was attributed to
the fibroblasts, a hypothesis which was verified by performing gPCR analysis of laser
microdissected epithelium and dermis sections from Day 4 wound biopsies of WT and
KO mice (Fig. 18). Consistent with our above results, wound PPARB/3-KO dermis had
reduced slL-1ra expression, and concomitantly increased levels of IL-6, GMCSF and
KGF when compared to wound WT dermis (Fig. 17D). These results confirmed that the

expression of slL-1ra was also modulated by PPARB/& in mouse fibroblasts. We next
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examined the effect of topical application of exogenous IL-1ra on the expression of IL-6,
GMCSF and KC (also known as CXCL1, GROa, another c-JUN target gene) in early
wound biopsies. As expected, exogenous IL-1ra reduced the expression of the IL-6,
GMCSF and KC in PPARB/®-KO wounds (Fig. 17E). In summary, in vivo wound biopsy
and fluid analyses also revealed lower sIL-1ra mRNA and protein in the PPARB/3-KO
mice. Taken together our observations from two different species, and from both OTC
and in vivo experiments indicated that PPARB/&-deficient fibroblasts had reduced siIL-ra
expression compared to wildtype cells, and that this reduced slIL-1lra production

increased epidermal proliferation.
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Figure 17. Regulation of IL-1f signaling via PPARB/8 during wound repair in
PPARp/3-null mice.

Expression level of (A) slL-1ra and of (B) iclL-1ra in wildtype (WT) and PPARp/5-null (KO) fibroblasts.
WT and KO primary fibroblasts were treated with PPARB/6 ligand (GW: GW501516, 100 nM) and/or IL-
1B (10 ng/ml). The mRNA (left panel) and protein (right panel) expression levels were measured by gPCR
and ELISA, respectively. Values are mean + SEM, n = 4. (C) Expression level of slL-1ra in early wound
biopsies of KO mice. Wound fluids and biopsies were collected at the indicated day post-wounding (Day 1-
3, n =7 and Day 7, n = 4). Unwounded skin was used as control (ctrl, n = 4). slL-1ra mRNA and protein
levels were determined by qPCR and ELISA, respectively. * denotes p<0.05; **, p<0.01; ***, p<0.001. (D)
Expression of sIL-1ra, ic-IL-1ra, KGF, IL-6 and GMCSF mRNAs from microdissected dermis of WT (n =
3) and KO (n = 4) wound biopsies. Indicated mitogenic factors mMRNA levels were analyzed by qPCR and
normalized to control ribosomal protein PO. Data are mean + SEM, n = 4. (E) Expression levels of indicated
factors mMRNAs in vehicle (veh; carboxymethylcellulose)- and IL-1ra-treated (3 x 2.5 pg) wounds of KO
and WT mice as compared to corresponding unwounded (ctrl) skin. Data are mean + SEM, n = 4.
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Figure 18. Laser capture microdissection (LCM) of normal and wound biopsies.

Hematoxylin and eosin (H&E) stained of normal skin and Day 4 wound biopsies from wildtype and
PPARJ/3-knockout mice before and after laser capture microdissection using PALM Microbeam
Axio Observer Z1 (Carl Zeiss, Inc.) with a long distance Plan-Neofluar 20x/0.40 NA objective. The
acquisition software used was PALM RoboSoftware 4.2 (Carl Zeiss, Inc.). Pictures were taken
with a charge-coupled device camera system (3-Chip; Hitachi), and representative H&E stained
sections are shown. Microdissected tissues were subsequently processed for real-time PCR
analysis. Bars, 20 um.
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1.5 DISCUSSION

Wound healing is a complex process that consists of a cascade of overlapping events,
including inflammation, re-epithelialization, and remodeling, directed at restoring the
epidermal barrier. During the healing process, interactions between different cell types
provide coordination between individual events, allowing for temporal and spatial control.
Re-epithelialization is accomplished through increased keratinocyte proliferation and the
guided migration of keratinocytes over the granulation tissue. Such processes require
ordered changes in the behavior and phenotype of the keratinocytes; such changes are
modulated by the interplay of keratinocytes with dermal fibroblasts, i.e., epithelial-
mesenchymal communication and the ability to integrate diverse signals from the wound
microenvironment through a network of autocrine- and paracrine-acting factors. The
results presented here suggest a novel unsuspected role of PPARR/S in fibroblasts, as it
appears to ensure a balanced functional interaction between the dermis and epidermis.
We show that keratinocyte proliferation is controlled by the same dermal fibroblasts that
produce AP-1-dependent mitogenic factors under the control of the IL-1/TAK1 signaling
cascade, whose activity level is modulated by PPARPB/d via the direct control of the

secreted IL-1 antagonist (slL-1ra) (Fig. 19).

The development and maintenance of normal epidermal tissue requires a
continuous exchange of signals with the underlying dermal compartment. Fibroblasts
are a major cell type in the dermis, and their function in regulating extracellular matrix
deposition and growth factor expression helps determine the differentiation state of the
epidermis. Previous studies have shown that gene expression changes in the dermal

fibroblasts significantly influence epithelial cell fate'*®. In the presence of
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Figure 19. The autonomous and non-autonomous actions of PPARB/S.

PPARB/3 confers anti-apoptotic properties to keratinocytes and potentiates their migration via
AKT1 and Rho GTPases, respectively, in a cell-autonomous manner**'°, PPARB/5 also
influences keratinocyte differentiation in a yet unknown mechanism. PPAR/5 regulates epidermal
proliferation in a non-autonomous fashion via a paracrine mechanism. Interleukin-1 (IL-1)
constitutively produced by the adjacent keratinocytes activates c-JUN, an obligate partner of AP-1
transcription factor via the transforming growth factor kinase-1 (TAK1), and consequently
increases the production of several mitogenic factors. The expression of PPARB/5 in the
underlying fibroblasts attenuates this IL-1 signaling via the production of secreted IL-1 receptor
antagonist (slL-1ra). slL-1ra has little affinity for type 2 IL-1 receptor (IL-1R2), which is highly
expressed in keratinocytes. Thus, slL-1ra acts in an autocrine fashion onto the fibroblasts, which
expressed the predominant functional type 1 IL-1 receptor (IL-1R1). The binding of slL-1ra to IL-
1R1 modulates the IL-1-mediated signalling events and consequently decreases the production of
several AP-1-mediated mitogenic factors. The mitogenic factors exert a reduced paracrine effect
on the epithelial proliferation via their cognate receptors (R). Therefore, PPAR/S in the fibroblasts
plays an important homeostatic role in maintaining epidermal homeostasis, the absence of
PPARB/s resulting in significant epidermal proliferation.
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IL-1-producing keratinocytes, PPARB/& was found to be the predominant PPAR isotype
in fibroblasts. Interestingly, PPARB/ directly increased the expression of slL-1ra in the
fibroblasts, acting in an autocrine manner to modulate the expression of several IL-1-
dependent mitogenic factors (Fig. 16). This autocrine action is possible because IL-1R1
is the predominant IL-1 receptor subtype in fibroblasts, whereas keratinocytes express
IL-1R2, which has a very low affinity for sIL-1ra and protects them from an exacerbated
autocrine action of the IL-1o/p that they constitutively produce. Importantly, this study
highlights the fact that PPARB/® has a homeostatic role during epidermal formation in

the dermal fibroblasts, balancing cell proliferation by controlling IL-1a/p signaling.

It was reported that the enhanced TPA-induced hyperplasia in KO mice was due
to reduced ubiquitin C, whose expression is regulated by PPARB/3"*. The impaired
ubiquitin-dependent proteosome-mediated protein turnover in KO mice resulted in a
higher PKCa level and increased Rafl and MAPK/ERK activities, which in turn, led to
an increase in the level of cell proliferation'’!. Other reports from two different model
systems have shown that PKCa overexpression does not affect the proliferation of
primary human Kkeratinocytes and the proliferation of PKCa-transgenic mouse
keratinocytes*’**?, In fact, PKCa-transgenic mouse keratinocytes treated with TPA
underwent apoptosis?. This is in apparent discrepancy with the delayed wound healing
kinetics observed in KO mice. Enhanced keratinocyte proliferation has also been
observed in many situations that do not involve TPA exposure, such as in the skin of
untreated KO mice compared with their wildtype (WT) counterparts, in the early stages
of wound healing and following hair plucking®*'****. Furthermore, no difference was

observed in the expression of phosphorylated MEK-1/2 and ERK-1/2 between the
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untreated (i.e., no TPA treatment) KO and WT mice"*. This raises the question of how
epidermal hyperproliferation occurs at wound edges in the early stages following injury
in KO mice in the absence of TPA™. These observations point to a complex role of
PPARB/® in cell proliferation. Indeed, our results showing that PPARB/® deficiency in
fibroblasts increases their mitogenic effect on epithelial cells highlights this complexity.
The underlying mechanism involves reduced slL-1ra production by fibroblasts, allowing
for stronger IL-1 signaling, resulting in increased TAK1 activity with a consequent rise in
mitogenic growth factor production. The in vivo relevance of this mechanism was
observed during early wound repair in KO mice, with reduced levels of slL-1ra in early
wound biopsies (Day 1 to 3) but not in late biopsies (Day 7). This pattern is consistent
with the early epidermal hyperproliferation reported in KO mice during the inflammatory

phase of wound healing**.

This study and earlier reports suggest different roles of PPARB/S in the dermis
and the adjacent epidermis. The activation of PPARB/® conferred anti-apoptotic
properties to the keratinocytes, mediated in part by the increased activation of the
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PKBa/Akt1 survival pathway*®. This anti-apoptotic role was similarly observed in mouse

76 Our data now

tubular renal epithelial cells’”> and in human keratinocyte HaCaT cells
clearly show that PPARB/® signaling in fibroblasts has a pronounced effect on the
growth potential of adjacent epithelia. Such differential roles were previously observed
for TGF-B1 signaling in wound repair'’’. Interestingly, an in vivo crosstalk between TGF-
B1/Smad3 and PPARP/® signaling in keratinocytes has been reported during wound

repair**. The development of a vascular supply is important for wound healing. Of note,

we also observed a reduced expression of VEGF and PIGF in OTC with Fppargs. While
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it is tempting to speculate that both VEGF and PIGF may be target genes of PPARp/S,
their regulation is complex and context-dependent and involves numerous factors, such
as von Hippel-Lindau tumor suppressor (pVHL), Sp-1, NF-kxB, HIF-a. and AP-1, among
others'®*®, Importantly, epithelial-mesenchymal interactions can also modulate VEGF
expression. During wound repair, impaired angiogenesis is consistent with the delayed

wound healing observed in KO mice®®.

1.6 FUTURE STUDIES

The tissue microenvironment plays a pivotal role in modulating gene expression and
cellular behavior, including the communication between the epithelium and the
mesenchyme. Likewise, the microenvironment milieu is comprised of factors that are
produced and released by these various cell types as communication signals. Of
interest, the activation of IL-1 signaling has been reported to promote tumor growth,
while its repression by IL-1ra has likewise been reported to have an anti-tumor effect™.
The role of PPARPB/d in tumorigenesis remains debatable because there is evidence
that this PPAR isotype both potentiates and attenuates epithelial cancers*®'®. Although
this question is not directly addressed in my previous study, the data clearly
demonstrated that Fppargs Can increase the proliferation of human squamous

carcinoma cells, which may significantly impact the carcinogenic process.

1.6.1 Tumor-stroma interaction during cancer progression: effect of nuclear
receptors including PPARP/8 in Cancer-associated fibroblasts (CAFs)

Skin cancers are the most frequently diagnosed cancer worldwide. There are two major

types of skin cancer namely the most serious case of malignant melanoma and the
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common non-melanoma such as basal cell carcinoma (BCC) and squamous cell
carcinoma (SCC). Patients having malignant melanoma often succumb to poor prognosis
and mortality if left untreated. Although patients infrequently die from SCC and BCC,
these tumours can cause skin disfigurement resulting in social isolation. While earlier
studies on cancer were primarily focused on the epithelial carcinoma cells, the
contributing role of the tumor stroma is gradually gaining research importance in recent
years. Cancer cells often secrete cytokines and growth factors that alter the normal
physiological functions of fibroblasts and thus affect nearly every aspect of stroma
remodelling and tumor growth'*>'**'#_QOn the other hand, the tumor microenvironment not
only serves as a passive soil for the seeding and growth of tumor cells (‘the seed’), but
also plays an active role in influencing the behaviour of tumor cells. As such, a more
realistic representation of in vivo conditions would require the analysis of the tumour-
stroma interaction.

The complex, dynamic interactions between tumor cells and the surrounding
tumor microenvironment play a key role in promoting tumor growth and metastatic
progression. The tumor stroma comprises most of the tumor mass in many carcinomas
and is characterized by the increased deposition of extracellular matrix***®, Its volume
and composition are partly governed by the response of stromal fibroblasts (also known
as cancer-associated fibroblasts, CAF) to the cytokines/signals that are released by the
cancer cells. As a major component of the tumor stroma, CAFs are recognized as
prominent modifiers of cancer progression. CAFs are large spindle shaped
mesenchymal cells that can be identified based on the combination of different markers

such as the expression of a-smooth muscle actin, fibroblast activation protein, fibroblast-
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specific protein-1, neuron-glial antigen-2 and PDGF B-receptor'”. Previous studies
comparing CAFs with normal fibroblasts showed that CAFs promote carcinogenesis in
non-tumorigenic epithelial cell and support in vivo tumor growth'**'**®’ This effect was
only observed with CAFs but not with normal fibroblasts suggests an exclusive role of
CAFs in promoting tumor growth'™. In addition, CAFs dissected from human tumor
biopsies revealed a contrasting microarray transcriptional profile from isolated cultured
CAFs and normal fibroblasts. This suggests that CAFs should not be studied in isolation,
given the indispensable paracrine influence from their counterpart tumor cells'®®.
Cancer-associated fibroblasts are an established source of classical growth factors
known to possess a tumor-promoting role, for example epidermal growth factor,
transforming growth factor-g and hepatocyte growth factor*”®. In fact, majority of current
research on CAFs has been focused on the secretion of pro-tumorigenic signals™**®,
Recent works showed that targeting platelet-derived growth factor (PDGF) signalling in
CAFs can delay the progression and decrease growth of invasive carcinomas****. Using
a PDGF receptor tyrosine kinase inhibitor to block PDGF signalling also decrease the
expression of fibroblast growth factor-2, a potent angiogenic factor and keratinocyte
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growth factor™. A similar paracrine signalling was also demonstrated in CXCL12

chemokine expressing CAFs, where binding of CXCL12 to receptor on epithelial cancer

cells enhanced their proliferation**

. A direct pro-metastatic effect of CAFs was also been
shown in experiments where different fibroblasts were co-injected with tumor cells**>**.
By contrast, very little is known about the transcription factors that are important for CAF

phenotype. In addition, the signalling pathways that result in gene expression changes

and coordinated tumor-promoting responses are also unclear. To develop therapeutic
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approaches that focus on containing cancer as a chronic and innocuous disease, both
tumor cells and CAFs need to be targeted. A better understanding of the role of nuclear
receptors (NRs) in CAFs, which feed tumor growth, may identify specific NRs as

potential pharmacological targets against this deadly biological event.

1.6.1.1 Reduced expression of PPARB/S in fibroblast results in increased
A5RT3 proliferation

Most of these studies have been restricted to the cancerous epithelial cells and the
expression profile of NRs in CAFs is unknown. Using organotypic co-culture (OTCs) of
human metastatic skin squamous cell carcinoma (A5RT3) with either CAFs or normal
dermal fibroblasts (NFs), we first compared the NRs expression profiling of CAFs from
NFs. In line with the above-mentioned objective, gene expression of 48 NRs was
determined with gPCR analyses performed on mechanically separated dermis
equivalents of OTCs. The result revealed that 24 NRs including 12 orphan receptors (eg.
PPARy, RARB and RXR) were up-regulated in CAFs comparing to NF. Three NRs
namely PPARB/®, VDR and GR were down-regulated while the remaining 21 NRs were
neither detected nor changed (Fig. 20). These data suggested a unique NRs profiling in

CAFs.

To provide supporting evidence that the epithelial tumor-CAFs interactions are
operative in the OTC and can reliably preserves the CAFs phenotype. The expression
of few NRs was verified by performing gPCR analysis of laser microdissected stromal
fibroblasts from the peri-normal tissue (PNFs) and squamous cell carcinoma (CAFs)
(Fig. 21A). Consistent with our above results, CAFs had reduced PPAR[/d expression,

increased PPAR/d expression and no significant change in PPARB/® expression when
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Figure 20. Heatmap shows changes in gene expression of 48 nuclear receptor
(NRs) in normal skin fibroblasts (NF) or cancer-associated fibroblasts (CAFs).

NFs and CAFs were isolated from normal human skin and skin squamous cell carcinoma biopsies,
respectively, via the explant method. Following organotypic co-culture with HaCaT-ras A5SRT3, a
human metastatic skin squamous cell carcinoma (Muller et al, 2001; kindly provided by German
Cancer Research Center), we examined the expression profile of 48 NRs in these two types of
fibroblasts. This organotypic culture allows for the epithelial tumor-CAF communication and
fibroblasts of <3 passages were used. NRs that functions as homodimers (blue) and those that
partners with retinoid X receptor (NR2B1-3) are indicated in red. Orphan receptors are denoted in
black. Data are mean + SD, n =3
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compared to PNF (Fig. 21B). Our previous data showed that slL-1ra is a direct
PPARP/b target gene in the fibroblasts. To this end, we examined the expression of siL-
1ra in CAF. Consistent with the role of PPARRB/d in regulating epithelial-mesenchymal
via IL-1 signaling, we observe a reduced expression of slL-1ra in CAF when compared

with PNF.

To provide further evidence that reduced PPARPB/d in fibroblasts results in
increased tumor epithelial proliferation, two OTCs were constructed using A5RT3
keratinocyte with either control (Fcrr.) or PPARB/S-knockdown (Fepargs) fibroblasts. We
accessed the knockdown efficiency of PPARB/® expression in normal human dermal
fibroblasts by lentivirus-mediated siRNAs using gPCR and immunoblot analyses. gPCR
revealed a >90% reduction of PPARB/® expression in cells transduced with the siRNA
PPARPB/511 sequence as designed in table 1 (Fig. 19A, left panel). Consistent with this
result, immunoblot analysis showed negligible levels of PPARB/& protein in the
transduced cells (Fig. 22A, right panel) The ASRT3/Fppargs OTCs with reduced levels of
PPARB/d displayed a higher mean number of Ki67-positive cells with respect to the
control OTC (Fig. 22B) and increased cyclin D1, PCNA expressions (Fig. 22C).
Altogether, these results revealed a potential proliferation stimulatory effect of reduced

PPAR/® in CAFs on the tumour epithelial growth.
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Figure 21. Reduced PPARP/® and slL-1ra in cancer-associated fibroblasts.

(A) H&E images of squamous cell carcinoma before and after laser capture microdissection (LCM)
using PALM Microbeam (Carl Zeiss). (B) Relative expression of PPARa, PPARB/®, PPARy and
slL-1ra in stromal fibroblasts from peri-normal tissue (PNFs) and squamous cell carcinoma
(CAFs). Expression levels were normalized with control ribosomal protein PO mRNA. ** denotes
p<0.01; *** p<0.001. Data are mean = SD,n=3
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Figure 22. PPARB/d-deficient fibroblasts increase epithelial tumor cell
proliferation.

(A) Normal human fibroblasts were transduced with a lentiviral vector harboring a control (Fctre)
or PPARB/® (Frparss) SIRNA. Efficiency in suppressing PPARB/d mRNA (left) and protein (right)
expression were determined by qPCR and immunoblot, respectively. (B) Fpparss potentiates the
growth of human squamous cell carcinoma cell line (HaCat-A5RT3) in organotypic coculture
(OTC). H&E staining revealed a thicker epithelial layer associated with a higher number of Ki67-
positive proliferating cells. Scale bar denotes 20 um. (C) Immunoblot analysis of the tumor

epithelia from OTC with proliferation markers, PCNA and cyclin D1. B-tubulin showed equal
loading and transfer.
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1.6.1.2 Organotypic culture with Fppargs Show increased expression of
mitogenic factors

Earlier studies have shown that ligand-activated PPARB/5 stimulated the differentiation
of human keratinocytes in monolayer cultures. In this study, the autocrine and paracrine
consequences of PPAR/® deficiency during human epidermis formation using the

organotypic skin culture (OTC) model were examined. In this skin reconstruction assay,

keratinocytes were cultured on a collagen matrix containing dermal fibroblasts

The paracrine effect of Fppargs On epidermal proliferation is likely mediated by
changes in the production and secretion of mitogenic or anti-mitogenic factors by the
fibroblasts. To understand the mechanism underlying the enhanced epidermal
proliferation in OTC with Fppargs, an unbiased protein array was done. Inflammatory
cytokine and growth factor arrays were used to compare conditioned media from OTCs
reconstructed using wildtype keratinocytes with either Fcrre Or Fppargs. A total of 76
distinct proteins were screened and the results showed that the protein expression of
several mitogenic factors and cytokines were increased in OTC with Fppargs (Table 4).
Notably, most of the proteins whose expression was increased have a known mitogenic
action on keratinocytes. The expression of transforming growth factor-g1 (TGF-p1),
which exerts a pronounced anti-proliferative effect on keratinocytes, and the highly
abundant IL-1la, constitutively produced by keratinocytes, remained unchanged. The
expression of two pro-angiogenic factors, namely vascular endothelial growth factor
(VEGF) and placental growth factor (PIGF), were reduced in OTC with Fppargs When

compared to Fcrre.
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Table 4: Relative fold change in growth factors/ cytokines expression in HaCaT-A5RT3
OTCs with Fg.1;a compared to HaCat-A5RT3 OTCs with Ferg,.

Growth re]!atlve
Factors/Cytokines old
decrease

IL-12 p70 0.46*
MIP-1d 0.46*
IL-17 0.38**
IL-16 0.35**
MIP-1a 0. 32**
IL-3 0.28**
Eotaxin 0.09**
IL-2¢ O**
IL-4© 0**

Growth relative
Factors/Cytokines . fold A
increase
IL-6 1.60*
IL-8 1.69**
FGF-4 1.67**
PDGF-AA 1.76**
NT-4 1.78*
MCP-1 1.86**
GDNF 1.89*
TIMP-2 1.91**
SCF 2.00**
bFGF 2.01*
VEGF 2.04**
IGFBP-1 2.13**
HGF 2.24**
IL-6aR 2.39%*
M-CSF 2.66**
GMCSF 2.69*
FGF7 2.96*
HB-EGF 2.97**
TGF-bl 3.04**
PDGF-BB 3.04**
1-309 3.23**
TNF-a 3.49**
IP-10° O**
IL-15° 0**

AThe intensities of signals were quantified by densitometry. Positive control in the array
blot, as provided manufacturer, was used to normalise the results from different
membranes being compared. Values obtained from the control OTC derived using
HaCaT-RT3 (RT3) squamous cell carcinoma and Fcrr. fibroblasts were arbitrarily
assigned a value of 1. Values represent the mean fold increase as compared to control
OTC (n=4). ® and € denote not detected in RT3/Fcrr. and RT3/Fg .12 OTC, respectively.
* denotes p<0.01 and ** p<0.001.
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To further investigated the effect of reduced PPARB/® in the fibroblasts on
epithelial growth in vivo, the Cre-Lox technology in mice can be employed to
conditionally knockout PPARB/® in the fibroblasts. This mice model will clarify the
impact of PPARB/d knockout fibroblasts or CAF, which was showed to have reduced
PPARB/® expression, on the adjacent epithelial growth. It is hypothesized that these
conditional knockout mice will be more susceptible to proliferative effect in the epithelial

layer upon chemical inductions.

1.6.1.3 Expression Profiles of Nuclear Receptor in CAFs from Squamous
Cell Carcinoma.

The NRs expression profiling of CAFs has revealed unique changes in their expression.
We will extend our expression profiling of all 48 nuclear receptor to at least 4 more CAFs
using quantitative real-time PCR (qPCR). This will allow a firm conclusion about their
expression levels in CAFs in skin SCCs and importantly provide pertinent information of
specific NRs as potential targets. Human skin SCCs will be procured by dermatologists
in National Skin Centre, Singapore and we will isolate the CAFs as previously
described'®. CAFs isolated from patient biopsies will also be obtained from asterand.
These CAFs will be co-culture with A5RT3 to establish the essential epithelial-
mesenchyme communication. After one week of co-culture, we will perform NR
expression profiling of CAFs. To underscore the relevance of the NR expression profile,
gPCR will be performed on stromal fibroblast micro dissected from at least 3 archived
SSCs. These findings aim to reveal a detail and relevant expression profile of nuclear

receptors in cancer-associated fibroblasts.
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1.6.1.4 Effect of Modified CAFs on the Adjacent Tumour Growth using
Organotypic Co-culture.

To unravel the functional roles of NRs, we can perform either over-expression or knock-
down of nuclear receptors in CAFs. We hypothesized that the ectopic expression of the
gene, if it was down-regulated in CAFs, can attenuate epithelial tumour growth. Similarly,
a RNA interference (RNAI) approach could be adopted to shut down the expression of
the highly expressed NRs. As a proof of concept, our studies showed that the deficiency
of PPAR/® in the fibroblasts can modulate the adjacent tumour cell proliferation. Herein,
we refer to these CAFs, either over-expressing a specific NR or whose endogenous
expression of NR is suppressed by RNAI, as modified CAFs. We will either over-express
or knockdown the expression of NRs using a lentiviral method. The efficiency of over-
expression and suppression will be verified by gPCR and Immunoblot analysis. These
modified CAFs will be used to construct OTC with ASRT3 tumour cell. The apoptotic and
proliferation indexes will be determined by immunofluorescence analysis using TUNEL
and anti-Ki67, respectively. We will also perform growth factors and phosphoprotein
arrays to map out the underlying mechanism for the paracrine tumour-promoting or anti-
tumor effects, as a consequence of overexpression or deficiency in a specific NR in
CAFs. A better understanding of the role of NRs in CAFs, which feed tumour growth,
may identify specific NRs as potential pharmacological targets against this deadly

biological event.
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1.6.24 Orthotropic Surface Transplantation Assay in Nude Mice

The transplantation model is considered the most reliable test to identify normal epithelia
physiology as well as alterations in growth and differentiation associated with malignant
transformation in vivo condition. The particular technique exploits hat-shaped silicone
transplantation chambers that protects the graft from desiccation and isolate it from
contiguous host epidermis. This transplantation method offers several advantages when
compared with the subcutaneous injection of a mixture of tumour cells and CAFs.
Among others, early mesenchymal events, such as granulation tissue formation and
angiogenesis can be studied in detail. In general, the graft consists of a preformed

monolayer of tumour cells on a CAFs-embedded collagen matrix that separates it from

A
silicone
transplantation
chamber
O rstodded outer CRD ring
t collagen matrix
umor
cells ﬁl%lqypropylene
inner CRD ring
mouse
mesenchyme

I
muscle fascia

Figure 23. Graft transplantation assay.

(A) Schematic cross sections through a transplantation system of tumor cells implanted as an
early organotypic culture on a cancer-associated fibroblast (CAF) embedded collagen matrix
that separates the tumor epithelia and the mesenchyme. (B) Components of the Combi-Ring-
Dish (CRD) transplantation chamber. The Teflon inner (8.5mm inner diameter, thickness 2 mm)
rings are indicated. Silicone transplantation chamber (inner diameter: 12mm; outer diameter:
24mm; height: 10.7 mm).
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the mouse mesenchyme (Fig. 23). After 4-6 weeks post-transplantation, focused gene
expression profile of a panel of genes relevant to tumourigenesis will be performed.

The long term objective of this project is to identify nuclear receptors in cancer-
associated fibroblasts (CAFs) that can elicit tumour-promoting or anti-tumour paracrine
effects, and whose expression patterns correlates with those seen in human disease.
The expected benefit is to target specific NRs in the CAFs, aiming to prevent or reverse
the behaviour and functions of CAFs in order to contain the early transformation of

cancer cells or to cause them to regress.
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2.1 ABSTRACT

Poor healing diabetic wounds are prone for infections and effective therapies have been
lacking. Recent identified matricellular protein, Angiopoietin-like 4 (ANGPTL4), is up-
regulated during normal wound healing and has been implicated in angiogenesis and
vascular permeability. ANGPTL4 can interact with specific matrix proteins preventing
their degradation, and affects cell-matrix communication by altering the availability of
intact matrix proteins. ANGPTL4-null mice have delayed wound re-epithelialization,
reduced matrix proteins expression, increased inflammation and impaired wound-
related angiogenesis, which are characteristics of diabetic wounds. However, its
expression and role in diabetic wound repair remains unclear. Here we examined the
impact of ANGPTL4 on diabetic wound healing and identified possible regulation of
ANGPTL4 expression. Using diabetic mouse model, we found that diabetic wound has
altered expression of ANGPTL4 as compared to normal wound. Furthermore, topical
application of recombinant ANGPTL4 enhanced diabetic wound closure, re-
epithelization, wound angiogenesis and tissue granulation. Importantly, focused gene
expression profiling revealed that treatment with ANGPTL4 can restore majority of the
dysregulated temporal and expression levels of cytokines, growth factors and
transcription factors observed in diabetic mice wounds. Our study suggested that
replacement of ANGPTL4 provide adjunctive or new therapeutics avenues in diabetes-

associated complications, such as diabetic foot ulcers.
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2.2 INTRODUCTION

2.2.1 Diabetes wound repair

Type 2 diabetes mellitus (DM) is a chronic metabolic disorder, and its global prevalence
has been steadily increasing. DM is most likely one of the oldest diseases known to
mankind. The first reported case of diabetes is found in an Egyptian manuscript from
approximately 3000 years ago™®. The first distinction between type 1 and type 2 DM
was made in 1936'". Type 2 DM (formerly known as non-insulin dependent DM) is
characterized by insulin insensitivity due to insulin resistance, declining insulin

1% This leads to a decrease in

production, and the failure of pancreatic beta-cells
glucose transport into the liver, muscle cells, and fat cells accompanied by an increase
in fat breakdown and hyperglycemia. The involvement of impaired alpha-cell function
has recently been recognized as an important component of the pathophysiology of
type 2 DM, Due to this dysfunction, the glucagon and hepatic glucose levels that rise
during fasting are not suppressed with a meal'®®. The inadequate insulin levels and
increased insulin resistance combine to produce hyperglycemia'®®. The majority of
individuals suffering from type 2 DM are obese, with central visceral adiposity.
Therefore, adipose tissue is also believed to play a crucial role in the pathogenesis of
type 2 DM because elevated non-esterified fatty acid concentrations or ectopic fat
storage syndrome (deposition of triglycerides in muscle, liver and pancreatic cells) can
produce insulin resistance and beta-cell dysfunction'®. Type 2 DM can result from
interactions among genetic, environmental and behavioral risk factors?®?°*. People with
type 2 DM are more vulnerable to a variety of short- and long-term complications that

often lead to their premature death. The increased morbidity and mortality in patients

with type 2 DM are caused by its insidious onset and late diagnosis. As a result of this
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tendency, it is fast becoming an epidemic in some countries, and the number of affected
people is expected to double in the next decade. This will further add to the already
existing burden on healthcare providers, especially in poorly developed countries.
Chronic, non-healing foot ulcers are a significant problem for patients with
diabetes. A quarter of the patients suffering from this low extremity ulcers will eventually
undergo amputation. Neuropathy (mainly the loss of cutaneous sensory nerves)
combined with the association of uncontrolled hyperglycemia is a major predictor of
diabetic ulcer formation®®. Blood lipid abnormalities associated with insulin resistance
can also lead to severe vasculopathy in foot ulcers®?. These can affect the immune
response against any infection when the skin barrier is breached and the healing
response is adversely affected. The healing of an acute wound follows a predictable
chain of events (refer to section 1.2.2). This chain of events occurs in a carefully
regulated fashion that is reproducible from wound to wound. The phases of wound
healing are overlapping, but are described in a linear fashion for the purpose of clarity.
The phases that characterize wound healing include the inflammatory phase, the
cellular migration and proliferation phase, and the wound contraction and remodeling
phase'’. Diabetic wounds are characterized by the accumulation of devitalized tissue,
increased/prolonged inflammation, poor wound-related angiogenesis and deficiencies in
the ECM components®”?. Diabetic wounds show elevated levels of matrix
metalloproteinases (MMPs), increased proteolytic degradation of ECM components,
and the inactivation of growth factors. Together, these characteristics culminate in a
corrupt ECM that cannot support healing. Abnormal nitric oxide (NO) production also

contributes to the pathogenesis of impaired healing. Cells such as keratinocytes,
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fibroblasts and macrophages display dysfunctional expression and responses to many
growth factors and cytokines. Thus, these wounds typically are non-responsive to most
treatments.

Without question, tissue biopsy or excision is considered the most appropriate
sampling method for the collection of clinical samples for research. However, it is
difficult to study diabetic wounds in humans because of ethical issue associated with
obtaining the diabetic skin biopsies. This procedure is restricted because non-healing
wounds may require long term care, making the sampling itself potentially traumatic to
the patient. For this reason, many of the diabetic wound studies completed to date have
been carried out in diabetic mouse models with characteristics that are somewhat

similar to humans.

2.2.2 Mouse models of diabetes

Ideally, more than one mouse model should be used to represent the diversity seen in
human diabetic patients. Mouse models for type 1 diabetes are derived from animals
with either spontaneously developing autoimmune diabetes or chemical deletion of the

pancreatic beta cells®®

. Type 2 diabetes models can be derived from mice that are
either obese or non-obese with varying degrees of insulin resistance and functional
failure of the Beta islet cell*®. These mice exhibit syndrome of insulin resistance and
type 2 diabetes with characteristics somewhat similar to humans. However, no single
animal model of type 2 diabetes can recapitulate the full range of clinical features.

Further research was needed to develop an extremely useful model to study the

pathogenesis of type 2 diabetes and test potential therapeutic strategies.
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2.2.2.1 Mutant genes causing diabetes-obesity syndromes in mice

Most of the current mice models of type 2 diabetes are obese due to the closely related
linked between obesity and diabetes. Obesity can be the result of genetic manipulation
or induced by high fat feeding. Although obesity in humans is rarely caused by a single
gene mutation, single gene mutation mice models of obesity are commonly used in type
2 diabetes researches. The commonly used single gene mutation models of obesity are
defective in leptin signalling. Leptin induces the sensation for one to experience satiety,
and thus, a lack of functional leptin in these animals causes increased in appetite

ob/ob

resulting in obesity. These models include the Lep mouse, which is deficient in leptin

and the Lepr®/®

mouse, which is deficient in the leptin receptor. These models are
often used to test new therapies for type 2 diabetes*>*®.

The Lep®°® mouse is a model of severe obesity. It was first discovered as a
spontaneous mutation in an outbred colony at Jackson Laboratory in 1949. This
phenotype was bred into C57BL/6 mice and the mutated protein was identified as
leptin®”’. The weight increase starts at early age, and the mice will eventually develop
hyperinsulinaemia. By 4 weeks, hyperglycaemia is apparent, with blood glucose

concentrations continuing to rise**®

. Other metabolic aberrations include hyperlipidaemia,
a disturbance in temperature regulation and lower physical activity’®. In addition, these
mice are infertile and thus mutant mice strain can only be obtained by crossing two
heterozygous mice*®. The pancreatic islet volume is dramatically increased in these

mice. Although there are some abnormalities in insulin release, islets maintain the

production of insulin®°. However this model is not completely representative of human
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type 2 diabetes due to the lack of complete beta islet cell failure. The diabetes
phenotype in this model is not particular severe. It should be noted that much more
severe diabetes can be developed with regression of islets and can lead to early
mortality*'*.

The Lepr®® mouse originated from the Jackson Laboratory and is due to an
autosomal recessive mutation in the leptin receptor******, These animals shared similar
phenotype and characteristic as the Lep®/°®. They are obese due to increase in appetite,
hyperinsulinaemic and hyperglycaemic. Obesity is apparent from 3—4 weeks of age with

hyperinsulinaemia and hyperglycaemia developing at 4—8 weeks. These mice develop

ketosis after a few months of age and have a relative short lifespan®*.

2.2.2.2 Streptozotocin induced diabetic mice

In chemically induced models of type 1 diabetes, the endogenous beta cells are mostly
destroyed, and thus, there is little or no production of endogenous insulin. These will
eventually lead to hyperglycaemia and weight loss. Chemically induced diabetes
provides a simple and relatively cheap model of diabetes in mice. Diabetes is usually
induced around a week with a stable hyperglycaemia prior to the start of the experiment.
Two main compounds are used to induce diabetes are Streptozotocin (STZ) (2-deoxy-2-
(3-(methyl-3-nitrosoureido)-d-glucopyranose) or alloxan*****. Glucose can compete with
alloxan and STZ, due to the similarity in structure to glucose and thus, the mice need to
be fasted to increase the efficiency of the chemical®****. Both alloxan and STZ are
relatively unstable for prolong storage, and thus the chemical solutions should be made

fresh prior to injection.
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STZ is synthesized by Streptomycetes achromogenes and can be administrated

215 Once in the bloodstream, STZ enters the

by i.p. or i.v. to mouse to induce diabetes
pancreatic beta cell through the Glut-2 transporter and causes alkylation of the DNA****°,
Subsequently, the activation of PARP will leads to NAD+ depletion, a reduction in
cellular ATP and finally ceases the insulin production®’. In addition, STZ can be a
source of free radicals which can contribute to DNA damage and cell death. STZ can be

administered as a single high dose or as multiple low doses depends on the type and

age of the mouse.

2.2.2.3 Diabetes induced by diabetogens such as alloxan monohydrate

The diabetic inducing effect of alloxan (2,4,5,6-tetraoxypyrimidine; 5,6-dioxyuracil) is
mainly attributed to rapid uptake this chemical by the beta cells and the formation of free
radicals, which beta cells have poor defence mechanisms against**®. Alloxan is reduced
to dialuric acid and then re-oxidized back to alloxan, creating a redox cycle for the
generation of superoxide radicals and highly reactive hydroxyl radicals that cause DNA
fragmentation of beta cell’*®. Alloxan can also be taken up by the liver, but it has better
protection to reactive oxygen species and thus not as susceptible as the beta cells*****,
Doses used in mice range from 50 to 200 mg/kg, depending on the strain and the route
of administration with i.p and s.c. administration requiring up to three times as high a
dose as the i.v. route*®. It should be noted that alloxan has a narrow diabetogenic dose,

and even light overdosing can cause general toxicity, especially to the kidney**.
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2.2.2.4 Type 2 diabetes mellitus in mouse model induced by high fed diet
The model of high fat feeding to C57BL/6 mice was first described in the early 80s%.
High fat feeding can lead to obesity, hyperinsulinaemia and altered glucose
homeostasis due to insufficient compensation by the islets?>. Normal chow (on a caloric
basis usually around 26% protein, 63% carbohydrate and 11% fat) is exchanged for a
diet where the number of calories from fat is increased significantly (around 58% of
energy derived from fat). The amount of food intake by the mice should be monitored to
ensure that they do not compensate by eating less. It has been shown that high-fat-fed
mice can weigh more than normal chow fed controls within a week after introducing the
diet?”?. The weight gain is associated with insulin resistance and lack of insulin
production by the beta cell for compensation leads to impaired glucose tolerance.

Since the obesity is contributed by environmental factors rather than genes, it is
believe to model the human situation more accurately in this high fed induction than
genetic models of obesity-induced diabetes. High fat feeding is often used in transgenic
or knock-out models, which may not show an overt diabetic phenotype under normal
conditions, but when the beta cells are forced to work harder, the gene may be shown
to be of importance. It should be noted that the background strain of the mice can
determine the susceptibility to diet-induced metabolic changes, and thus, effects could
be missed if a more resistant strain is used®?. It has been reported that there is even
heterogeneity of response to high fat feeding within the inbred C57BL/6 strain,
indicating that differential responses to a high-fat diet are not purely due to the mice

genetic background®.
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2.2.3 Topical therapeutic strategies for treating diabetic wound

Diabetes is a multisystem disorder that affects the wound healing process. Physiological
changes in tissues and cells may delay healing, and diabetes can also produce a range
of complications, including neuropathy and ischaemia, which may lead to foot

202 patients with unhealed ulcers have an increased risk of infection, and

ulceration
lower-limb amputation is usually preceded by foot ulceration. A diabetic foot ulcer (DFU)
is defined as a full thickness wound occurring below the ankle in a diabetic patient,
regardless of its duration. It is characterized by a loss of epithelium extending into or
through the dermis and into deeper tissues. These chronic ulcers fail to progress
through an orderly and timely sequence of repair and are thus slow to heal*®. They
commonly develop at pressure points on the plantar surfaces, over the metatarsal
heads, on the big toe, and on the heels.

To effectively manage these problems and to create a healthy physical and
biochemical environment for the promotion of healing, one must understand the disease
complications and healing process. Standard wound care management includes
surgical debridement, the treatment of infections and local wound care**. Wound care
typically involves cleansing with saline and the use of wound dressings that promote a
moist environment. Consideration should be given to revascularization, if necessary,
and to controlling the serum glucose levels and arterial risk factors, such as
hypertension and dyslipidemia®*. Although topical treatment is an important aspect of
wound care, it is considered secondary to surgical and systemic care. Much effort has

focused on discovering effective recombinant growth factors for the topical treatment of

DFUs. Given that the targets of members of the EGF, FGF, PDGF, and TGF-b families
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participate in the dermal wound repair process, it is logical to use these growth factors
in the drug development strategies for treating DFUs. With one notable exception
(PDGF-BB or becaplermin), the drug development effort can be considered a failure for

several reasons?*®

. Perhaps the most significant reason is that these growth factors
typically target a single biological process that is essential for wound healing. To date,
the only growth factor approved by the US Food and Drug Administration for the
treatment of diabetic foot ulcers is recombinant PDGF-BB (becaplermin), which comes
as a topical cream. PDGF-B is known to be a potent mitogen and chemotactic agent for
226

stromal cells and may increase the wound vascularization by stimulating angiogenesis

Thus, there is an urgent need for better, new or adjunctive treatments.

2.2.4 Nitric oxide and wound healing
Nitric oxide is a free radical that is formed from the terminal guanidino nitrogen atom of

arginine®’

. The guanidino nitrogen accepts five electrons in an oxidation process
requiring molecular oxygen, resulting in formation of NO and citrulline?”’. Nitric oxide
synthases are homodimeric enzymes responsible for this conversion.
Tetrahydrobiopterin, flavine mononucleotide (FMN), flavine adenine dinucleotide (FAD),
nicotinamide-adenine-dinucleotide phosphate (NADPH), and oxygen are required as co-
factors for full nitric oxide synthase activity?’?®. NO synthases exist in three distinct
isoforms: two constitutive (endothelial and neuronal) isoforms and one inducible isoform.
The constitutive isoforms are permanently active, generating low concentrations of NO,

and they are regulated by intracellular calcium fluxes or exogenous calmodulin. The

expression, transcription, and function of the inducible isoform (iINOS) are induced by a
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variety of cytokines, growth factors, and inflammatory stimuli on target cells. INOS
activity leads to the release of NO levels that are greater than those generated by the
constitutive isoforms. Excessively high amounts of NO formed by the inducible isoform
can contribute to the detrimental effects in inflammatory situations®®. The inducible
isoform of NO synthase is also expressed during wound healing®®*".

As NO is unstable and difficult to measure directly, stable metabolites are used
as substitutes for NO formation. Nitrite and nitrate are two widely used stable end
products that can be measured in wound fluid. However, non-enzymatic NO formation
can still occur; therefore, these measurements may not translate to the equimolar
formation of NO. Several other direct or indirect detection methods can also be
performed, such as immunohistochemistry, direct measurements of the enzyme content
and/or activity, assessment of the peroxynitrite formation in tissue, and gene expression
studies.

NO production or iINOS expression is high during the early phases of wound
healing. It is conceivable that the majority of NO synthesis is due to the inflammatory
cells present during the early phase of healing, especially macrophages****. Other cell
types, such as fibroblasts, keratinocytes, and endothelial cells, may also contribute to
NO synthesis*****’. The overall time course of iINOS activity and NO generation during
wound healing has to be viewed as a decreasing curve over time****, Presumably,
iINOS activity can be downregulated by the resolution of the inflammatory response or
by cytokine signaling. It is likely that bacterial infected wounds with continued
inflammatory responses could continue the production of NO, but this has not been
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studied directly***. The in vitro signals of INOS induction have been well studied,;
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however, little is known of the in vivo signals during wound healing. Of the numerous
cytokines and growth factors secreted and released into the wound environment,
interleukin-1, tumor necrosis factor-alpha (TNF-a), and INF- y are the most likely iINOS
inducers®’. TGF-B1 is one of the strongest iINOS inhibitors during wound healing®.
However during wound healing there is negative regulation of NO synthesis where the
presence of unknown factors reduces INOS activity, and not by the depletion of
substrate*®.

Nitric oxide has been shown to inhibit activation of caspases and thereby prevent
apoptosis®*. At high concentration, NO is cytostatic to multiple cell types such as

endothelial and fibroblasts®*

. Conversely, recent evidence suggests that NO can
stimulate cell proliferation at low concentration****. The mechanism of action by which
NO influences wound healing remains unclear. However, there are data suggesting that
at least some effects of NO on wound healing might be systemically mediated. For
examples, studies have shown that arginine-free nutrition inhibits LPS-induced NO

244 Nitric oxide mediates inflammation induced edema

synthesis at the wound site
formation and inhibits cell invasion into tissue*****. The effect of NO on wound healing is
not necessary iINOS-mediated as it is also demonstrated that eNOS knock-out mice
present an impaired healing phenotype too®”’. High concentration of iNOS inhibitors can
have a lethality effect on the cells*®.

Studies of fibroblasts derived from keloids and hypertrophic scars demonstrate
low constitutive NOS expression, thus stimulating higher cell proliferation, which is

responsible for the high cellularity that is characteristic of these disorders. Keratinocyte

proliferation is INOS-dependent*®, and wound reepithelialization is also NO-dependent,
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likely mediated indirectly through vascular endothelial growth factor (VEGF) signaling*®.
Interestingly, the induction of iINOS in keratinocytes is paralleled by the induction of
GTP-cyclohydrolase |, the rate-limiting enzyme for tetrahydrobiopterin formation, which
is essential for full INOS activity?. Nitric oxide has been shown to increase
angiogenesis in ischemic murine tissues, whereas eNOS inhibitors impair angiogenesis
in granulation tissues. Vascular endothelial growth factor, a potent angiogenic growth
factor, is closely linked to NO; VEGF increases NO production at the gene expression
level”**?, and the angiogenic effect of VEGF appears to be dependent on NO****, |t
has also been shown that NOS blockade prevents VEGF production, VEGF-induced
endothelial cell proliferation, and VEGF-mediated activation of mitogen-activating
protein kinase*°. Endothelial cell migration, endothelial cell adhesion, and endothelial
organization are all dependent on NO via VEGF?"***% which is produced by
keratinocytes during wound healing”®. Feedback mechanisms act by downregulating
PKC-induced VEGF expression®®. Collagen synthesis during wound healing can be
correlated with NO synthesis. Matrix synthesis is impaired by iINOS inhibition, whereas
NO administration and iNOS transfection enhance matrix synthesis®*****, Furthermore,
wound-derived fibroblasts are characterized by a distinct phenotype, where the
endogenous iINOS expression correlates with an increased level of collagen synthesis®*.
Excisional wound closure can be delayed by INOS inhibition in which NO induces
keratinocytes migration®*®. Wound healing is characterized by the organized secretion of
growth factors. NOS-KO mice showed delay excisional wound healing and alterations in
wound healing related cytokines, such as basic fibroblast growth factor (bFGF), TGF-$1,

TNF-a VEGF and IL-4***. Thus, the depletion of INOS gene expression can alter wound
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cytokine expression; however, little is known about whether NO can directly affect

growth factor and cytokine secretion, activation, and time of action.

2.2.5 The role of matricellular proteins in wound healing

Matricellular proteins form a group of extracellular matrix (ECM) proteins that do not
serve a primary structural role but function rather as modulators of cell-matrix
interactions**. Members of the group, including thrombospondin (TSP) -1, TSP-2*°,
SPARC?*’, tenascin (TN)-C**®, osteopontin (OPN)*°, CCN-1 (cyr 61)** and the recently
discovered angiopoietin-like protein 4 (ANGPTL4)”**!, have been shown to participate
in a number of processes related to tissue repair. The major ECM constituents include
collagen and fibronectins, which serve primarily a structural role in the matrix through
the maintenance of structural integrity®®. These molecules bind to cytokines, proteases,
protease inhibitors and proteins through the bridging from those matricellular proteins®®.
This forms an ECM reservoir with extensive networks of cytokines that can influence
cell migration to the wounded region or direct cell proliferation during wound healing®”.
Matricellular proteins are usually up-regulated during wound healing, where they
modulate interactions between cells and the extracellular matrix to exert control over
events that are essential for efficient tissue repair”’>*’>. Studies in knockout mice have
indicated that a deficiency in one or more of these matricellular proteins can alter the
course of wound healing?®®**"**?7%?"* Detailed mechanisms regarding individual roles of
each matricellular protein, with the exception of ANGPTL4, will not be covered in this

thesis (Figure 24) (Instead, please refer to my review article titled “Matricellular proteins:

a sticky affair with cancer®”®,” which is attached for further reading).
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There are currently no known clinical applications for matricellular protein-derived
treatments in tissue repair. Many matricellular proteins bind to and act synergistically
with each other and with ECM proteins. Efficient therapies, therefore, may require the
synergistic use of cytokines, matricellular proteins and matrices such fibronectin. With a
better understanding of matricellular protein action, we can generate more efficient

therapies to improve wound healing and other related diseases
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Figure 24.Signaling mechanisms of selected matricellular proteins.

(A) TGFB can induce the expression of ANGPTL4 via the smad3 pathway. (B)
ANGPTL4 interacting with integrin also activates FAK-src-PAK1 signaling and PKC/14-
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3-3 mediated pathway which modulate cell migration via integrin internalization. (C)
ANGPTL4 binds specific matrix proteins and delays their degradation by proteases.
However, this association does not interfere with integrin-matrix protein recognition
unlike TNC. (D) ANGPTLA4 interacting with integrin activates Racl and NADPH oxidase,
which generate high level of O, . This will further activating the Src machinery and
stimulates its downstream PI3K/PKB mediated cell proliferation and survival pathway.
(E) ANGPTL4 can trigger vascular disruption by binding to and dispersing vascular-
endothelial cadherin (VE-Cad) and claudin-5 at endothelial junctions, via the activation
of integrin a5B1 (F) Cyr61 can promote cell proliferation and survival through the
activation of integrin mediated signaling pathway either by direct binding with integrin or
integrin-syndecan4. The downstream intracellular events may be mediated through the
FAK/PI3K/PKB signaling pathway, resulting in either activation of the NF-kB survival
pathway or phosphorylation of GSK3B and nuclear translocation of -catenin for cell
proliferation.  (G) OPN can interact with several integrins and also CD44 family of
receptors. These complexes are able to mediate cell proliferation and survival through
PI3k/PKB pathway activation and motility of cell through the activation of AP-1-
dependent gene expression via the MEK/Erk pathway.
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2.2.5.1 Angiopoietin like protein 4

Angiopoietin-like protein 4 (ANGPTL4) is a secreted protein mainly expressed in the
liver that regulates triglyceride metabolism by inhibiting the lipolysis of triglyceride-rich
lipoproteins (Figure 25). Experimental results show that ANGPTL4 functions to regulate
circulating triglyceride levels during different nutritional states and therefore plays a role
in lipid metabolism during feeding/fasting through the differential inhibition of lipoprotein
lipase (LPL). The N-terminal domain of angiopoietin-like proteins has been shown to
play an active role in lipid metabolism. Using deletion mutants, it was demonstrated that
the N-terminal domain containing fragment (17-207) and not the C-terminal fibrinogen-
like domain containing fragment (207—460) increased the plasma triglyceride levels in
mice’”®?”". ANGPTL4 has been identified as a novel paracrine and, possibly, endocrine
regulator of lipid metabolism and a target of peroxisome proliferators-activated
receptors (PPARs)?. It is expressed in numerous cell types, such as adipocytes and
hepatocytes, and is upregulated after fasting and hypoxia®”®. Importantly, ANGPTL4
undergoes proteolytic processing to release its C-terminal fibrinogen-like domain
(cCANGPTL4), which circulates as a monomer of unknown function. The N-terminal
coiled-coil domain of ANGPTL4 (nANGPTL4) mediates the oligomerization of ANGPTL4
and binds to lipoprotein lipase to modulate lipoprotein metabolism, mediating
oligomerization and lipoprotein metabolism?”’. In contrast, CANGPTL4 exists as a
monomer, and its function remains unknown. ANGPTL4 has been shown to play a
context-dependent role in angiogenesis and vascular permeability”®. ANGPTL4 can
disrupt the tight junctions of the endothelial tissue by directly interacting with three novel

binding partners: integrin a5B1, VE-cadherin (vascular endothelial cadherin) and
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claudin-5. It disrupts these interactions in a temporally sequential manner, thus
increasing the overall vascular permeability®®°.

ANGPTL4, was a recently shown to be a matricellular protein involved in the
regulation of wound healing®®?"*. ANGPTL4 expression in wound keratinocytes is up-
regulated by PPARB/S in response to inflammation during wound healing?®. ANGPTL4
can independently interact with specific matrix proteins and integrin to co-ordinate cell-

matrix communication during the proliferative phase of wound healing®’®™

. Briefly,
ANGPTL4 can interact with vitronectin and fibronectin in the wound matrix by delaying
the protease-based degradation of these local ECM proteins®’. Concurrently,
ANGPTL4 can specifically interact with the 31 and B5 integrins that reside on the
surface of wound keratinocytes?®. These activate integrin-mediated intracellular
signaling and enhance cell migration?”. Altogether, the delayed degradation of
vitronectin and fibronectin has a direct impact on integrin-mediated signaling in wound
keratinocytes because their interaction does not interfere with integrin—matrix protein
recognition necessary for cellular migration. ANGPTL4 can activate several integrin
mediated intracellular signaling pathways, including focal adhesion kinase (FAK), Rho
GTPase and 14-3-30-dependent signaling cascades to modulate cell migration®”. In
addition, a recent study showed that PPARB/d mediated ANGPTL4 can regulate PKC
(protein kinase Cs) and AP-1 (activator protein 1) transcription factors to promote
epidermal differentiation, which is important for the maturation of the epidermis during
the remodeling phase of wound healing®. ANGPTL4 stimulates the increased

activation of c-Jun and JUNB and is transcriptionally regulated by the expression of

PKCs®'. The expression of epidermal differentiation markers, such as transglutaminase
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1 and involucrin, can be induced by ligand activated-PPARB/d and ANGPTL4, which is
associated with increased AP-1 binding to the cognate promoter®®. The deficiency in
ANGPTL4 in mice (ANGPTL4-/-) results in delayed wound re-epithelialization, reduced
matrix protein expression, an increased inflammation and an impaired wound-related
angiogenesis®®?™*%! However, the expression of ANGPTL4 and its role in cases of
chronic wound repair, such as those observed commonly in diabetic patients, remains

unclear.
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Figure 25. Structure and biological functions of ANGPTLA4.

Full length ANGPTL4 (65 kDa) comprises a highly hydrophobic signal peptide (SP),
an N-terminal coiled-coil domain (CCD), and a COOH-terminal fibrinogen-like domain
(FLD). ANGPTL4 protein oligomerizes prior to secretion and cleavage. The N- and
COOH-terminal domains are separated by a short linker that, after being secreted from
the cell, can be cleaved into the nANGPTL4 (26 kDa) and cANGPTL4 (47 kDa)
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fragments. Cleavage is at a conserved basic sequence (-RRKR-). The nANGPTL4
remains oligomeric, whereas CcANGPTL4 will dissociate into monomers. Both
fLANGPTL4 and nANGPTL4 are involved in the modulation of triglyceride disposition via
their inhibitory effect on LPL. However, this inhibitory effect on LPL seems to be weaker
in the case of IANGPTL4 inhibition. CANGPTL4 binds to integrin 31 or 5 and activates
2 downstream processes. One process involves the stimulation of NADPH oxidase
leading to the production of O, . A high ratio of O, to H,O, has been found to activate
the Src/ERK/PKBa prosurvival pathway, thereby conferring anoikis resistance and
promoting tumor growth. Alternatively, cCANGPTL4-bound B1-integrin can activate the
FAK/Src/PAK1 cascade to trigger the PKC-mediated signaling pathways that are crucial
for effective wound healing. It is also interesting to note that cCANGPTL4 has been found
to trigger vascular disruption by binding to and dispersing vascular-endothelial cadherin
(VE-Cad) and claudin-5 at endothelial junctions, via the activation of integrin a5p1.
ANGPTL4 can binds vitronectin and fibronectin to delays their degradation by proteases.
ANGPTL4 activates PKC and AP-1 dependent signaling pathways to increase cell
differentiation.
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2.3 MATERIALS AND METHODS

2.3.1 Reagents

Antibodies used: Ki67 and keratin 6 (NCL-Ki67p and NCL-CK6 from NovoCastra, Leica
Biosystem, Germany); B-tubulin(H-235), PCNA (PC10) and aSMA (alpha-SM1) (sc-
9104, sc-56 and sc-130617 from Santa Cruz Biotechnology, USA); CD31 (BD
Pharmingen, USA); CD68 (FA-11) (Biolegend); F4/80 (AbD Serotec, UK); STATS3,
pSTAT1 (Y701) and STAT1 (ab7966, ab30645 and ab2415 from Abcam, UK);
INOS/NOS I, NT (06-573, Merck Millipore, USA); pStat3 (Tyr705) and pStatl (Tyr701)
(#9145 and #9171 from Cell Signaling Technology, USA); ID3 (2B11) (MALl-
23242,Thermo Scientific, USA) cANGPTL4: monoclonal antibodies against the C-
terminal mouse (190-410 amino acids) of ANGPTL4 were produced by ProSci,
respectively; goat anti-rabbit and anti-mouse IgG-HRP (Santa Cruz Biotechnology,
USA); Alexa Fluor 488 or 594 goat anti-mouse IgG, anti-rat IgG and anti-rabbit IgG
(Molecular probes, USA). DAB peroxidase substrate kit (Vector Laboratories, UK).
Unless mentioned otherwise, all chemicals were from Sigma-Aldrich and molecular
biology enzymes from Fermentas. All oligonucleotides were synthesized by Sigma-

Proligo.

2.3.2 Recombinant cANGPTL4 expression, purification and endotoxin removal

The cDNAs encoding c-terminal end of human ANGPTL4 (185 - 406) were isolated by
PCR, subcloned into pET-30a (+) vector and transformed into E. coli Rosetta-gami™
bacteria (Novagen). Protein expression was induced by 1 mM IPTG at 28°C for 3 hour

and the bacteria pellets was sonicated for 60 min on ice in lysis buffer (50mM Tris pH
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8.0, 300mM NacCl, 0.1% Triton X). Total protein lysated obtained was allowed to pass
through an affinity nickel-Sepharose column and the purified recombinant CANGPTL4
was retrieved with elute solution (50mM Tris, 300mM NacCl, 100mM imidazole, pH 8.0).
The imidazole was removed from the purified cCANGPTL4 solution by passing through a
desalt column. The endotoxin contamination of the purified cCANGPTL4 was reduced by
a phase separation technique using 1% of detergent, Triton X-114. The mixture was
incubated at 4° C for 30 min with stirring to ensure homogenity. The sample was then
transferred to a 37° C water bath, incubated for 10 min, and centrifuged (20,000 x g, 10
min) at room temperature. The upper aqueous phase containing the recombinant
CANGPTL4 was carefully removed and subjected to Triton X-114 phase separation for

at least two more cycles.

2.3.3 Genotyping of diabetic mice

Heterozygous BKS.Cg-DOCK7™ +/+ Lepr®/J (ob/+) were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA). Age- and sex-matched homozygous ob/ob and
wildtype (+/+) were obtained by interbreeding the ob/+ littermates. At 3-wk old,
offsprings were separated from their parents and genotyped. All mice used in this study
were individually caged housed in a temperature-controlled room (23 °C) on a 12 h
light-dark cycle, and allowed ad libitum access to standard mouse chow diet and water.
The mutant mice exhibit severe diabetic conditions from 8 weeks on age and blood
glucose level of diabetic mice was 473+14.6 mg/dL and non-diabetic mice was
122.5+5.21 mg/dL as determined by Accu-Chek Advantage glucometer (Roche

Diagnostic, Switzerland).
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A small ear biopsy (<0.5 cm) was collected from each mouse for genotyping and ear
tagged after anesthetized with an intraperitoneal injection of ketamine/xylazine (100
mg/kg + 10 mg/kg). To extract genomic DNA, ear biopsies were digested in 300 uL of
genotyping lysis buffer pH 8.0 (10 mM Tris-HCIl, 100 mM ethylenediaminetetraacetic
acid (EDTA) and 0.5% sodium dodecyl sulfate (SDS)) for 2 h at 56 °C with agitation in
the presence of 0.2 mg/mL RNaseA and 1 mg/mL Proteinase K. The lysate was then
centrifuged at 13 000 rpm for 10 min at room temperature (RT) to remove debris. The
supernatant was transferred to a tube containing 500 pL isopropanol. 1 mL of ice-cold
70% ethanol was added and the solution was mixed by inversion. Precipitated genomic
DNA was visible and pelleted at 13 000 rpm for 10 min at RT. The supernatant was
decanted and the DNA was allowed to air-dry. The air-dried pellet was resuspended in
100 pL Tris-EDTA buffer for 5 min at 70 °C. Genomic DNA was then genotyped using a
customized TagMan® SNP genotyping Assay (Applied Biosystems, USA). Genotyping
was performed on extracted DNA using. Primer sequences were (5-CCA ACT TCC
CAA CAG TCC ATA CAA T-3) and (5°-CTC ATC AAA TGT TAT TTC TTA GTC ATT
CAA ACC A-3’). 6FAM™ dye-MGB-labeled probe for mutant allele sequence (TTG
ATG GAG GTA AAC AA) and VIC® dye-MGB-labeled probe for wild type allele
sequence (TGA TGG AGG GAA ACA A).The assay was performed with TagMan
Universal PCR Master Mix (Applied Biosystems, USA) and 80 nM of the respective
customized dye labeled probes using CFX96™ real-time PCR detection system (Bio-
Rad laboratories, USA). Using this assay, +/+ mice show an end point detection of VIC-
dye fluorescence only, homozygous mutant ob/ob show FAM-dye fluorescence only and

heterozygous ob/+ show both VIC- and FAM-dye fluorescence.
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2.3.4 Full excisional splinted wounding

Mice were anesthetized prior surgery by a single intraperitoneal anaesthetized with of
ketamine/xylazine (80 mg/kg + 10mg/kg). Two circular 5 mm full-thickness excisional
wounds were created on the dorso-medial back of each mouse and silicon donut-
shaped splints of 10mm diameter were centered over the wounds. The silicon splint was
adhered to the skin with cyanoacrylate glue. On the day of surgery (day 0), 50 pL of
recombinant human ANGPTL4 (rhANGPTL4) protein of 1 mg/mL or 2 mg/mL or PBS
mixed with 1% carboxyl methylcellulose (CMC) was applied topically to their respective
cutaneous wound and protected with an occlusive dressing, Tegaderm™ (3M, USA)
throughout the duration of the study. Mice were euthanized by CO2 inhalation at Day 1,
3, 5, 7 and 10 post wounding. At the indicated time, photo imaging, histomorphometric

and other biological analysis of wound biopsies were done.

2.3.5 Tissue preparation and sectioning

Wound biopsies were fixed in 4% paraformaldehyde-PBS (PFA) overnight at 4 °C.
Tissues were either embedded in OCT tissue freezing medium (Leica Microsystems,
USA) to be frozen immediately with liquid nitrogen or embedded in paraffin. For paraffin
embedding procedure, the tissues were dehydrated over a series of increasing graded
ethanol followed by xylene. Dehydrated tissues were submerged in molten paraffin wax
prior to paraffin embedding using the tissue embedding System Leica EG1160 (Leica
Microsystems, USA). Cryosections of 8 pum thickness or paraffin section of 5 pm

thickness were used for histological or immunofluorescence staining.
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2.3.6 Assessment of wound healing

Images of wounds were captured at Day 1, 3, 5, 7 and 10 post-wounding using a Canon
G12 digital camera. A ruler was included in each image to allow standard calibration of
measurements. Surface wound area was quantified using Image-Pro® Plus version
5.1.0.20 software (Media Cybernetics, USA). Surface wound area at each time point
were standardized and expressed as a percentage of initial wound area at Day 1
(100%). Histomorphometric measurement was made from sections through the center
of the wound to obtain the actual wound representation. Sections of wound biopsies
over the indicated time were stained by haematoxylin-eosin staining. Histological
images were visualized with Nikon Eclipse 90i brightfield microscope using a Plan Fluor,
10 x/0.30 objective and taken with QCapture Pro version 5.0.1.26 software (Qlmaging,
Canada). The measurements were performed three times from random sections using

Adobe Photoshop CS5.1 and image pixel was calibrated to pm using the scale bar.

2.3.7 Van gieson elastic stain

Tissue sections from mice wound biopsies were deparaffinized and rehydrated in PBS.
These sections were stained in Weigert’'s iron heamatoxylin (Merck Millipore, USA) for 8
min at RT followed by staining in Van Gieson’s picrofuchsin solution (Merck Millipore,
USA) for 1 min at RT. Images were visualized with Nikon Eclipse 90i brightfield
microscope using a Plan Fluor, 10 x/0.30 objective and taken with QCapture Pro

version 5.0.1.26 software (Qlmaging, Canada).
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2.3.8 Focused real-time PCR array

Real-time PCR arrays were used to analyze the expression of a focused panel of genes.
qgPCR was performed with KAPA™ SYBR @PCR Universal Master Mix
(KAPABIosystems) using CFX96™ real-time PCR detection system (Bio-Rad
laboratories, USA). Melt curve analysis was included to assure that only one PCR
product was formed. Primers were designed to generate a PCR amplification product of
100 to 250 bp. Only primer pairs yielding unique amplification products without primer
dimer formation were subsequently used for real-time PCR assays. Expression was
related to the control gene ribosomal protein PO (RPLPO), which did not change under
any of the experimental conditions studied. The sequences of gPCR primers are

available in Table 5.
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Table 5: List of primer pairs sequences.

Genes

Forward Sequence (5’ to 3°)

Reverse Sequence (5’ to 3°)

ADAM metallopeptidase domain 9 (ADAM9)
Adiponectin (ADIPOQ)

AKT1

ANGPT1

ANGPT2

ANGPTL4

CCL2

CCL11

Cyclin-dependent kinase 4 (CDK4)
Cyclin-dependent kinase inhibitor 2B (CDKN2B)
cystatin A (CSTA)

CXCL1

CXCL5

CXCL9

CXCL10

Epidermal growth factor receptor (EGFR)
EPHA3

EPHB3

Fatty acid synthase (FAS)

Fibroblast growth factor 1 (FGF1)

FGF2

FBJ osteosarcoma oncogene B (FOSB)

Fos related antigen 2 (FRA2)

Growth differentiation factor 3 (GDF3)
GLI-Kruppel family member GLI1 (GLI1)
GM-CSF

Hepatocyte growth factor (HGF)

HIFlo

Baculoviral IAP repeat-containing 2 (IAP2)
Insulin-like growth factor binding protein 4 (IGFBP4)
IL1IR1

IL-6

IL-10

IL-18

Inhibin, beta A (INHBA)

Integrin, alpha V (ITGAV)

Jun B proto-oncogene (JUN-B)

Keratinocyte growth factor (KGF)

K167

Kruppel-like factor 9 (KLF9)
Mitogen-activated protein kinase 3 (MAPK3 (1B))
Mitogen-activated protein kinase kinase kinase kinase 1
(MAP4K1)

Melan-a (MLANA)

MMP9

MMP13

OPN

PAIL1

PDGFA

PDGFB

Platelet and Endothelial Cell Adhesion Molecule 1
(PECAM1)

PPARa

PPARP/S

PPARy

Ras homolog gene family, member A (RHOA)
Rpl27

SKI-like oncogene (SKIL)

SMAD3

SOCSs1

SOCS3

SPARC

STAT1

STAT3

STAT5A

TGFa

GGACGGAACCAGACTGCTG
AGCCGCTTATATGTATCGCTCA
CCAAGGCCCAACACCTTTATC
TGCACTAAAGAAGGTGTTTTGCT
CGAGGCGCATTCGCTGTAT
TCCAACGCCACCCACTTAC
TTAAAAACCTGGATCGGAACCAA
GAATCACCAACAACAGATGCAC
CCAATGTTGTACGGCTGATGG
CCCTGCCACCCTTACCAGA
TACGGAGGTGTTTCAGAGGC
CTGGGATTCACCTCAAGAACATC
TGCGTTGTGTTTGCTTAACCG
GAACGGAGATCAAACCTGCCT
CCAAGTGCTGCCGTCATTTTC
GGGAGCATTTGGCACAGTGTA
TTCTGGTCGGGAGGTTTTGTG
ACCGTAAGAGACTGTAACAGCA
AGAGATCCCGAGACGCTTCT
CAGCTCAGTGCGGAAAGTG
GCGACCCACACGTCAAACTA
GCCACTGCCGACCACAATTC
AGCCTCCCGAAGAGGACAG
TAAGGTGGGCAGATTGCTTTTT
GAGCCCTTCTTTAGGATTCCCA
TCGTCTCTAACGAGTTCTCCTT
CTGCTTCATGTCGCCATCC
GGTCATCGCAGTTGGAACCTCC
AGGGACCATCAAGGGCACAG
AGAAGCCCCTGCGTACATTG
GCCAAGGTGGAGGACTCAG
TAGTCCTTCCTACCCCAATTTCC
AGAAGCATGGCCCAGAAATCA
GTGAACCCCAGACCAGACTG
ATAGAGGACGACATTGGCAGG
CCTGTGCTCCATTGTACCACT
GACCTGCACAAGATGAACCAC
CCGTGGCAGTTGGAATTGTG
CTGCCTCAGATGGCTCAAAGA
GCCGCCTACATGGACTTCG
ACCACATTCTAGGTATCTTGGGT
CTCACAGCTCGCTCAGATCC

TGGATACAGAACCTTGATGGACA
AAACCACCTCTCCCGACTCCAG
ACCTCCACAGTTGACAGGCT
ATCTCACCATTCGGATGAGTCT
GTGCATCACTCCACAAACCTGC
CGCTGCACTGGCTGTTGTA
CGAGCCAAGACGCCTCAAG
TGCACCCCATCACTTACCACC

TCGGCGAACTATTCGGCTG
TTGAGCCCAAGTTCGAGTTTG
TGTGGGGATAAAGCATCAGGC
AGCCTTTCTCACCTGGACTGC

CAAGGGGATATCCACAGAGTACCTT

AGGCAGAGACAAGTAAGTCCA
CCCCCACTGGATGACTACAG
CTGCGGCTTCTATTGGGGAC
CAAGAACCTACGCATCCAGTG
ACTACATCGGACCATGCAAATAC
GGAGCACGCTGCCTATGATG
CAATACCATTGACCTGCCGAT
AGTGGTTCGACGGGGTGAT
CACTCTGGGTACGTGGGTG

CCACTGAACAAAGTTGCCCA
TGCCGTCATAATGATTCTGTTGG
TTCCTGCCTCTTGAGTCCATC
CCTCCCCCATTCACATCCATATT
GGCTGATGCTACTTATTTTGCCC
TGAAGTCATCTCACAGTTGACCA
GCATTAGCTTCAGATTTACGGGT
ATCCTGGACCCACTTCTTCTT
TGTCCAGGTATGTCCTCAGGT
CAGATACCTCGCAATGTCACG
CAGCGACGGCTTGAGTTTT
CAGGGTCAAGGCAAGCCTC
AGCTATGACTTCCACCGTAGG
TGTAGTCTTCCTTGAACGACGA
GGCTCGCAGGGATGATTTCAA
GCCATCACATAGGCTTCGTCAA
ACTGCTTGAGTAGGGTCTTCA
GTCCACTTTCACGTAGGGGTT
GCCTGGTAGGCATTCTGTAGT
TGTCTGCGAGCCGTATAAAAG
TCCATCTTCCTTCATAGCAAGGT
TTATTGGCGACAGTGCAGAACC
AGGACATTGGGGTAGGTGAA
CTGGACAGTTACCCTGGAGTA
ACCCCGAGTAGAGTCATGTGG
GCAGTATGTCTGGTAGTAGCTGG
TGGGTCTTCCTTGGTAAGAGTAG
CGCTTGTGTCTTGGAAGGCTTG
TTTGTGTGTTTGGCGGTGTCTC
TGTCCCCACGATCTTCATCTT
CCAGGGTCATTCTCTAACACAGT
TTGGTCCTTAGCCACTCCTTC
GGCCTTGTAGACACCTTGGT
CCTGGAACACGTTTCTGAAAGA
ATAGAGGACGACATTGGCAGG
AGCATACTCAACGGTCTTTGTG
AGGCTGGAGAGTAACTGCTGA
CCTCCGCTGTGTGTCCATTT
GAAGACTTCGGTTCCCTGTAAC
GCCGTTCACCTGTATGCAC
GATGCGCTTGTTTGGGTTGAA
GAGGGGACAGCCGTTGAAT

GGGCTGATGGGATTTCTCTTG
AGCTCGGTGGTGTTCTCCAATG
AGGCACTCCACATCTTGGTTT
TCAGTCCATAAGCCAAGCTATCA
TAACGTGGGTTGCCAAGCATC
TTCCCTACGCCTTCCTGTCTC
CATGGGTGTGCTTAAACTTTCG
TAAAACGCGGTCCTGTTCCTC

GCACTTGTGAAAACGGCAGT
CGGTCTCCACACAGAATGATG
CCGGCAGTTAAGATCACACCTAT
CACCCACTGCCACCCATAAG
CTGGTGGCTGGAATTGACCGCTA
CGTCTGGGTAAGACACTGTTTTT
TCCATCTTCACTCAGGTAGCC
AAAAGGCAGTCGAAGGTCTCG
CCAGCTTGAGTACACAGTCGAA
GTACAAGGTGACCAGGACATTTT
CTCCAGAGAAAAGCGGCTGTA
GAGCGACTCAAACTGCCCT
ATGGCTTCAGATTCCAGAGGT
CACAGGTGATAATGAGGACAGC
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TGFBI

CCGCAACAACGCCATCTATG

CTCTGCACGGGACAGCAAT

TGFp2 TCGACATGGATCAGTTTATGCG CCCTGGTACTGTTGTAGATGGA
TGFB receptor 1 (TGFBR1) TCCCAACTACAGGACCTTTTTCA GCAGTGGTAAACCTGATCCAGA
TIMP1 CTTGGTTCCCTGGCGTACTC ACCTGATCCGTCCACAAACAG
TIMP2 CTGGACGTTGGAGGAAAGAAG GGTGATGCTAAGCGTGTCCC
TIMP3 GCGCAAGGGCCTCAATTAC AGAGACACTCATTCTTGGAGGT
TLR2 CCAGACACTGGGGGTAACATC CGGATCGACTTTAGACTTTGGG
TLR4 AAAGTGGCCCTACCAAGTCTC TCAGGCTGTTTGTTCCCAAATC
TNC GCTACCGACGGGATCTTCG TAGCCGTGGTACTGATGGTTT
TNFa GGCTTTCCGAATTCACTGGAG CCCCGGCCTTCCAAATAAA

TNFa interacting protein 2 (TNFalP2) AAAGGGATACCTACTTGCTGCT CAAGCCCGACACCTTGAAG
TSP-1 GAAGCAACAAGTGGTGTCAGT ACAGTCTATGTAGAGTTGAGCCC
VEGFA GCACATAGAGAGAATGAGCTTCC CTCCGCTCTGAACAAGGCT

VGL1 related sequence (VGR) TCCTTGAACCGCAAGAGTCTC CTCACCCTCAGGAATCTGGG
VHL AAAGAGCGGTGCCTTCAGG CACTTGGGTAGTCCTCCAAATC
X-ray repair complementing defective repair in Chinese TCTTCAGTCGTATCAACAAGACG GTTTGCTGGGAGGTTTCCTG

hamster cells 1 (XRCC1)
ID3

Primers for ChIP

Forward Sequence (5’ to 3°)

Reverse Sequence (5’ to 3°)

STAT binding site
Control

CATGCGAAGATGAGTGGACC
AGCCCTGGACCTGCTGATAGAG

CCAATAAAGCATTCACACATGG
AATGAGGACCACGGTGGCAC

2.3.9 Hydroxyproline assay

Wound biopsies were frozen in liquid nitrogen, and then homogenized thoroughly in
distiled water. The net weight of the wound biopsies was predetermined for
normalization. In addition, trans-4-hydroxy-L-proline (0-300 pg/mL) was included as
standards. Aliquots of samples (50 pL) were hydrolyzed in 2 N NaOH at 120°C for 2
hours, and then oxidized with chloramine-T reagent (0.0127 g/mL) for 25 min at RT. The
chromophore was then developed with the addition of p-dimethylaminobenzaldehyde
(DMAB) reagent (0.3 g/mL dissolved in methanol/hydrochloric acid solution (2:1 v/v)).
The absorbance of reddish hue complex formed was measured at 550 nm using
SpectraMax® M2e Multi-Mode Microplate Reader and SoftMax® Pro Microplate Data
Acquisition & Analysis Software (Molecular Devices, USA). Absorbance values were
plotted against the concentration of standard hydroxyproline, and the value of unknown

hydroxyproline were then determined from the standard curve.
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2.3.10 Nitric oxide determination

Intracellular level of NO from wound biposies were measured using cell-permeable 4,5-
diamino-fluorescein (DAF-FM diacetate) (D23844, Molecular probes, Invitrogen, USA).
Wound biopsies were lysed in Krebs buffer, and incubated with 10 uM DAF-FM
diacetate for 30 min at 37 °C in darkness. The fluorophore signal was recorded
immediately at 495 nm excitation and 515 nm emission wavelengths using a GloMax
20/20 Luminometer (Promega, USA). Fluorescence was expressed as arbitrary
fluorescence units (AU), and was measured with the same instrument settings for all

experiments.

2.3.11 Immunofluorescence staining

Tissue sections were fixed in 4% PFA at RT for 10 min and washed in 1X PBS.
Sections intended for staining of aSMA, ANGPTL4, iINOS and pSTAT3 were subjected
to heated antigen retrieval in citrate buffer (pH 6.0). Blocking was performed either
using 2% bovine serum albumin (BSA) containing 0.1% Triton X-100 (aSMA staining) or
using 3% normal goat serum (NGS) (ANGPTL4, iINOS and pSTATS3 staining) for an
hour at RT. The sections were then incubated with their respective primary antibodies
for overnight at 4 °C, followed by incubation with Alexa 488- or Alexa594- conjugated
secondary antibodies (Invitrogen, USA) for 60 min in the dark. Negative controls were
carried out in the absence of the primary antibody. The slides were counterstained with
DAPI (Vectashield) and images capture using the LSM 710 confocal microscope (Carl
Zeiss, Germany) with the Plan-Apochromat 20x/0.8 NA objective. Analyses were

performed with the ZEN 2012 Light Edition software (Carl Zeiss, Germany).
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2.3.12 Immunohistochemistry for CD31

Tissue sections were fixed in 4% PFA at RT for 10 min and washed in 1X PBS.
Sections were subjected to heated antigen retrieval in citrate buffer (pH 6.0). Blocking
was performed using 2% bovine serum albumin (BSA) containing 0.1% Triton X-100 for
an hour at RT. The sections were then incubated with rat Anti-mouse CD31 (PECAM-1)
Antibody (BD pharmingen, USA) for overnight at 4 °C, followed by incubation with
biotinlyated goat anti rat IgG antibody (Vector laboratories, USA). Next, sections were
incubated in Avidin:Biotinylated enzyme Complex (ABC; Vector Laboratories, USA) for
30 minutes after incubation with secondary antibodies. Sections were developed with
3,3’-diaminobenzidine (DAB) substrate (Vector Laboratories, USA) to give a brown
colour stain. Slides were mounted with Fluka Eukitt® quick-hardening mounting medium
(Sigma-Aldrich, USA). Negative controls were carried out in the absence of the primary
antibody. Images were taken using Carl Zeiss MIRAX MIDI using a Plan-Apochromat
20x/0.8 NA objective and Marlin F146.C camera, and MIRAX Viewer Version 1.11.49.0

software.

2.3.13 Proximity ligation assay

PLA experiments were performed in accordance to the manufacturer’s protocol (Olink
Biosciences, Sweden) using pairs of antibodies probing for the protein interactions that
are of interest. Mouse monoclonal anti-integrin B [clone JB1A] (1:50; Merck Millipore,
USA) paired with rabbit polyclonal anti-Racl1 [ab97732] (1:20; Abcam, USA) and rabbit
monoclonal anti-active integrin f1 [CD29, clone EP1041Y] (1:50; Abcam, USA) paired

with mouse monoclonal anti-cANGPTL4, 4A11H5 were used. Following the primary
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antibodies incubation, a pair of secondary proximity probes: Duolink® in situ PLA® probe
anti rabbit plus with Duolink® in situ PLA® probe anti mouse minus (Olink Biosciences,
Sweden) were diluted 1:5 and mixed in the antibody diluent buffer. Sections were then
incubated for 60 min at 37 °C in a pre-heated humidified chamber. Duolink® In Situ
Detection Reagents Orange kit (Olink Biosciences, Sweden) was used for the
subsequent assay. The sections were washed twice with Duolink® wash buffer A (0.01
M Tris, 0.15 M NaCl and 0.05% Tween 20, pH 7.4) for 5 min and incubated with
prepared hybridization-ligation mix from the kit for 30 min at 37 °C in a pre-heated
humidified chamber. Next, the sections were washed twice with Duolink® wash buffer A
and incubated with prepared amplification-detection mix from the kit for 100 min at 37
°C in the same chamber but away from light. After incubation, sections were washed
twice with Duolink® wash buffer B (0.2 M Tris and 0.1 M NaCl, pH 7.4) for 10 min
followed with 0.01x Duolink® wash buffer B for 2 min. Sections were counterstained and
mounted in Vectorshield® mounting media with DAPI (Vector Laboratories, USA).
Negative controls were carried out in the absence of the primary antibody. PLA images
were taken using the LSM 710 confocal microscope (Carl Zeiss, Germany) with the
Plan-Apochromat 40x/1.4 oil differential interference contrast objective. Analyses were
performed with the ZEN 2012 Light Edition software (Carl Zeiss, Germany) and PLA
signals were quantified using Blobfinder software (Centre for image Analysis, Uppsala

University).

2.3.14 In vitro diabetic wound assay
Human skin biopsies were provided by Dr. Marcus Wong from Plastic, Reconstructive

and Aesthetic Surgery of TTSH, Singapore (NHG DSRB Ref: 2012/00071). Human skin
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specimen were placed in sterile cultured medium, DMEM supplemented with 10% fetal
bovine serum (FBS) containing penicillin (1000 U/mL) and streptomycin (1000 pg/mL),
and the subcutaneous fats were removed with surgical scissors. All the trimming and
procedure were performed in a sterile biological safety cabinet. The remaining skin
specimen was cut precisely into 1.0 cm? full thickness pieces. Each skin biopsies were
washed thrice with antibiotic containing 1x PBS and placed on the dry base of the ina 6
well cell culture microplates. The skin explants were either cultured in medium
containing 5.5 mM glucose and 1 nM insulin (normal condition) or 25 mM glucose and
10 nM insulin (diabetic condition) in a humidified atmosphere of 5% CO, at 37 °C. The
top of the skin explants were not fully covered by the cultured medium, but were

exposed to air and moisture.

2.3.15 Chromatin Immunoprecipitation (ChlP)

Briefly, biopsies from saline- and cANGPT4-treated ob/ob wounds at day 7 post injury
were cut into small pieces prior to digestion with 0.5% collagenase | at 37 °C. Cells were
retrieved and crosslinked using 0.5% formaldehyde for 10 min at 37°C, followed by
sonication in SDS lysis buffer (1% SDS, 10mM EDTA, and 50mM Tris-HCI, pH 8.1) to
obtain crosslinked DNA that measure 200-500bp in length. 10% of the supernatant was
used as input, while the remaining amount was subjected to pSTAT3(Y705) specific
antibody (Cell Signaling Technology, USA) or pre-immune IgG to form complexes.
Complexes were pulled down by Protein A/G (Santa Cruz, USA) and were eluted with
elution buffer (1% SDS, 0.1M NaHCO3). DNA fragments were reverse crosslinked at

65°C for 6 hr. PCR was performed with 5-10 pL of the eluate and using primers flanking
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either the stat binding site of INOS gene (-942 to -934) or an unrelated control sequence

(>2kbp away from the binding site). The primer pairs used were given in Table 5.

2.3.16 Transmission Electron Microscopy

Skin tissue biopsies were fixed with 4% PFA, 2.5% glutaraldehyde and 0.2% picric acid
in 0.1 M sodium cacodylate buffer, pH 7.6, and incubated for 2 weeks at 4°C. The fixed
sample blocks were incubated in 1% OsO4 and 1.5% potassium hexacyanoferrate in
cacodylate buffer for 1hr, then dehydrated in a graded series of ethanol concentrations,
and embedded in Spurr’s resin. Semi-thin sections stained with toluidine blue were used
for orientation. Ultrathin sections of the skin were counterstained with 7% uranyl acetate
and Reynold's lead citrate before examination under JEM-1010 electron microscope

operating at 80 kV or JEM-2200FS.

2.3.17 Scanning Electron Microscopy

Tissue preparation for scanning electron microscopy of collagen fibers was performed
as previously described with minor modifications18-19. Wound biopsies were immersed
in 0.1 N NaOH at 80°C for 1 hour to decellularize the tissue, after which they were
successively transferred into 0.1 N NaOH at room temperature for 5 min, into distilled
water at room temperature for 5 min. Elastic fibers were removed from the
decellularized tissue by elastase treatment at 37°C for 30 minutes at a concentration of
9.5 U/mL in 100 mmol/L Tris buffer (pH 7.4) containing 1 mmol/L CaCl2 and 0.02%
NaN3.The decellularised tissue is then fixed in 2% glutaraldehyde and 1%

paraformaldehyde in 0.1 mol/L PBS (pH 7.4) overnight at 4°C. Following fixation, the
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tissues were washed twice with PBS and postfixed in 1% osmium tetroxide for 1 hour.
The specimens were then dehydrated in graded concentration of ethanol ranging from
50% to 100% and dried in a critical-point drying apparatus using liqguid CO2 as
immersion medium. The samples were then mounted onto a metal stub with double-
sided carbon tape. After this, the specimens were sputter-coated with a thin layer of
gold using SPI-Module Sputter Coater System (Structure Probe) and examined with a

JSM-5410LV scanning electron microscope (JEOL).

2.3.18 Laser capture microdissection (LCM).

Paraffin-embedded sections were mounted onto MembraneSlides 1.0 PEN (Carl Zeiss)
that was pre-treated with UV for 30 min. Hematoxylin- and eosin-stained sections were
then subjected to LCM using Arcturus® XT laser capture microdissection system
according to the manufacturer’s instructions (Life techonologies). LCM tissues were
collected onto an adhesive CapSure® Macro LCM Caps (Life techonologies). The LCM
caps with the captured samples were capped onto 500 pL centrifuging tubes containing
15 uL of lysis buffer and process as previously described. Total RNA was isolated using
RecoverAll™ total nucleic acid isolation (Ambion) according to the manufacturer
protocol. Fifty ng of RNA was subjected to Full Spectrum™ Complete Transcriptome
RNA Amplification (System Biosciences) according to manufacturer’s recommendation

prior gPCR.

2.3.19 Immunoblotting

Wound biopsies were homogenized with ice-cold protein lysis buffer pH 8.0 (20 mM
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NayH,PO,4, 250 mM NaCl, 1% Triton X-100, 0.1% SDS and 1 mM PMSF). Total protein
lysates were precipitated by a chloroform/methanol solvent method prior been resolved
on 10% SDS-PAGE. The proteins were electrotransferred onto a onto immobilon-FL
polyvinylidene fluoride membrane (IPFLO0O010 from Merck Millipore,USA). The
membranes were blocked with Odyssey Blocking buffer (#927-40000 from LI-COR
Biotechnology, USA) for 1 h at RT. The membrane was incubated with indicated
primary antibodies overnight at 4 °C in 1:1 proportion of blocking buffer to TBS (50 mM
Tris.HCI, pH 7.6, 150 mM NaCl) containing 0.05% Tween-20. Appropriate IRDye® 680
or 800 conjugated anti IgG secondary antibodies (#926-68071, #926-68070, #926-
32210 and #926-32211, LI-COR Biotechnology, USA) (1:10000) for 1 h at RT. The
protein bands were revealed using Odyssey® CLx Infrared Imaging System (LI-COR
Biotechnology, USA) and signals were quantified by densitometry with the aid of Image
Studio Software (LI-COR Biotechnology, USA). For cANGPTL4 specific mouse
monoclonal antibody (4A11H5) immunoblotting procedure, membrane was blocked with
1x Odyssey Blocking buffer overnight at 4 °C. The membrane was incubated with anti-
CANGPTL4 (4A11H5) at 4 °C overnight using 0.6 pg/cm® of the membrane in 1:1
proportion of blocking buffer to TBS (50 mM Tris.HCI, pH 7.6, 150 mM NaCl) containing

0.1% Tween-20.

2.3.20 RNA extraction and reverse transcription
At indicated time skin wound biopsies were excised and total RNA was extracted using
TRIzol® Reagent (Invitrogen, USA) followed by PureLink™ Micro-to-Midi Total RNA

Purification System (Invitrogen, USA) accordingly to the manufacturer’s protocol. Total
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RNA was quantified at A260/A280 absorbance using Nanodrop ND1000 (Thermo
scientific, USA). Five ug of total RNA was reversed transcribed using 200 U of Moloney
Murine Leukemia Virus Reverse Transcriptase, RNase H Minus (M-MLV RT) (Promega,
USA) in the presence of 5 pl of its corresponding 5X reaction buffer, 1 pg of oligo dT,
1.25 pl of 10 mM dNTP and 3 U of RiboLock™ RNase Inhibitor (Fermentas, Canada)
using iCycler thermal PCR System (Bio-Rad laboratories, USA). Subsequently, RNA

was digested with 2.5 U of RNase H (New England BioLabs, USA).

2.3.21 Isolation of cells.

Post wounding skin biopsies were minced by scissors and immersed in 500 pL of
digestion solution (250 U/mL type | collagenase in DMEM with 10% FBS) for 2 hour at
37°C with continue shaking. The tissue mixture was filtered through cell strainer (pore
size 100 um) followed by spinning through another cell strainer (pore size 70 um) at 200

X g. Isolated cells were inspected under microscope before performing further analysis.

2.3.22 Intracellular staining and Flow cytometry.

For determination of proliferative endothelial cells, intracellular staining for CD31 and
Ki67 was carried out on the cells isolated from fresh wound biopsy. Cells were fixed and
permeabilized in 300 pL of cytoperm buffer (0.01% paraformaldehyde with 0.1% NP40
in PBS) for 20 min on ice and blocked with 10% normal goat serum in PBS for 30 min at
room temperature. Following that the cells were incubated with staining buffer (3% NGS
in PBS) containing the rat anti-CD31 (1:200) and rabbit anti-Ki67 (1:200) for 30 minutes
on ice, followed by incubation with FITC conjugated goat anti-rat IgG and PE
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conjugated goat anti-rabbit IgG secondary antibody for another 30 minutes on ice
before flow cytometric analysis. For determination of nitric oxide, intracellular staining
with cell-permeable 4,5-diamino-fluorescein (DAF-FM diacetate) (D23844, Molecular
probes, Invitrogen, USA) was carried out on the transfected keratinocytes. Cells were
incubated with in DMEM alone phenol red free containing 2mM of DAF-FM diacetate for
30 min in a humidified incubator with 5% CO, at 37°C. Cells were then trypsinized and
resuspended with DMEM supplemented with 10% FBS phenol red free before flow
cytometric analysis. Flow cytometry was carried out using BD Accuri C6 flow cytometer
(BD Biosciences, USA) and data analysis was performed using Flowjo software version

7.6.5 (Tree Star Inc, USA).

2.3.23 Transient suppression of STAT3 in keratinocytes.

Keratinocytes were seeded at 5 x 10* cells in 6 well culture plates and were incubated
overnight in a humidified incubator with 5% CO, at 37°C prior to the transfection assay.
The experimental setups include untreated cells, non-targeting scrambled siRNA and
ON-TARGETplus SMARTpool STAT3 siRNA (L-003544-00-0005) (Thermo scientific,
USA). A final concentration of 5 uM of SiRNA and 4 pL DharmaFECT transfection
reagent with serum free medium was added to each seeded well according to the
manufacture protocol. Transfection medium was replaced with fresh media 16 hours

after the transfection and analysis were performed within 24 to 96 hour post transfection.

153



2.3.24 Statistical analysis

Statistical analysis was performed using two tailed Mann-Whitney tests with GraphPad
Prism software (version 4.00) (GraphPad Software Inc, USA) or two way ANOVA using
SPSS v.19 software (IBM Corporation, USA). All statistical tests were 2-sided. A p value

of < 0.05 is considered significant.

2.4 RESULTS

2.4.1 Reduced ANGPTL4 expression in impaired diabetic wound healing.
First, we characterized the spatiotemporal expression profile of ANGPTL4 mRNA and
protein in wound healing of full-thickness excisional splint wounds between ob/+ (normal)
and ob/ob (diabetic) mice. Macroscopic observation revealed that wounds of ob/ob mice
were closed by only 40% when compared with ob/+ mice, whose wounds were
completed closed by day 7-10 post-injury (Figure 26A and B). Haematoxylin and eosin
staining of day 3, 5, 7 and 10 post-wound sections showed impaired epithelial
regeneration and granulation tissue formation in ob/ob when compared with ob/+ mice.
Histomorphometric analysis of centrally dissected ob/ob wound sections revealed
significantly delayed in re-epithelialization between day 3-10 post-wounding (Figures
26C). The epidermal wound area above the wound bed of the ob/ob mice remained
larger compared with ob/+ mice on day 10 post-injury, suggesting delayed resolution of
the wound re-epithelialization in ob/ob mice (Figure 26D). Quantitative real-time PCR
(gPCR) analyses revealed reduced mRNA level of ANGPTL4 from day 3 post-wounding
in ob/ob mice compared with ob/+ mice (Figure 27A). Consistent with gPCR data, the
immunoblot analysis showed a ~5-fold reduction in the protein level of CANGPTL4 at

day 5 post-wounding in ob/ob wounds (Figure 27B). Similarly, the immunofluorescence
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staining of ANGPTL4 revealed a lower signal in the wound epithelia and wound bed
when compared with ob/+ wounds (Figure 27C). The specificity of antibody was
determined by infrared western blot analysis using skin biopsies from wildtype

(ANGPTL4"") and ANGPTL4-knockout (ANGPTL4™) mice (Figure 28).

2.4.2 Topical application of cCANGPTL4 improves the healing rate of diabetic
wounds.

Next, we examined the effect of a single topical application of recombinant cCANGPTL4
on the diabetic wound healing rate. We inflicted two full-thickness excisional splint
wounds on the dorsal skin of ob/ob mice: one to be treated with saline and the other
with cANGPTL4 (Figure 29A). Wound images at days 7 and 10 post-injury showed
improved wound closure with cANGPTL4 treatment compared with saline treatment
(Figure 29B). Histomorphological examination of wound sections showed that
CANGPTL4 significantly accelerated re-epithelialisation compared with saline controls,
as indicated by the reduced epithelial gap (Figure 29C and D). Similarly, the length of
neo-epithelia from human skin biopsies was significantly dose-dependently increased in
the diabetic-like condition with cANGPTL4 treatment compared to in normal or diabetic
conditions without cCANGPTL4 (Figures 29E and F).

Aberrant growth factor production and activation of cognate signalling cascades
contribute to poor diabetic wound healing. To investigate if treatment of diabetic wounds
with cANGPTL4 affected their expression profiles, we performed focused qPCR arrays
on wound biopsies from control ob/+, and saline- and cANGPTL4-treated ob/ob wounds.
We analysed 77 genes clustered according to the biological functions of proliferation,

angiogenesis, cell migration, ECM matrix, cell apoptosis, and inflammation. Heat maps
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revealed significant expression changes in many genes associated with angiogenesis,
ECM remodelling, and inflammation (Figure 30A; Table 6, 7, and 8). CANGPTL4-treated
ob/ob wounds exhibited a 61.1% change in overall differential gene profile compared to
saline-treated ob/ob wounds, suggesting an altered wound healing signature (Figure

30B).

2.4.3 ANGPTL4 induces angiogenesis in diabetic wounds

Next, we examined expressions of markers of specific cell types, including
endothelial cells (CD31), myofibroblasts (aSMA), proliferating cells (PCNA), and
macrophages (F4/80). Saline-treated ob/ob wounds displayed reduced CD31 and
aSMA expressions from day 3 post-wounding compared with ob/+ wounds. F4/80 and
PCNA expressions were elevated until day 10 post-wounding in saline-treated ob/ob
wounds compared with ob/+ wounds, consistent with prolonged inflammation and
delayed resolution of wound re-epithelialisation (Figures 31A and B). Although the
F4/80 and PCNA expression pattern remained unchanged in CANGPTL4-treated ob/ob
wounds, the overall expression levels were significantly reduced compared to in saline-
treated ob/ob wounds (Figure 31B). Notably, the CD31 and aSMA expression profiles in
CANGPTL4-treated ob/ob wounds had reverted to those observed in ob/+ wounds
(Figure 31B). To further strengthen our finding, immunofluorescence staining of Ki67,
aSMA and CD31 were performed on day 5 and day7 post-wounding biopsies from ob/+,
saline- and cANGPTL4-treated ob/ob mice. No difference was observed in number of
Ki67-positive proliferating cells among ob/+, saline- and cANGPTL4-treated ob/ob

wounds (Figure 32). Consistent with the finding from western blots, immunostaining of
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CD31 and aSMA in cANGPTLA4-treated ob/ob wounds have reverted to those observed
in ob/+ wounds (Figure 32).

To determine if ANGPTL4 improves wound angiogenesis, we performed
immunofluorescence staining of CD31 and quantitative analysis of CD31-positive
isolated cells from various treated day-5 wound biopsies. The Chalkley counting method
was applied for analysing the extent of endothelial tube formation wherein a higher
Chalkley count represents better angiogenesis. Chalkley counting method is a
morphometric point counting systems using microscope eyepiece graticule and has
been recommended as a standard in international consensus reports on the
guantification ~ of  angiogenesis. cANGPTL4  treatment increased CD31
immunohistochemistry staining in ob/ob wounds compared with saline-treated ob/ob
wounds (Figure 33A, top), indicating increased wound vasculature. The mean Chalkley
counts of the cANGPTL4-treated ob/ob wounds was significantly 2-fold higher
compared to saline-treated ob/ob wounds (Figure 33A, bottom). Our FACS analysis
showed approximately 53% increase in CD31+ endothelial cells in CANGPTL4-treated
ob/ob wounds compared with saline-treated ob/ob wounds, approaching to the level
detected in ob/+ wounds (Figure 33B). Furthermore, 72.9% of the CD31+ endothelial
cell population in cANGPTLA4-treated ob/ob wounds also stained positive for proliferation
marker Ki67, compared with only 30.7% and 52.4% (CD31+Ki67+) for saline-treated
ob/ob and ob/+ wounds, respectively. Altogether, these observations indicate that
cANGPTL4 improves wound angiogenesis.

To check if ANGPTL4 have any direct effect on the endothelial cells (ECs)

survival, we have performed FACS analysis for both apoptosis (annexin and PI staining)
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and proliferation (incorporation of BrdU) assay on attached ECs in the presence and
absence of CANGPTLA4. Our results did not show any significant difference on apoptosis
and proliferation of CANGPTL4-treated ECs compared with saline-treated ECs (Figure

34)
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Figure 26. Analysis of centrally dissected ob/+ and ob/ob wound sections.

(A) Photos of normal (ob/+) and diabetic (ob/ob) wound biopsies taken at days 1, 3, 5, 7, and 10
post-wounding. Scale bar: 5 mm. (B) Representative haematoxylin and eosin images of wound
biopsy sections from ob/+ and ob/ob mice at indicated days post-wounding. Arrows indicate the
wound edge. Dotted lines delineate the epidermis—dermis interface. WB, wound bed. Scale bar:
100 pm. (C) Wound closure kinetics of ob/+ and ob/ob mice, with wound surface areas plotted as
percentage of day 0 (100%). (D) Measurements of the epidermal wound area of ob/+ and ob/ob
wound biopsies sections. Data are mean + SEM, n = 9. *p < 0.05; **p < 0.01; **p < 0.001.
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Figure 27. Expression of ANGPTL4 was reduced in diabetic wounds.

(A-B) Relative ANGPTL4 mRNA (A) and protein (B) levels in ob/+ and ob/ob wound biopsies as
analysed by gPCR and immunoblotting, respectively. Graph shows the relative cANGPTL4
protein level compared to in the day O wound in ob/+ mice. gqPCR values were normalized to the
housekeeping gene ribosomal protein L27. B-tubulin served as a loading and transfer control for
immunoblotting. (C) Immunofluorescence staining of ANGPTL4 (red) in ob/+ and ob/ob wound
biopsies. Sections were counterstained with DAPI (blue). Dotted lines delineate the epidermis—
dermis interface. Scale bar: 40 ym. Data are mean = SEM, n = 9. *p < 0.05, **p < 0.01, ***p <
0.001.
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Figure 28. Specificity of monoclonal antibodies against mouse ANGPTLA4.

Specificity of monoclonal antibodies against mouse ANGPTL4. (A) Immunoblot detection using
monoclonal antibodies against cCANGPTL4 (clone 4A11HS5). Total wound biopsy lysates of wild-
type (ANGPTL4"") and ANGPTL4-knockout (ANGPTL4™") mice were used. B-tubulin served as a
loading and transfer control. (B) Immunofluorescence staining of CANGPTL4 (green) in day-5
post-wound biopsies from ANGPTL4™" and ANGPTL4”™ mice using monoclonal antibodies
against CANGPTL4 (clone 3F4F5). Nuclei were counterstained with DAPI (blue). Dotted lines
delineate the epidermis—dermis interface. Scale bar: 20 um. AF: auto fluorescence. WB: wound
bed.
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Figure 29. Topical application of ANGPTL4 improves diabetic wound healing.

(A) A schematic diagram illustrating the location and dimensions of full-thickness excision splint
wounds on the dorsal skin of ob/ob mice. Single topical application of CANGPTL4 and control
saline were both performed on each mouse. The blue dotted line indicates the centrally dissected
region histological sections. (B) Representative photographs of saline- and cANGPTL4-treated
ob/ob wound biopsies taken at day 3, 5, 7, and 10 post-wounding. Scale bar: 5 mm. (C)
Representative haematoxylin and eosin images of saline- and cCANGPTL4-treated wound sections.
Arrows indicate the wound edge. Dotted lines delineate the epidermis—dermis interface. WB,
wound bed. Scale bar: 100 ym. (D) Wound closure kinetics of saline- and cANGPTLA4-treated
ob/ob wounds, with wound surface areas plotted as percentage of day 0 (100%). Data are mean *
SEM, n = 3. *p < 0.05, **p < 0.01. (b) Average lengths of neo-epithelium from human skin biopsies
cultured for five days under normal and diabetic conditions with various CANGPTL4
concentrations. Data are mean = SEM, n = 9. *p < 0.05, *p < 0.01, **p < 0.001. (E)
Representative haematoxylin and eosin-stained images of day-5 post-culturing human skin
biopsies in normal conditions, diabetic conditions, and diabetic conditions with various
concentrations of CANGPTLA4. Black dotted lines mark the edge of the wound biopsy at day O.
Scale bar: 100 ym. (F) Histomorphometric measurements of the neo epithelium from day-5 post-
culturing human skin biopsies in normal conditions, diabetic conditions, and diabetic conditions
with various concentrations of CANGPTL4. Data are mean = SEM, n = 9. *p < 0.05; **p < 0.01.
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Table 6. Gene expression in ob/+ wound

GenBank Accession

No. Symbol Day 0 Day 3 Day 5 Day 7 Day 10
PROLIFERATION

NM_008416 JUN-B 0.156725 6.554231 0.686169 0.588833 0.740001
NM_008108 GDF3 0.229432 6.458987 2.496683 1.688878 1.227741
NM_001033239 CSTA 0.188826 4.410111 19.62685 8.619888 4.364321
NM_011577.1 TGFB1 0.208501 2.552748 0.930714 0.573895 0.537032
NM_009532 XRCC1 0.409888 4.198295 1.129176 0.977582 2.504406
NM_001081117.2 Ki67 0.588614 5.438939 2.334188 2.623753 3.532172
NM_008037 FOSL2 (FRA2) 0.304307 2.714392 0.578645 1.197301 1.043532
NM_011386.2 SKIL (SnoN) 0.933885 6.077622 5.291099 2.839864 2.465658
NM_009652.3 AKT1 0.594666 3.446702 1.482059 1.238363 0.856369
NM_010427.4 HGF 0.291696 1.172812 1.299929 0.499510 0.523416
NM_011952 MAPK3 (1b) 0.351700 1.105140 0.604718 0.490997 0.420572
NM_009870 CDK4 0.637520 1.941299 1.289818 1.329348 1.012852
NM_009896 SOCS1 0.751820 2.015070 2.614084 0.911380 1.054464
NM_008008.4 KGF (FGF7) 0.514706 1.121522 0.805334 0.382475 0.653387
NM_031199.3 TGFA 1.109040 1.833541 2.902839 2.059449 1.384412
NM_007670.4 pl5 (CDKN2B) 0.868720 1.674337 1.066530 0.908250 2.178165
AF016189.1 Smad3 0.661817 1.268314 1.040053 0.544876 0.578266
NM_008006.2 FGF2 0.424226 0.758342 0.404547 0.205858 0.116904
NM_009283 STAT 1 0.762617 1.081457 1.543661 0.645053 0.284173
NM_008279.2 MAP4K1 0.520385 0.904445 1.013113 0.508003 0.336498
NM_207655 EGFR 0.664681 1.006642 0.765933 0.649277 1.052040
NM_011145.3 PPARP/S 0.858071 0.412738 1.301343 0.497965 0.009220
NM_007987.2 FAS 0.208006 0.226172 0.034424 0.294469 0.434092
NM_009370.2 TGFBR1 (ALK5) 0.968227 0.932627 0.914630 0.872759 1.227945
NM_010927.3 iNOS (NOS2) 0.367154 0.203582 1.026928 0.830821 0.697027
NM_009969.4 GM-CSF 1.305664 2.057592 2.319032 0.914727 1.289411
NM_011144.6 PPARa 1.376648 0.632694 0.504220 0.400709 0.522342
ANGIOGENESIS

NM_007426.3 ANGPT2 0.110251 0.611290 1.771250 0.254272 0.542262
NM_009505 VEGFA 1.256536 4.690086 2.205454 0.880261 1.104457
BC003806 STAT 3 0.704101 1.526852 1.145983 0.678334 0.527540
NM_011057.3 PDGFB 0.938039 1.825587 1.793180 0.767349 0.703514
AF016189.1 Smad3 0.661817 1.268314 1.040053 0.544876 0.578266
NM_008808.3 PDGFA 1.034881 1.018791 2.165501 1.084197 0.596449
NM_009370.2 TGFBR1 (ALK5) 0.968227 0.932627 0.914630 0.872759 1.227945
NM_009640.3 ANGPT1 0.312981 0.223352 0.185313 0.106564 0.354713
NM_010197.3 FGF1 1.506516 0.845095 0.630055 0.433178 0.586736
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NM_010927.3
NM_008816.2
NM_009605
MIGRATION
NM_010140
NM_011952
BC003806
NM_008036
NM_008402
AF016189.1
NM_010143
NM_008279.2
NM_016802
NM_009370.2
NM_009396.2
NM_001127330.1
ECM
NM_011593
NM_009263
NM_011607
NM_013599
NM_008607
NM_011580
NM_007404
NM_009242
NM_011594
NM_011595.2
NM_008871
NM_009367.3
NM_010296.2
APOPTOSIS
NM_007464
NM_009283
NM_010517

INFLAMMATION

NM_013693
NM_008176
NM_010548.2
NM_009141.2

iNOS (NOS2)
PECAM1
Adipoqg

EPHA3
MAPKS3 (1b)
STAT 3
FOSB
ITGAV
Smad3
EPHB3
MAP4K1
RHOA
TGFBR1 (ALKS5)
TNFAIP2
PPARy

TIMP1
OPN (Spp1)
TNC
MMP9
MMP13
TSP-1
ADAM9
SPARC
TIMP2
TIMP3
PAIL (Serpinel)
TGFB2
GLI1

IAP2
STAT1
IGFBP4

TNFA
CXCL1
IL-10
CXCL5

0.367154
1.588275
0.257089

0.171504
0.351700

0.704101
0.844083
0.846653
0.661817
0.529828
0.520385
0.981261
0.968227
0.906535
1.202532

0.097499
0.159337
0.338232
0.531998
0.232440
0.476082
0.395403
0.480204
0.497669
0.896732
1.717840
1.284430
1.502637

0.665846
0.762617
0.614106

0.037312
0.083437
0.020473
0.149996

0.203582
0.808740
0.063623

1.410735
1.105140

1.526852
1.618836
1.623685
1.268314
0.904733
0.904445
0.993775
0.932627
0.835809
0.414603

4.779940
3.386260
4.641325
4.645245
1.656137
2.211606
1.213515
0.790912
1.036548
0.560416
0.884620
0.576548
0.463211

1.511230
1.081457
0.888844

10.2316

11.05786
1.212068
3.711946

1.026928
0.777321
0.025200

1.281664
0.604718

1.145983
0.867265
1.197204
1.040053
1.098044
1.013113
0.959051
0.914630
0.654888
0.380897

0.615597
4.407381
7.723610
6.016101
0.666829
1.336181
0.922171
1.807140
1.227695
0.344548
0.889975
0.736159
0.562287

1.138860
1.543661
0.794956

0.468858
0.793785
1.264306
0.489938

0.830821
0.556189
0.058030

0.973647
0.490997

0.678334
0.668838
0.841523
0.544876
1.000996
0.508003
0.838295
0.872759
0.223550
0.343301

0.958408
0.672715
5.793988
1.933875
0.157788
1.194293
0.342360
1.017414
0.723035
0.200935
0.807652
0.456816
0.830497

0.771053
0.645053
0.303044

0.422693
0.764558
0.646134
0.408244

0.697027
0.528869
0.196103

0.495663
0.420572

0.527540
0.237066
1.464738
0.578266
1.697639
0.336498
0.292791
1.227945
0.280186
0.282584

0.450441
0.059469
5.375437
0.820979
0.147205
1.231223
0.502758
0.620502
0.989423
0.748156
0.147766
0.430501
0.324001

0.395123
0.284173
0.749203

0.096479
0.222295
0.441396
0.097458

165



NM_021274.1
NM_011333.3
NM_008380
NM_007707
NM_011905
NM_031168.1
BC109135
NM_010431
NM_021297
NM_008599.4
NM_011488
NM_009507.3
NM_009283
NM_008360.1
NM_010638
NM_011330.3
NM_010927.3

CXCL10
ccL2
INHBA
SOCS3
TLR2

IL-6

IL1IR1
HIF1A
TLR4
CXCL9
STAT 5A
VHL
STAT 1
IL-18

KLF-9
ccL11

iNOS (NOS2)

0.091558
0.086708
0.182848
0.526876
0.503839
0.366964
0.496046
0.752800
0.503916
0.345309
0.453144
1.001643
0.762617
0.366857
0.685050
0.529826
0.367154

2.402611
1.764824
3.492547
4.127815
2.670658
1.705026
1.924439
2.806556
1.382422
0.727598
0.918977
1.742515
1.081457
0.203418
0.862250
0.320064
0.203582

0.894154
1.228643
1.071480
1.742194
0.809051
2.175877
1.098497
1.038764
1.054945
1.372522
0.756884
1.298497
1.543661
1.026099
0.386243
0.593788
1.026928

0.391871
0.346389
0.740565
0.789632
0.389091
0.605557
0.653671
0.756955
0.475487
0.565455
0.581519
0.814256
0.645053
0.830150
0.336787
0.206036
0.830821

0.335992
0.110375
0.810593
0.430064
0.302130
0.571960
1.475758
0.682358
0.424482
0.459662
0.459055
0.597035
0.284173
0.696464
0.280775
0.217236
0.697027
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Table 7. Gene expression in Saline-treated ob/ob wound.

GenBank Accession

No. Symbol Day 0 Day 3 Day 5 Day 7 Day 10
PROLIFERATION

NM_008416 JUN-B 0.152556 3.172094 1.526778 4.484403 0.287089
NM_008108 GDF3 0.136515 4,965691 6.243470 3.966791 1.550918
NM_001033239 CSTA 0.508856 27.13025 12.53943 23.37949 0.406501
NM_011577.1 TGFB1 0.549678 1.355657 3.658518 3.642923 0.660413
NM_009532 XRCC1 3.868010 0.530499 1.031126 1.409277 1.518873
NM_001081117.2 Ki67 1.853563 3.629809 4.337301 4.743085 1.651986
NM_008037 FOSL2 (FRA2) 0.389147 1.190892 0.566979 0.741474 0.302783
NM_011386.2 SKIL (SnoN) 2.759996 8.323164 7.297358 9.664507 2.415079
NM_009652.3 AKT1 1.134636 1.321611 2.016966 1.711165 0.510856
NM_010427.4 HGF 0.160628 1.743398 2.166984 0.647157 0.904471
NM_011952 MAPK3 (1b) 0.597765 0.716862 0.944315 0.734004 0.394860
NM_009870 CDK4 0.813738 1.337735 1.360731 1.560888 1.018518
NM_009896 SOcCs1 1.497767 4.148567 3.142511 2.844695 0.437668
NM_008008.4 KGF (FGF7) 0.595196 1.110988 0.991840 0.742551 0.623343
NM_031199.3 TGFA 2.332045 5.168670 4.421783 2.873906 2.726296
NM_007670.4 pl5 (CDKN2B) 1.499122 0.705773 1.415514 1.818516 1.478039
AF016189.1 Smad3 0.742435 0.750201 0.441932 0.598625 0.186970
NM_008006.2 FGF2 1.317701 0.766727 0.713610 0.360296 0.185439
NM_009283 STAT 1 1.007855 1.307954 2.155304 1.825283 0.473602
NM_008279.2 MAP4K1 0.278249 0.832453 0.819214 0.807961 0.291905
NM_207655 EGFR 1.023921 0.713711 1.000820 0.444678 0.714879
NM_011145.3 PPARP/S 0.514494 2.530547 2.382542 2.280499 1.296668
NM_007987.2 FAS 0.439816 0.099373 0.224529 0.135704 0.263693
NM_009370.2 TGFBR1 (ALKS) 2.250052 2.189751 1.554899 1.455078 1.831485
NM_010927.3 iINOS (NOS2) 0.102444 0.035823 0.001465 0.000879 0.000051
NM_009969.4 GM-CSF 0.532663 1.575585 0.216542 5.371917 2.828046
NM_011144.6 PPARa 1.358423 0.585544 0.716725 0.508685 0.755341
ANGIOGENESIS

NM_007426.3 ANGPT2 2.597985 0.522414 1.412809 1.019220 0.291111
NM_009505 VEGFA 1.317539 1.372430 1.666211 0.969143 0.441270
BC003806 STAT 3 0.838114 1.418559 0.857724 0.339311 0.172353
NM_011057.3 PDGFB 0.669607 1.105467 1.523259 2.128962 0.947266
AF016189.1 Smad3 0.742435 0.750201 0.441932 0.598625 0.186970
NM_008808.3 PDGFA 0.300793 0.745053 1.267399 1.203785 0.673345
NM_009370.2 TGFBR1 (ALKS) 2.250052 2.189751 1.554899 1.455078 1.831485
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NM_009640.3
NM_010197.3
NM_010927.3
NM_008816.2
NM_009605
MIGRATION
NM_010140
NM_011952
BC003806
NM_008036
NM_008402
AF016189.1
NM_010143
NM_008279.2
NM_016802
NM_009370.2
NM_009396.2
NM_001127330.1
ECM
NM_011593
NM_009263
NM_011607
NM_013599
NM_008607
NM_011580
NM_007404
NM_009242
NM_011594
NM_011595.2
NM_008871
NM_009367.3
NM_010296.2
APOPTOSIS
NM_007464
NM_009283
NM_010517
INFLAMMATION
NM_013693
NM_008176

ANGPT1
FGF1

iNOS (NOS2)
PECAM1
Adipoqg

EPHA3
MAPKS3 (1b)
STAT 3
FOSB
ITGAV
Smad3
EPHB3
MAP4K1
RHOA
TGFBR1 (ALK5)
TNFAIP2
PPARy

TIMP1
OPN (Spp1)
TNC
MMP9
MMP13
TSP-1
ADAM9
SPARC
TIMP2
TIMP3
PAIL (Serpinel)
TGFB2
GLI1

IAP2
STAT1
IGFBP4

TNFA
CXCL1

0.271623
1.809058
0.102444
1.026536
0.525416

0.856996
0.597765
0.838114
0.474459
1.486966
0.742435
0.389309
0.278249
0.656541
2.250052
1.334465
1.476165

0.092007
0.321897
0.196003
0.486960
0.196111
0.178282
1.481524
0.766017
0.615494
1.082271
0.827940
1.267494
0.777933

0.881733
1.007855
0.847077

0.058466
0.103358

0.541881
1.298661
0.035823
1.012497
0.118814

0.323590
0.716862
1.418559
2.473119
2.218466
0.750201
1.173355
0.832453
1.501634
2.189751
0.900658
0.923280

0.675698
11.29194
0.033474
9.389738
1.485535
2.934585
1.773434
0.643615
0.690985
0.327056
0.504290
1.106269
0.523369

0.995298
1.307954
0.400526

1.534815
7.129337

0.486119
1.220293
0.001465
1.271402
0.081237

2.581308
0.944315
0.857724
0.902717
3.554344
0.441932
0.966125
0.819214
1.183005
1.554899
0.394656
0.820091

0.641478
9.796510
22.59936
5.523574
1.072455
1.655054
1.590105
1.251748
1.270724
0.547626
0.910365
0.693061
0.833232

0.952775
2.155304
1.231736

0.864856
4.410788

0.361020
0.873766
0.000879
1.030997
0.043210

0.504820
0.734004
0.339311
1.233993
2.428998
0.598625
0.878085
0.807961
1.251562
1.455078
0.916066
0.499319

0.466803
6.725629
16.33259
11.41316
2.229062
5.159779
1.043663
1.260813
0.802109
0.502637
2.138120
1.008982
0.636208

1.001650
1.825283
0.543980

6.997037
6.082674

0.208196
0.791780
0.000051
0.486843
0.059965

0.444591
0.394860
0.172353
0.129576
0.618679
0.186970
0.871821
0.291905
0.693547
1.831485
0.434364
0.464317

0.346310
0.642136
3.236137
0.324407
0.556222
0.417450
0.435286
0.512365
0.397484
0.409326
0.777036
0.465939
0.621880

0.451337
0.473602
0.370002

0.097500
0.036343
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NM_010548.2
NM_009141.2
NM_021274.1
NM_011333.3
NM_008380
NM_007707
NM_011905
NM_031168.1
BC109135
NM_010431
NM_021297
NM_008599.4
NM_011488
NM_009507.3
NM_009283
NM_008360.1
NM_010638
NM_011330.3
NM_010927.3

IL-10
CXCL5
CXCL10
ccL2
INHBA
SOCS3
TLR2

IL-6

ILIR1
HIF1A
TLR4
CXCL9
STAT 5A
VHL
STAT 1
IL-18

KLF-9
CCL11

iNOS (NOS2)

0.297165
0.501839
0.250498
0.214683
0.919534
1.077089
0.489705
0.195309
0.921124
0.895448
0.713236
1.157953
0.852498
1.440808
1.007855
0.599095
1.401337

0.969593
0.102444

1.451524
40.88581
1.126345
8.392496
2.784224
5.065714
2.922228
8.340513
1.726157
1.387657
2.706313
2.190138
0.754894
2.150269
1.307954
0.486806
0.431655

0.610924
0.035823

1.288575
49.65191
1.284465
5.935198
5.537288
2.008733
2.985972
5.607855
3.633038
0.906589
2.601621
2.601004
1.008012
2.576122
2.155304
0.888455
0.642859

0.957601
0.001465

0.515189
5.464767
0.890984
1.128045
2.269734
2.584182
3.031845
3.060826
1.147471
0.592514
1.873377
2.702952
0.649486
2.349019
1.825283
0.557822
0.516679

0.370957
0.000879

0.264587
0.372129
0.680621
0.200589
1.586482
0.374945
0.281524
1.208423
0.455597
0.778827
0.369483
3.172733
0.236424
0.933073
0.473602
0.345020
0.310364

0.464304
0.000051
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Table 8. Gene expression in cCANGPTL4-treated ob/ob wound.

GenBank Accession

No. Symbol Day 0 Day 3 Day 5 Day 7 Day 10
PROLIFERATION

NM_008416 JUN-B 0.152556 0.290977 0.208893 0.766593 0.167475
NM_008108 GDF3 0.136515 0.846272 0.296635 2.639181 0.218525
NM_001033239 CSTA 0.508856 0.436876 0.892908 1.389773 0.808699
NM_011577.1 TGFB1 0.549678 1.010338 0.871393 0.986599 0.762965
NM_009532 XRCC1 3.868010 1.213521 3.451768 6.807802 1.314453
NM_001081117.2 Ki67 1.853563 2.490830 1.048289 1.563181 1.089726
NM_008037 FOSL2 (FRA2) 0.389147 0.374920 0.292734 1.037806 0.536654
NM_011386.2 SKIL (SnoN) 2.759996 4.644625 0.958261 0.205126 1.329661
NM_009652.3 AKT1 1.134636 1.186596 2.733216 2.781050 1.233187
NM_010427.4 HGF 0.160628 0.700922 2.321898 3.635397 0.980706
NM_011952 MAPK3 (1b) 0.597765 0.989835 0.468527 0.504593 0.557869
NM_009870 CDK4 0.813738 1.063913 0.873984 0.929762 0.879897
NM_009896 SOCs1 1.497767 0.871649 0.263218 2.390392 0.576740
NM_008008.4 KGF (FGF7) 0.595196 0.771334 1.472135 0.915021 1.124630
NM_031199.3 TGFA 2.332045 4.677648 3.229010 0.035038 2.678183
NM_007670.4 pl5 (CDKN2B) 1.499122 2.126865 1.404709 0.795709 1.176000
AF016189.1 Smad3 0.742435 0.462236 0.015755 0.383951 0.649618
NM_008006.2 FGF2 1.317701 0.443933 2.333738 0.177052 0.132299
NM_009283 STAT 1 1.007855 0.997653 0.980602 0.980859 1.000369
NM_008279.2 MAP4K1 0.278249 0.750923 0.598703 0.496168 0.784413
NM_207655 EGFR 1.023921 1.435695 0.308265 0.587702 1.157887
NM_011145.3 PPARP/S 0.514494 0.711088 15.66685 1.811131 0.064872
NM_007987.2 FAS 0.439816 0.872716 0.952662 0.286981 0.595842
NM_009370.2 TGFBR1 (ALKS) 2.250052 1.049709 1.250868 21.28802 2.680332
NM_010927.3 iNOS (NOS2) 0.232430 0.215077 0.262108 0.834560 0.500736
NM_009969.4 GM-CSF 0.532663 0.538789 0.140713 1.251679 0.869274
NM_011144.6 PPARa 1.358423 0.797189 1.360061 1.655384 1.062509
ANGIOGENESIS

NM_007426.3 ANGPT2 2.597985 0.591592 1.246518 0.070762 0.001531
NM_009505 VEGFA 1.317539 0.892290 1.269733 1.239880 0.761824
BC003806 STAT 3 0.838114 1.024890 0.508845 0.824855 0.561319
NM_011057.3 PDGFB 0.669607 0.862382 0.718599 2.285251 0.846454
AF016189.1 Smad3 0.742435 0.462236 0.015755 0.383951 0.649618
NM_008808.3 PDGFA 0.300793 0.527603 0.540157 2.009957 0.718748
NM_009370.2 TGFBR1 (ALKS) 2.250052 1.049709 1.250868 21.28802 2.680332
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NM_009640.3
NM_010197.3
NM_010927.3
NM_008816.2
NM_009605
MIGRATION
NM_010140
NM_011952
BC003806
NM_008036
NM_008402
AF016189.1
NM_010143
NM_008279.2
NM_016802
NM_009370.2
NM_009396.2
NM_001127330.1
ECM
NM_011593
NM_009263
NM_011607
NM_013599
NM_008607
NM_011580
NM_007404
NM_009242
NM_011594
NM_011595.2
NM_008871
NM_009367.3
NM_010296.2
APOPTOSIS
NM_007464
NM_009283
NM_010517
INFLAMMATION
NM_013693
NM_008176

ANGPT1
FGF1

iNOS (NOS2)
PECAM1
Adipoqg

EPHA3
MAPKS3 (1b)
STAT 3
FOSB
ITGAV
Smad3
EPHB3
MAP4K1
RHOA
TGFBR1 (ALK5)
TNFAIP2
PPARy

TIMP1
OPN (Spp1)
TNC
MMP9
MMP13
TSP-1
ADAM9
SPARC
TIMP2
TIMP3
PAIL (Serpinel)
TGFB2
GLI1

IAP2
STAT1
IGFBP4

TNFA
CXCL1

0.271623
1.809058
0.232430
1.026536
0.525416

0.856996
0.597765
0.838114
0.474459
1.486966
0.742435
0.389309
0.278249
0.656541
2.250052
1.334465
1.476165

0.092007
0.321897
0.196003
0.486960
0.196111
0.178282
1.481524
0.766017
0.615494
1.082271
0.827940
1.267494
0.777933

0.881733
1.007855
0.847077

0.058466
0.103358

0.523158
0.675523
0.215077
9.734563
0.893195

0.988881
0.989835
1.024890
0.444920
1.653031
0.462236
0.401851
0.750923
0.648247
1.049709
0.831268
5.312032

0.428043
0.338047
0.688293
0.325888
0.242981
0.682218
2.147589
0.957468
0.972705
0.877912
0.504427
1.179050
2.061107

0.888382
0.997653
1.034808

0.293317
0.353159

0.789467
0.911098
0.262108
40.79655
1.281693

0.775695
0.468527
0.508845
0.514906
0.324666
0.015755
0.933636
0.598703
1.623903
1.250868
0.974859
0.077685

0.322566
0.659040
0.605825
0.769769
0.258511
0.493199
0.467171
0.796479
1.119709
0.952572
0.910143
0.774397
0.423950

1.288717
0.980602
0.868898

0.079136
0.165312

0.373875
2.808195
0.834560
80.68790
0.295419

1.061996
0.504593
0.824855
0.554858
0.099062
0.383951
3.133712
0.496168
5.220673
21.28802
1.426047
0.085928

0.423165
0.730737
1.365889
1.277531
1.746660
2.000362
2.137471
0.809897
0.942139
1.509514
1.296887
1.370055
0.490343

1.131918
0.980859
0.782863

0.504884
0.652480

0.353373
1.058101
0.500736
0.175586
0.358659

0.677151
0.557869
0.561319
0.313006
1.032131
0.649618
0.720600
0.784413
0.848715
2.680332
0.863158
1.257537

0.171270
0.434753
0.858515
0.611197
0.218456
0.278808
11.81901
0.692813
0.439807
2.262474
0.629588
0.683359
1.332113

0.734564
1.000369
0.960491

0.132312
0.127210
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NM_010548.2
NM_009141.2
NM_021274.1
NM_011333.3
NM_008380
NM_007707
NM_011905
NM_031168.1
BC109135
NM_010431
NM_021297
NM_008599.4
NM_011488
NM_009507.3
NM_009283
NM_008360.1
NM_010638
NM_011330.3
NM_010927.3

IL-10
CXCL5
CXCL10
ccL2
INHBA
SOCS3
TLR2

IL-6

ILIR1
HIF1A
TLR4
CXCL9
STAT 5A
VHL
STAT 1
IL-18

KLF-9
CCL11

iNOS (NOS2)

0.297165
0.501839
0.250498
0.214683
0.919534
1.077089
0.489705
0.195309
0.921124
0.895448
0.713236
1.157953
0.852498
1.440808
1.007855
0.599095
1.401337

0.969593
0.232430

0.909327
0.501839
0.685454
0.705153
0.912952
1.087759
0.924216
0.224720
0.934476
1.136411
0.922546
1.052630
1.027928
1.480614
0.997653
0.831837
1.351285

1.001181
0.215077

0.899593
0.585031
0.563339
0.839760
0.866716
1.090964
0.755532
0.507640
1.074441
0.792758
1.072581
1.006731
0.950384
0.966011
0.980602
1.030033
0.209858

1.038671
0.262108

0.829194
0.997935
1.024823
0.526328
0.977302
0.963710
1.526709
0.711335
1.026327
0.750116
1.115380
0.955921
0.832105
0.768630
0.980859
1.007655
0.106323

0.967775
0.834560

0.320147
0.266491
0.476465
0.290852
0.924911
1.126733
0.526428
0.196630
0.973915
1.253959
0.944624
1.009809
0.879752
1.196276
1.000369
0.873737
0.293995

0.930282
0.500736
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Figure 30. ANGPTL4 implications on several biological gene functions.

(A) Heat maps show gene expression profiles of ob/+, and saline- and cANGPTL4-treated ob/ob
wounds. Genes are clustered according to the following biological gene functions: proliferation,
angiogenesis, migration, ECM, apoptosis, and inflammation. The colour spectrum from blue to red
depicts the fold-change in LOG form from -1.0 to 1.0. (B) Venn diagram comparing total number
of genes from ob/+ (blue), and saline- (red) and cANGPTL4-treated (black) ob/ob wounds.
Comparisons of the percentages of total numbers of genes changed.
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Figure 31. ANGPTL4 improves wound-related angiogenesis.

(A) Representative immunoblots and (B) graph showing relative protein levels of
indicated proteins from ob/+, and saline- and cCANGPTL4-treated ob/ob wound biopsies.
The graph was determined based on the mean densitometry value of the immunoblot
obtained from 3 independent set of mice wounding experiments. The data was
normalized against the densitometry value of B-tubulin, which served as a loading and
transfer control. Data are mean = SEM, n = 12 mice per set. *p < 0.05; **p < 0.01, ***p <
0.001 by unpaired Student’s t-test.
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Figure 32. Immunofluorescence staining of wound biopsies

Immunofluorescence staining for Ki67 (green), aSMA (red) and CD31 (green) on ob/+, and
saline- and cANGPTL4-treated ob/ob wound biopsies. Nuclei are counterstained with DAPI
(blue). Dotted lines delineate the epidermis—dermis interface. WB: wound bed. Scale bar: 20
pm.

175



b/ob + ob/ob_+
ob/+ osa?ine cAlch‘) BTL4
CD31
Chalkley | .
25pts grid | >
9
ns
10,  — 1
. 9 — *hk
S8
©
g7
= 6
§ 5
> 4
= 3
22
©4
0 . :
ob/+ ob/ob + ob/ob +
saline cANGPTL4
B
------------ Negative ctrl (0.7%) - Negative ctrl (20.9%)
ob/+ (4.5% —— ob/+ (52.4%)
—————— ob/ob + saline 2‘6%2 --———0b/ob + salinngIiO.?%
——ob/ob + cANGPTL4 (4.0%) ob/ob + cANGPTL4 (72.9%)
200 404
| CD31* i ] Ki67+* in
f 1 ] CD31* population
150 1 304
i)
S 100 7 Y
o) il
o i 11
50 | | \

10%210° 10* 10° 10°® 107
Intensity Intensity

Figure 33 ANGPTL4 induced angiogenesis in ob/ob wound.

(A) Representative immunostaining for CD31 (brown) on ob/+, and saline- and
CANGPTL4-treated ob/ob wound biopsies. Scale bar: 40 um. Chalkley’s 25 points grids
were used to determine the mean chalkley counts shown in the graph for at least 3
microscopic fields from 3 independent experiments. Data are mean + SEM, n = 9.
***pn<0.001; (B) Representative histograms generated from flow cytometry showing
percentage of CD31+ endothelial cells population from total cells isolated from ob/+,
saline treated ob/ob and cANGPTL4 treated ob/ob wound biopsies (left panel).
Histograms gated from CD31+ endothelial cells population showing percentage of
Ki67+ proliferative cells (right panel).
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Figure 34 ANGPTL4 has no direct effect on endothelial cells survival and
proliferation.

(A-B) Percentage of apoptotic (A) and proliferative (B) cells of saline- or cANGPTL4-
treated endothelial cells as analyzed by FACS. Apoptotic and proliferating cells were
determined by Annexin V-FITC: propidium iodide (PI) and BrdU staining, respectively.
The total percentage counts of Annexin V'/PI” (early apoptosis) and Annexin V*/PI" cells
(late apoptosis) populations were considered apoptotic (bold). Data are mean + SEM
from six independent experiments.
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2.4.4 ANGPTL4 increases nitric oxide (NO) production as an angiogenic
mediator in diabetic wounds.

Our focused gene array analysis revealed that iINOS expression was dramatically
increased in ob/ob wounds treated with cANGPTL4 compared with saline. To
understand how ANGPTL4 modulates angiogenesis, we first examined the level of nitric
oxide (NO), which is a potent angiogenesis mediator in various time points of our wound
biopsies. Using a DAF-FM diacetate-based assay, we detected an overall NO reduction
in ob/ob compared with ob/+ wounds (Figure 35A). Furthermore, CANGPTL4-treated
ob/ob wounds showed significantly increased NO production from day 3 post-wounding
compared to those with saline treatment, suggesting that CANGPTL4 may mediate NO
production (Figure 35A).

We further found that, in contrast to ob/+ wounds in which eNOS expression
peaked at day 5 post-wounding, eNOS expression in ob/ob wounds transiently peaked
at day 3 post-wounding (Figure 35B). cCANGPTL4 treatment of ob/ob wounds resulted in
an increase in eNOS expression from day 5 post-wounding, more closely resembling
the expression pattern of ob/+ wounds. The maximal fold-change in eNOS expression
was similar between ob/+ and cANGPTL4 treated ob/ob wounds. These observations
suggest that the elevation of eNOS in wounds may be a secondary effect. CANGPTL4
also did not modulate eNOS expression in primary human dermal microvascular
endothelial cells (Figure 35C). Our results showed that ob/ob wounds expressed little
INOS mRNA compared to normal ob/+ wounds, in which INOS expression peaked at
day 3 post-injury. cANGPTL4 treatment in ob/ob wounds increased iNOS expression,

which peaked at day 7 post-injury (Figure 35D). Consistently, our immunofluorescence
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staining for INOS showed increased intensity in day-7 cANGPTL4-treated wounds
compared with saline controls (Figure 35E). To further strengthen our findings, we
examined the NO level of ANGPTL4-knockout (KO) mice. Post wounding biopsies from
KO mice have significantly lower level of NO detected in the wound epithelium by DAF
staining when compared to wild type (WT) mice (Figure 35F). In addition, we separately
examined the mRNA expression of INOS in laser capture microdissected wound
epithelia and dermis from the day 7 post-wound biopsies of ob/ob mice (Figure 36). The
INOS mRNA level in the epithelia of CANGPTL4-treated wounds was 10-fold higher than
in saline-treated controls. CANGPTL4 treatment of ob/ob wounds did not affect dermal
fibroblast INOS mMRNA expression, indicating a cell type-specific response.

To confirm the roles of INOS and NO inducing angiogenesis and improve wound
healing in diabetic wound healing, we co-treated ob/ob wounds with cANGPTL4 and
aminoguandine (AG), a selective iINOS inhibitor. As expected, ob/ob wound treated with
cANGPTLA4 in the presence of AG displayed a delay in wound healing comparable with
the saline treated ob/ob wounds (Figure 37A). Histomorphometric analysis of saline
treated, CANGPTL4 treated and cANGPTL4 plus AG treated ob/ob wound sections
revealed significantly delayed in the percentage of wound closure for both saline treated
and cANGPTL4 plus AG treated ob/ob wound when compared to CANGPTL4 treated
ob/ob wound (Figure 37B and C). Altogether, these observations suggested that
ANGPTL4 stimulates the expression of iINOS in the wound keratinocytes, elevated NO
at the wound site to enhance diabetic wound closure rate.

To further strengthen our findings, we have performed in-vitro tube formation

assay using endothelial cells alone or cocultured with keratinocytes in the presence and
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absence of CANGPTL4. Aminoguandine (AG), an iNOS inhibitor, was also used in the
assay. The tube formation assays were performed under normal and diabetic conditions.
Our observation showed that tubule formation was impaired in diabetic conditions, albeit
only slightly. Tube formation was not affected by cANGPTL4, regarding of culture
conditions. As expected, AG only has little effect. Notably, our result showed that
CANGPTL4 accelerated tubule formation only in the presence of keratinocytes which
was inhibited by AG (Figure 38). Thus, the tubule-promoting effect of CANGPTL4 works

via a keratinocyte-endothelial cells interaction. (Figure 38).
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Figure 35. ANGPTL4 regulates NO production in wound epithelium.

(A) Nitric oxide production in ob/+, and saline- and cANGPTL4-treated ob/ob at
indicated post-wounding days, determined by measuring the relative DAF-FM diacetate
fluorescence level (arbitrary unit, AU). Values were normalized to total protein. (B-D)
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Relative mRNA levels of eNOS (B) and iNOS (D) from indicated wound biopsies, and
from primary human dermal microvascular endothelial cells (c), as analysed by gPCR.
Values were normalized to the housekeeping gene ribosomal protein L27. (E)
Immunofluorescence staining of INOS (red) in day 7 wound biopsies of saline- and
CANGPTL4-treated ob/ob mice. Dotted lines delineate the epidermis—dermis interface,
scale bar: 50 um. WB: wound bed. (F) DAF-FM diacetate fluorescence (green) staining
of day 5 post wounding WT and KO mice. Graph shows the mean fluorescence intensity
from at least 3 microscopic fields of 3 independents mice. Value are mean + SEM, n =
12. ***p < 0.001 compared to WT mice.
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Figure 36. Laser capture microdissection (LCM) of saline- and cANGPTL4-treated
ob/ob.

(A) Representative before and after LCM images of wound biopsies from saline and
CANGPTLA4 treated ob/ob mice, Scale bar: 150 um. (B) Expression of INOS mRNA from
laser capture microdissected wound epithelium and wound dermis of saline treated
ob/ob mice and cANGPTL4 treated ob/ob mice. mRNA level were normalized to 18s
ribosomal RNA. Data are mean + SEM, n = 3. **p < 0.001 compared to saline treated
ob/ob mice.
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Figure 37. ANGPTL4 regulates iNOS expression.

(A) Photographs of ob/ob wounds treated with either saline, cANGPTL4 alone, or
CANGPTL4 and aminoguanidine (AG). Representative pictures from three independent
experiments from are shown. Scale bar: 5 mm. (B) Haematoxylin and eosin-stained images
of wound sections. Arrows point to the epithelial wound edge. Scale bar: 500 um. (C) Box
and whisker plot of the percentage of wound closure in saline treated, CANGPTL4 treated
and CcANGPTL4 plus AG treated ob/ob day 7 post wounds biopsies sections.
Histomorphometric measurements were determined from 10 independent sections from the
various wound biopsies. Middle bar = median, box = interquartile range, whiskers = full value
range, * = possible outlier.
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Figure 38. Effect of ANGPTL4 on in vitro endothelial tubule formations.

Representative images of in vitro endothelial tubule formation from (A) endothelial cells
monoculture or (B) endothelial cells co-cultured with keratinocytes under normal or
diabetic condition with indicated treatments. n=3.
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2.4.5 ANGPTL4 regulates iNOS expression via STAT3 activation in keratinocytes.
To decipher the underlying mechanism, we first examine the interaction between
exogenous cCANGPTL4 and integrins in ob/ob wounds using proximity ligation assay
(PLA). cANGPTL4 binds to integrin and subsequently activating downstream mediators
such as FAK, Src and ERK to modulate gene expression ***. PLA signals, visualized as
red spots, were increased in CANGPTL4-treated ob/ob wounds compared to saline-
treated wounds, suggesting that cCANGPTL4 bound and activated integrin 1 (Figure
39A and C). This was confirmed using PLA for active integrin 1 and active Racl
interactions, which showed increased PLA signals per cell in cANGPTL4-treated
compared with saline-treated ob/ob wounds (Figure 39B and D). PLA performed with
single specific antibody served as negative controls (Figure 39E). Immunoprecipitation
using anti-cANGPTL4 followed by immunoblot analysis also showed that the activation

of downstream mediators such as phosphorylated FAK and Src (Figure 40A).

In silico analysis of mouse INOS gene promoter revealed a putative STAT
binding site. Immunofluorescence staining showed more wound keratinocytes were
stained positive for phosphorylated STAT3 in cANGPTL4-treated ob/ob wounds
compared with saline controls (Figure 40B). Keratin 6 identifies hyperproliferative wound
keratinocytes. We also examined the JAK/STAT3 activation in day 5 and 7 post-wound
biopsies from ANGPTL4 KO and WT mice. Interestingly, the expression of both
phosphorylated STAT3 and JAK1 proteins, i.e. activated proteins, was significantly
reduced in KO when compared with WT (Figure 40C). In addition, immunoblotting of
phosphorylated STAT3 and JAK1 proteins from laser microdissected wound epithelia of

saline- and cANGPTL4-treated ob/ob wounds clearly showed that cCANGPTL4 can
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activate JAK1/STAT3 signalling in the wound keratinocytes (Figure 40D). As expected,
this activation of JAK1/STAT3 signalling was also observed in laser microdissected
wound epithelium of normal human skin compared to diabetic human skin (Figure 40D).
To determine whether cANGPTL4 regulates INOS expression via STAT3 signalling in
keratinocytes, we measured INOS mRNA by gPCR and NO production using DAF-FM
in STAT3-knockdown keratinocytes (Kerstats) treated with cANGPTL4. Our result
showed reduced INOS mMRNA and NO levels in Kerstats compared with Kercrr. (Figure
40E and 40F).

Finally, in vivo chromatin immunoprecipitation (ChIP) showed that phospho-
STAT3 specifically bound to the cognate responsive elements in the promoter of the
mouse iINOS gene in ANGPTL4-treated but not saline-treated ob/ob wounds (Figure
40G, left panel). No immunoprecipitation or amplification was seen with pre-immune 1gG
or with a control sequence upstream of the responsive elements in the promoter iINOS
gene (Figure 40G, left panel). Quantitative ChIP showed ~15-fold enrichment in STAT-
binding region (SBE) when compared with cognate controls (Figure 40G, right panel).
Altogether, these observations indicate that ANGPTL4 stimulates NO generation in
wound keratinocytes through direct transcriptional regulation of the INOS gene by

PSTAT3.
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Figure 39. ANGPTL4 activates the integrin signaling pathway.

Detection of (A) cANGPTL4:active integrin Bl and (B) active integrin Bl:active Racl
complexes using proximity ligation assay (PLA). Higher magnification images are shown on
the left panel in a white box. Each PLA signal (red) indicates one detected interaction event.
Nuclei were counterstained with DAPI (blue). Images were acquired in a one z-plane using
LSM710 META confocal laser-scanning microscope (Carl Zeiss). Scale bar: 20 pum. Dotted
white lines denote the epidermal—dermal junction. (C-D) Quantification of PLA signals of
CcANGPTL4:active integrin 1 (C) and active integrin f1l:active Racl (D). Each PLA signal
indicates one detected interaction event. Number of PLA signals per nucleus was
determined using Blobfinder software. Data are mean £+ SEM, n = 3. *p < 0.05, **p < 0.01.
(E) The negative control included no primary antibodies. Representative pictures from three
independent experiments are shown.
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Figure 40. ANGPTL4 activates JAK1/STAT3 signalling to regulate iNOS
expression in keratinocytes.

(A) Immunodetection of indicated proteins from anti-cANGPTL4 immunoprecipitates of
saline- or CANGPTL4-treated ob/ob wound biopsies. p-tubulin from total tissue lysate
was used to verify equal loading. (B) Dual immunofluorescence staining of
pSTAT3(Y705) (green) and CK6 (red) in saline- and cANGPTL4-treated ob/ob wounds.
Dotted lines delineate the epidermis—dermis interface. Nuclei are stained with DAPI
(blue) Scale bar: 40 um. WB: wound bed. (C) immunodetection of pSTAT3(Y705), total
STAT3, p-JAK1 and total JAK1 in post wounding D5 and D7 of both KO and WT mice.
(D) immunoblots of pSTAT3(Y705), total STAT3, pJAK1l and total JAK1 from laser
capture microdissected epithelium of normal human skin, diabetic human skin, saline
treated ob/ob wound and cANGPTL4 treated ob/ob wound. (E) Representative
histograms generated from flow cytometry showing the mean intensity of DAF-FM
signal from STAT3 knockdown keratinocytes in the absence or presence of CANGPTLA4,
Data are mean £ SEM, n = 3 (F) Relative mRNA expression level of INOS from STAT3
knockdown keratinocytes in the absence or presence of CANGPTL4, n = 3. **p < 0.01,
***p < 0.001. (G) ChIP assays were conducted using pre-immune IgG or antibodies
against pSTAT3(Y705) in saline- (U) and cANGPTL4-treated (T) ob/ob wounds at day 7
post-injury. Graph (right panel) shows quantitative ChIP as percentage of input. Specific
regions spanning promoter binding sites of the INOS gene were amplified using
appropriate primers (Table S1). A control region served as a negative control.
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2.5 DISCUSSION

Diabetic wounds heal poorly, often resulting in ulceration. Relatively few topical
medications are effective for ulcer care, and amputation rates remain high in non-
healing diabetic patients. Growing evidence indicates that altered expression levels of
cytokines and ECM proteins play a significant role in the delayed healing of diabetic
wounds. Experimental evidence shows that vascular-endothelial growth factor (VEGF),
platelet-derived growth factor, and epidermal growth factor accelerate diabetic wound
healing in animal models®*’; however, successful results require high doses of these
growth factors. Furthermore, these therapeutic strategies ignore the central coordinating
role of the matrix proteins in orchestrating and enhancing the cascade of cellular events
in the wound healing response.

Here, we have shown that the topical application of recombinant cCANGPTL4
accelerates wound re-epithelialization in diabetic mice by improving wound
angiogenesis. The matricellular protein cANGPTL4 expression has been weakly
detected in normal intact skin and is markedly elevated upon wound injury. In contrast,
cANGPTI4 expression remains low throughout the healing period in diabetic wounds.
Topical application of CANGPTL4 modulates several regulatory networks involved in cell
migration, angiogenesis and inflammation, as evidenced by an altered wound healing
gene expression signature when compared with saline-treated diabetic wounds. Various
studies have suggested that the role of ANGPTL4 in angiogenesis may be context-
dependent. Conflicting roles for ANGPTL4 in tumor vascularization have been
reported®®. In a model of oxygen-induced retinopathy, pathological neovascularization

was strongly inhibited in angptl4-deficient mice. Recent study showed that ANGPTL4

191


http://wizfolio.com/?citation=1&ver=3&ItemID=5327&UserID=8631&AccessCode=CBF9C8D487A14E05B62C86E016974042&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=446&UserID=8326&AccessCode=BA77FB4E805B4FE2B46BFDFE652CBD19&CitationSuffix=

improves the cerebral vasculature network after brain injury and displays
vasculoprotective properties when used as an adjunct to VEGF?***. Evidence from
ANGPTL4-knockout mice indicates that ANGPTL4 is pro-angiogenic in normal wound
healing®®>. These observations suggest a role for ANGPTL4 in angiogenesis, although
the underlying mechanism remains unresolved. Here we showed that ANGPTL4 has a
dramatic influence in the expression profile of endothelial-specific CD31 in diabetic
wounds, returning its profile to that observed in wild-type wounds. cCANGPTL4 induces
NO production through an integrin/JAK/STAT3-mediated upregulation of INOS
expression in diabetic skin, thus revealing a hitherto unknown mechanism by which
ANGPTL4 regulates angiogenesis via keratinocyte-to-endothelial-cell communication
(Figure 41). Interestingly, impaired wound angiogenesis was also observed in mice that
lack a3B1 integrin in epidermis, lending support for a keratinocyte-to-endothelial-cell
crosstalk that is dependent on epithelial integrin-mediated signalling®*°. Proximity ligation
assay and co-immunoprecipitation analysis revealed that exogenous CcANGPTL4
interacted with integrin B1 ANGPTL4-bound integrins activated downstream mediators
such as Racl and JAK. We further showed that ANGPTL4 regulates INOS expression
via STAT3 activation in keratinocytes as evidenced by immunoblot analysis of
microdissected wound epithelia, STAT3-knockdown keratinocytes and in vivo chromatin
immunoprecipitation. VEGF is a potent angiogenic factor that can also modulate NO
generation via eNOS upregulation. In contrast to VEGF, cANGPTL4 had little effect on
eNOS expression, but clearly induced iINOS expression. We observed that ANGPTL4
treatment shifted the eNOS expression peak to day 7 post-wounding, which is most

likely due to the increase in proliferating endothelial cells (Ki67"CD31") already detected
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in the day-5 wounds. Numerous studies have shown that NO can profoundly impact
angiogenesis, and we are only beginning to understand the mechanism for its observed

beneficial effect on wound repair.

cANGPTL4

Re-epithelization

Keratinocytes | Migration

Aminoguandine
ho)

Endothelial cells
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Figure 41. Schematic illustration of the autocrine and paracrine effect of
ANGPTL4 on cutaneous wound healing.

CANGPTL4 can interacted with integrin 1, and activated the Src, ERK, and AKT signalling
cascades, leading to subsequent JAK1/STAT3 activation. Activated STAT3 can then mediate the
upregulation of INOS expression by specifically bound to the cognate responsive elements in the
promoter of INOS gene. Wound angiogenesis can then be promoted by the increase NO
production from the wound keratinocytes in the wound microenvironment.
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Inflammation plays both positive and negative roles in cutaneous repair — the
level and length of inflammation can dictate both the healing time and quality of repair®.
Recapitulating the dampened inflammatory responses found in foetal and adult chronic
wounds has proved useful in accelerating repair and reduced scarring**. We
observed that expression of the macrophage marker F4/80 was reduced upon treatment
with cANGPTL4 compared to saline, suggesting that cCANGPTL4 may reduce wound
inflammation. The relationship between ANGPTL4 and inflammation remains unclear.
ANGPTL4 has been implicated in other inflammation-associated pathologies; it plays a
protective role against the severe pro-inflammatory effects of saturated fat, as well as in
arthritis (particularly in models dependent on adaptive immunity) and in atherosclerosis.
The underlying mechanism is unknown and is likely to be highly complex, beyond the
scope of this current work.

Our study suggests that the replacement of matricellular protein ANGPTL4 can
provide an adjunctive or new therapeutic avenue for treating poorly healing wounds,
such as diabetes-associated ulcers. Furthermore, the present results confirm that
therapeutic angiogenesis remains an attractive treatment modality for diabetic wound

healing.
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2.6 FUTURE STUDIES

2.6.1 The effect of CANGPTL4 in tissue remodelling and collagen scar formation
My previous work mentioned on nonhealing wounds involving in persistent and
unresolved inflammation, in which case progression of the repair response culminates
in diffuse fibrosis and excessive deposition of matrix proteins, particularly collagen.
Scarring and wound healing occur within a spectrum ranging from scar-free healing in
embryos to scar-forming healing in children and adults. It is believed that the scarring
response is the result of rapid replacement of missing tissue and is sub-optimal in terms
of appearance and function compared to the tissue, results in a reduction in the
likelihood of infection and an increased likelihood of organism survival following injury®**
290.

Comparison of the architecture of regenerated scar-free wounds in embryos
with scars of adults reveals that the collagen in scar-free wounds is organised in “basket
weave” architecture whereas in adult scars the collagen is abnormally organised in
parallel bundles of fine fibres*'. Comparative biochemical analysis of scar tissues and
scar-free wounds revealed very few differences, with consistently higher level of
collagen type 1 alpha-2 (COL1A2) in the former. Hence, it is the organisation of
collagen that is largely responsible for scar formation rather than a biochemical problem
relating to an abnormal composition of the scar tissue. Whilst many studies have been
directed at understanding the critical factors that influence poorly healing wounds, they
have typically not translated to the effective therapeutic approaches for scar

management. As such, scar improvement still remains an area of clear medical need.
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Currently there are no registered pharmaceuticals for the prophylactic improvement of
scarring and no single therapy is universally accepted as the standard of care®®,

A great deal of research has revealed that the profiles and quantities of growth
factors and cytokines associated with scar-free healing are often different to those in
adult scar-forming healing, but many of these are not mechanistically causative and
only a few of these factors are potential therapeutic targets for scar improvement®"*?,
Presently, individual cytokine-mediated candidates, such as IL-10 and TGF-B3 have
performed poorly in Phase Il clinical trials. Importantly, these therapeutic strategies
ignore the central coordinating role of the matricellular proteins in orchestrating cellular
events in wound healing and scarring response. Matricellular proteins can associate
with the diverse proteins of the extracellular matrix reservoir, bridging them with cognate
cell surface receptors and can be a possible medium for paracrine communication
during wound healing. They reside at the crossroads of cell-matrix communication,
modulating several regulatory networks®**. Presumably, the regulatory pathways consist
of complex networks, creating many opportunities for the compensatory adjustments
required for wound repair. Hence, it may be more efficacious to target or replace the
necessary matricellular proteins involved in multiple cell-cell or cell-matrix
communications than individual cytokine-mediated candidates. Thus far, only one
matricellular protein cysteine-rich protein 61 (CCN1) has been reported to reduce scar
formation by inducing fibroblast senescence. CNN1 also induces DNA damage
response pathways, activates p53 and generates reactive oxygen species. However,
this is not a desirable solution since as fibroblasts are involved in all phases of wound

healing. Periostin, another matricellular protein, is a pro-fibrogenic protein that mediates
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fibroblast differentiation and extracellular matrix synthesis. However, it is not a desirable
solution since fibroblasts are involved in all phases of wound healing®’. In this context,
angiopoietin-like 4 (ANGPTL4), a recently identified matricellular protein, could be a
prime candidate. Previously, we showed the capabilities of cCANGPTL4 facilitates wound
re-epithelialisation, involved in cell to matrix interaction and improved wound
angiogenesis®***, Wounds in ANGPTL4-knockout mice exhibit delayed healing,
increased inflammation, and impaired wound-related angiogenesis®*****. However, the
roles of ANGPTL4 on tissue remodelling are unknown and there is great potential to

investigate its impact on fibroblasts and collagen scar formation.

2.6.1.1 Recombinant cANGPTL4 reduces collagen scar deposition in ob/ob
diabetic wounds

Delayed diabetic wound healing leads to excessive collagen production and deposition
at the wound bed. To examine whether cANGPTL4 influenced the level of scarring, we
examined the effect of topically applied recombinant CANGPTL4 on diabetic wound
healing. We inflicted two full-thickness excisional splint wounds on the dorsal skin of
ob/ob mice: one to be treated with saline and the other with cANGPTL4. At Day-10
post-wounding, we measured the amount of hydroxyproline, a major component of
collagen, from biopsies of saline-treated and cANGPTL4-treated ob/ob wounds. We
detected reduced hydroxyproline in CANGPTL4-treated wound biopsies when complete
wound closure was observed compared with vehicle-treated wounds (Figure 42A). Van
Gieson staining of wound sections similarly showed reduced collagen deposition at the

wound bed in cANGPTL4-treated compared to saline-treated ob/ob wounds (Figure
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34B). We additionally characterized the architectural arrangement of collagen fibres in
saline- and ANGPTL4-treated ob/ob wounds using scanning and transmission electron
microscopy. As expected, collagen fibrils of saline-treated wounds exhibited orderly
alignment and were significantly thicker (Figure 43), indicating scar tissue formation. In
contrast, collagen fibres in cANGPTL4-treated wounds had a random basket-weave
appearance and were thinner (Figure 43). These observations indicate that recombinant

CcANGPTLA4 treatment reduced collagen scar tissue in diabetic wounds.
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Figure 42. Reduced collagen deposition in cANGPTLA4 treated ob/ob wounds

(A) Tissue hydroxyproline level from saline- and cCANGPTL4-treated ob/ob wounds. The amounts
of hydroxyproline (mg) were determined from a hydroxyproline standard curve and normalized
with the total protein concentration. Data are mean £ SEM, n = 3. **p < 0.001. (B) Van Gieson’s
stain of saline- and cCANGPTL4-treated ob/ob wounds at day 10 post-injury. Scale bar: 40 pm.

198



Day 10 Post wounding
ob/ob + saline ob/o + cANGTL4

T ST

Figure 43. Scanning and transmission electron microscopy imaging of connective
tissues

Scanning and transmission electron microscopy imaging of connective tissues near the wound
bed region of saline- and cANGPTL4-treated ob/ob wounds at day 10 post-injury. Cross
sectional images of collagen fibril sizes were obtained by transmission electron microscopy.
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2.6.1.2 Improved biomechanical properties of cCANGPTL4-treated wounds.

We next examine if CANGPTL4 treatment improves the quality of the healed wounds.
To this end, we performed comparative biomechanical testing of CANGPTL4-treated
and vehicle-treated regenerated tissues. Section of skin was carefully removed and cut
into constant geometry to avoid inconsistency with the specimen gripping strength
(Figure 44A). The stress-strain relationship derived from tensile test provides complete
information related to the effect of saline- or cCANGPTLA4-treatment on the biomechanical
properties of a wounded skin. In the tensile test, the skin specimen was subjected to
failure and the relationship of force vs extension was determined. The maximal tensile
strength is the maximum strength that the wound tissue being stretch before break. A
high value represents high fragility of the skin tissue. CANGPTL4-treated wound tissue
and unwound skin tissue displayed a higher maximal tensile strength compared to
saline-treated wound tissue (0.378 + 0.037 MPa and 0.429 + 0.012 MPa vs 0.212 +
0.025 MPa; Figure 44B). cANGPTL4-treated wound tissue showed no difference in the
relaxation properties compared to either unwound tissue or saline-treated wound tissue
(Figure 44C). Mature scar tissue has more resistance against breakage upon stretching,
thus we also measured the toughness, ultimate elongation and elastic modulus
properties based on the stress-strain curve. The toughness is measured by the total
area underneath the stress-strain curve. The ultimate elongation is the maximum strain
or length that the wound tissue can stretch before breaking and usually expressed as a
percentage of its original length. A higher value reflects better elasticity of the skin
tissue. The elastic modulus determines the specimen’s tendency to be deformed where

a stiffer specimen will have a higher elastic modulus. Both cANGPTL4-treated wound
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Figure 44. biomechanical properties of cCANGPTL4-treated wounds

(A) Geometrysketch of the dimensions used to cut out the biopsies prior to tensile strength test.
(B) The stress-strain curve (C) Relaxation curve (D) toughness graph (E) Ultimate elongation
graph and (F) Elastic modulus graph of unwounded skin, sailine-treated and cANGPTL4-treated
ob/ob wound biopsies. Data are mean + SEM, n = 3. *p < 0.05; **p < 0.01, ***p < 0.001
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tissue and unwound skin tissue displayed non-significant difference in the measurement
of three biomechanical properties. On the other hand, the saline-treated wound tissue
showed significant reduced in toughness, elevated in ultimate elongation and reduced in
elastic modulus when compared to either cANGPTL4-treated wound tissue or unwound
skin tissue (Figure 44D-F). Overall, these observations indicate that cANGPTL4
treatment of wound tissue can restore the skin biomechanical properties to a level

resembling the status of an unwound skin.

2.6.1.3 ANGPTL4 restores wound fibroblast migration into wound bed

The laying down of connective tissue in the scar involves the migration and proliferation
of fibroblasts into the site of injury and the deposition of ECM proteins produced by the
activated fibroblasts. Live imaging revealed a dose-dependent effect of CANGPTL4 to
accelerate fibroblasts migration (Figure 45A). The in vitro fibroblasts migration assay
displayed a complete closure after 15 hours of treatment with 12 pg/mL cANGPTL4
while the saline-treated fibroblasts remain at 50% closure (Figure 45B). To examine if
ANGPTL4 has any effect on the proliferation of the fibroblasts which may have a
contributing effect on the migration, we can performed BrdU cell proliferation assay on

saline- and cANGPTL4-treatedfibroblasts.
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Figure 45. ANGPTL4 restores wound fibroblast migration

(A) Representative time-lapsed images of scratch wound fibroblast culture treated with
saline, 6 pg/mL of CANGPTL4 or 12 pg/mL of cANGPTL4. (B) Percentage of wound
closure is determined by measurement of surface area covered by the migrating
fibroblasts. Graph plotted base on measurement from 6 independent time-lapsed
images of various scratch wound fibroblasts culture at selected time points. Data are
mean + SEM, n = 6.
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2.6.1.4 Potential mechanism for scarring: ANGPTL4 inhibits collagen 1
alpha-2 (COL1A2) expression in a B-catenin-dependent manner

Type | collagen is generated from two strands of COL1A1 and one strand of COL1A2.
Evidence shows that reduced COL1A2 expression contributes to smaller scar tissue. To
examine if ANGPTL4 has a direct effect on the expression of COL1A2, we examined
the mRNA level of COL1A2 in fibroblasts treated with recombinant ANGPTL4 in the
presence of either actinomycin D or cycloheximide. The decrease mRNA level of
COL1A2 were abolished by both treatments, indicating that de nhovo mRNA and protein
synthesis were required (Figure 46A). In silico analysis reveals that the human COL1A2
gene proximal promoter contains numerous E-boxes, specific DNA sequences to which
bHLH transcription factors bind. Of interest, the bHLH transcriptional factor scleraxis
was shown to synergize with Smad3 to regulate fibroblast collagen synthesis****’. In the
first instance, we can examine the protein expression level of smad3 and scleraxis to
check if ANGPTL4 treatment can modulate their expressions. Next, we can determine if
ANGPTL4 treatment affects smad3 or scleraxis-mediated transactivation of COL1A2
promoter, ChIP can be performed using lysates from TGFp-treated and TGFj-
ANGPTL4 co-treated fibroblasts. Interestingly, our preliminary data showed the mRNA
expression of ID3 was elevated in CANGPTL4-treated primary fibroblasts (Figure 46B).
Inhibitor of DNA-binding/differentiation proteins (ID) comprise a family of proteins that
heterodimerize with bHLH transcription factors to inhibit DNA binding of bHLH proteins
like scleraxis. Ectopic expression of ID3 decreases COL1A2 promoter activity. This
observation raised the question how ANGPTL4 stimulates ID3 expression. ID3 is a
transcriptional target of -catenin-Tcf/LEF in C2C12 myoblasts, but the Tcf/LEF binding

site was not identified. It was previously shown that ANGPTL4
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Figure 46.reduced id3 and collagen expression in cCANGPTLA4 treated fibroblasts

(A) Expression of COL1A2 mRNA from saline treated and CANGPTL4 (6 pg/mL) treated
fibroblasts in the presence of PBS vehicle, actinomycin D (1 pg/mL) or cycloheximide
(0.02 pg/mL). culture. (B) Expression of ID3 mRNA in cANGPTL4 (6 pg/mL) treated
fibroblasts culture for a timeline of 5 hours. MRNA level were normalized to RPL27.

**p < 0.01, ***p < 0.001.
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interacts with VE-cadherin in endothelial cells and triggers nuclear translocation of -
catenin to stimulate gene transcription, although no target gene was identified. Thus, we
portended similar mechanism may be functional in fibroblasts. Firstly, we can
investigate if ANGPTL4 can interact with cadherin-11, the predominant cadherin type in
fibroblasts and determine the expression level of nuclear B-catenin in TGFp-treated
fibroblasts co-treated with either saline (control) or ANGPTL4. Next, we can examine
the human ID3 promoter site and reveal all potential Tcf-binding sites (TBE). ChIP -
catenin experiment followed by re-chip LEF can be performed in TGF3-ANGPTL4 co-
treated fibroblasts compared with TGFp-treated cells. The result obtained from these
experiments should provide strong clues on the potential mechanism of ANGPTL4 on

scar formations.
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2.7 GENERAL CONCLUSION

Restoration of skin integrity and homeostasis following injury is a vital process. A poor
healing wound is an open portal for infections and often results in chronic inflammation.
Impaired wound repair results in substantial morbidity, lost productivity, and healthcare
expenditures. Despite the enormous impact of these poor healing wounds, current
therapeutic approaches are often not sufficient. The development of novel efficient
therapies requires a thorough understanding of the interplay among different cell types
during wound healing. Such new insights on heterotypic cell communication will also
lead to a better understanding of skin biology and aid in the development of better
treatment and clinical injury management. The work of my PhD reveals two novel
paracrine interactions between keratinocyte-fibroblast®® and keratinocyte-endothelial

cells*” (Figure 47).

During wound healing, the increase proliferation of the keratinocytes is a biological
event that aims to facilitate wound closure. However, how do the keratinocytes know
when to proliferate and at what rate remains unclear. In mice lacking PPARf/J,
epidermal cells proliferate excessively after wounding. But cultured keratinocytes from
these mice do not proliferate any faster than normal cells and, in fact, are more
susceptible to apoptosis. This discrepancy was my first indication that PPARB/® might
regulate crosstalk between layers of the skin—the epidermal hyperproliferation seen in
the knockout mice could be due to faulty signals from the dermal cells. My first chapter
revealed a novel paracrine effect of fibroblast PPARB/d on keratinocyte cell growth. |
showed that PPAR/d-deficient fibroblasts made wild type keratinocytes

hyperproliferative by secreting extra doses of several growth factors. The fibroblasts
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were stimulated to produce these growth factors by keratinocyte-released cytokine IL-1
- underscoring the reciprocity between the two cell types. Blocking either the IL-1 signal
or any of the growth factors released by the fibroblasts returned the epithelia to
normal®®®. Tumor has been described as wounds that never heal, and numerous studies
have shown extensive ovelap in gene expression profiles. Therefore, | hypothesized
that dysregulation of keratinocyte-fibroblast communication may have contribute to the
behaviour of tumorigenic epithelial cells. Indeed, cancer-associated fibroblasts have
reduced level of PPARB/d, which may result in significant epithelial hyperproliferation of

cancer cells.

As a ligand-activated transcription factor, PPARB/® directly regulates the
expression of numerous target genes in wound keratinocytes. Together with other lab
members, we showed that angiopoietin-like 4 (ANGPTL4) is a direct PPARB/d target
gene”®?’'. We reported novel functions of ANGPTL4 in the keratinocytes during wound
healing by modulating cell migration via the control of integrin-mediated signalling and
regulating the cell-matrix communication via the control of matrix protein integrity. We
showed that the wound keratinocytes are the major producer of ANGPTL4 at the wound
site. Importantly, we identify integrins 1 and 5 as novel binding partners of ANGPTL4.
This interaction activates integrin-FAK-Src-PAK1 signaling and allows for selective
integrin internalization to aid cell migration*°. We also showed that ANGPTL4 interacts
with vitronectin and fibronectin in the wound bed, delays their proteolytic degradation
and thus regulate the availability of intact matrix proteins®’*. The binding of ANGPTL4 to
matrix proteins does not interfere with the recognition of the matrix protein by cognate

integrins. These interactions enhance integrin-mediated signalling. We unravelled how
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Figure 47. Schematic lllustration of keratinocyte-fibroblast and keratinocyte-
endothelial cell crosstalks during wound healing.

(1) After ligand binding, PPARB/® forms heterodimers with the receptor for 9 cis-retinoid
(RXR) in the nucleus. PPARPB/®/RXR heterodimers associate with transcriptional
coactivators and bind to sequence specific PPAR response elements (PPRE) located
on target ANGPTL4 gene, leading to increase expression and secretion of ANGPTL4
from keratinocytes. (2) On the other hand, the activation of PPAR/ in fibroblasts can
attenuates IL-1 signaling from keratinocyte via the production of slL-1ra. sIL-1ra has
little affinity for IL-1R2, which is highly expressed in keratinocytes. Thus, slL-1ra acts in
an autocrine fashion onto the fibroblasts, which expressed the predominant functional
IL-1R1. The binding of slL-1ra to IL-1R1 modulates the IL-1-mediated signaling events
and consequently decreases the production of several AP-1-mediated mitogenic
factors. The mitogenic factors exert a reduced paracrine effect on the epithelial
proliferation via their cognate receptors. (3-4) ANGPTL4 interacting with integrin also
activates FAK-src-PAK1 signaling and PKC/14-3-3 mediated pathway which modulate
cell migration via integrin internalization. ANGPTL4 binds specific matrix proteins and
delays their degradation by proteases (5) ANGPTL4 secreted from keratinocytes can
interacts with VE-cadherin and claudin-5 expressed on endothelial cells surface to
disrupts intercellular contact formation and possible initiation of angiogenesis. (6)
ANGPTL4 can interact with integrin B1, and activate the Src/ERK/AKT signaling
cascades, leading to subsequent JAK1/STATS3 activation. Activated STAT3 can then
mediate the upregulation of INOS expression by specifically binding to the cognate
responsive elements in the promoter of INOS gene. Wound angiogenesis can then be
promoted by the increase in NO production from the wound keratinocytes in the wound
microenvironment. (7) ANGPTL4 can regulate collagen scar formation by binding to an
unknown receptor from fibroblasts.
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ANGPTL4 modulates the integrity of matrix proteins to directly influence integrin-
mediated signalling, and thus lamellipodia formation and cell migration. Our findings
underscore the importance of a dynamic integrin-matrix interaction, where
communication between cells and environment allows the cells to constantly interrogate
and modify the wound environment, modulate their gene expression and behaviour,
thereby determining the tissue phenotype.

Thus, ANGPTL4 is a new member of the family of matricellular proteins.
Matricellular proteins reside at the crossroads of cell-matrix and cell-cell communication,
modulating several key regulatory networks. Presumably, the regulatory pathways
consist of complex networks, creating many opportunities for the compensatory
adjustments required for wound repair®”. In this respect, my second chapter showed that
ANGPTL4 is a novel keratinocyte-endothelial cell communication signal. Using two
different in vivo models based on topical immuno-neutralization of ANGPTL4 and
ablation of ANGPTL4 gene, we showed that wounds in ANGPTL4-knockout mice exhibit
delayed healing and share many characteristics of diabetic wounds, including reduced
expression of matrix proteins, increased inflammation, and impaired wound-related
angiogenesis®”. Diabetic wounds are characterized by accumulation of devitalized tissue,
increased/prolonged inflammation, poor wound-related angiogenesis, and deficiencies in
extracellular matrix (ECM) components. Diabetic wounds show elevated levels of matrix
metalloproteinases and increased proteolytic degradation of ECM components,
culminating in a corrupt microenvironment that cannot support healing. Cells such as
keratinocytes, fibroblasts, and endothelial cells also display dysregulated expressions of

and responses to many growth factors and cytokines. | showed that ANGPTL4
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expression is markedly elevated upon normal wound injury. In contrast, ANGPTL4
expression in wound epithelia remains low throughout the healing period in diabetic
wounds. | showed that the topical application of matricellular protein cANGPTL4
modulated several regulatory networks involved in cell migration, angiogenesis and
inflammation, as evidence by an altered gene expression profile signature. Notably,
ANGPTL4 has a dramatic influence oin the expression of endothelial-specific CD31 in
diabetic wounds, returning its profile to that observed in wild type wounds. | further
showed that ANGPTL4 induced nitric oxide production through an integrin/JAK/STAT3-
mediated upregulation of INOS expression in wound epithelia, thus revealing a hithero
unknown mechanism by which ANGPTL4 regulated angiogenesis via keratinocyte-to-
endothelial cell communications®”. My findings show that the replacement of ANGPTL4
can provide an adjunctive or new therapeutic avenue for treating poor healing wounds
such as diabetes-associated ulcers. My study also confirms that therapeutic
angiogenesis remains an attractive treatment modality for diabetic wound healing.
Wound healing is a complex and dynamic process of replacing devitalized and
missing cellular structures and tissue layers. The human adult wound healing process
can be divided 3 overlapping phases: inflammatory, proliferative and maturational phases.
These biological processes require tightly-coordinated and regulated mechanisms
involving autocrin and paracrine signalings. My study has revealed heterotypic
communications among different cell types during the proliferative phase. It is
conceivable that such intercellular signalling may have significant impact of other phases
of wound healing. Indeed, our lab preliminary findings showed that ANGPTL4 interacts

with C-reactive protein (CRP) in the wound fluid collected during the inflammatory phase.
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The biological consequence of this novel interaction is currently under investigation in the
lab. My preliminary finding also implicated a role for ANGPTL4 in tissue remodelling and
collagen scar formation that occur during the maturational phase. The precise anti-
scarring mechanism of ANGPTL4 is now described in a revised manuscript.

All the references cited in this conclusion are publications with me either as first or co-

authorship
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