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Abstract

Epidermal-mesenchymal communication plays a critical role in cutaneous
integrity during both normal and pathological wound healing processes. We have
previously demonstrated that crosstalk between keratinocytes and dermal
fibroblasts has the capacity to influence the expression of key extracellular matrix
(ECM) components including members of the matrix metalloproteinase (MMP)
and 14-3-3 protein families. In this Masters project, we hypothesized that
bidirectional communication between these cell types plays a central role in

regulating local expression of critical wound healing factors.

To address this question, two specific objectives were accomplished.
Under Objective 1, we investigated whether fibroblasts are capable of modulating
the expression of keratinocyte-releasable anti-fibrogenic 14-3-3 proteins by
examining the levels of four 14-3-3 family members (8, 1, v, o) by western blot
and quantitative real-time polymerase chain-reaction (QPCR). Gene analysis
revealed upregulation of all four 14-3-3 isoforms of interest in co-cultured
compared to mono-cultured keratinocytes. Additionally, co-cultured keratinocytes

expressed significantly higher levels of intracellular 14-3-3 y and o proteins.

Under Objective 2, we examined the impact of keratinocyte-releasable
factors upon the fibroblast expression profile of key cytokines and growth factors
using DNA microarray analysis. Fibroblasts co-cultured with keratinocytes
demonstrated significantly upregulated colony-stimulating factor 3 (CSF3)
expression, which was further verified by RT-PCR and western blot.

Keratinocyte-conditioned medium (KCM) from undifferentiated keratinocytes was



observed to have higher CSF3-stimulatory potential than that of differentiated
cells. Partial-characterization of the CSF3-stimulatory factor(s) was achieved by
treating fibroblasts with KCM subjected to thermal stability and ammonium
sulfate precipitation analyses. Additionally, to investigate the CSF3-stimulatory
potential of interleukin-1 (IL-1) upon fibroblasts, we utilized an IL-1 receptor
antagonist (IL-1ra) and revealed that keratinocyte-releasable IL-1 may be one of

the factors responsible for stimulating CSF3 expression in fibroblasts.

Our studies concluded that dermal fibroblasts regulate the expression of
several 14-3-3 isoforms (notably y and o) in keratinocytes, and conversely, that
keratinocyte-releasable factors such as IL-1 modulate the expression of CSF3 in
fibroblasts. These findings underline the critical nature of crosstalk between
keratinocytes and fibroblasts, suggesting that bidirectional communication
between these cells in vivo plays a prominent regulatory role in the cytokine
production required for wound healing and maintaining a normal skin

environment.
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Chapter 1. Introduction

Background

Wound Healing

The protective barrier provided by our skin is vital to our survival, as it acts
as a first line of defense against pathogens and environmental factors such as
ultraviolet light (1). Upon acute injury to the integument, the process of cutaneous
wound healing begins with the initiation of hemostasis, followed by three
overlapping stages — inflammation, proliferation and remodeling (Figure 1-1).
These stages involve complex interactions between soluble mediators,
extracellular matrix (ECM) components, and numerous important cell types
including platelets, fibroblasts, epithelial, endothelial and immune cells (2-5).
These cells collectively orchestrate the dynamic nature of the repair process by
communicating with one another through the tightly mediated release of specific

cytokines and growth factors.

The initial trauma to the skin is closely followed by the onset of hemostasis,
which commences as platelets aggregate upon coming in contact with exposed
extracellular matrix (ECM) components in order to form a hemostatic plug (3-7).
Activated platelets and injured parenchymal cells also release clotting factors that
further contribute to coagulation at the site of injury (5). In addition, platelets
release critical growth factors and cytokines such as platelet-derived growth
factor (PDGF) and transforming growth factor-beta (TGF-p) into the local wound

microenvironment during the inflammatory phase of healing (Figure 1-2) (3-6, 8).



PDGF is known to be responsible for stimulating the chemotaxis of neutrophils,
macrophages, smooth muscle cells, and fibroblasts; it also has the capacity to

stimulate proliferation of these two latter cell types (4).

Towards healing

Remodelling

Endothelial cells
Epithelial cells

Collagen

Fibroblasts

Proliferation
| Lymphocytes ]
Macrophages
Neutrophil

Inflammation

MR O=Z™

v[Haemostasis

L

Time from injury
(Vowden et al., 2002)
Figure 1-1. The stages of normal acute wound healing (9).
Timeline representation of acute cutaneous wound healing. Authors divided the process

into four stages: hemostasis, inflammation, proliferation & remodeling (Figure adapted

from Vowden et al., Wound bed preparation, 2002) (9).

Within hours of the initial trauma, polymorphonuclear neutrophils (PMNs)
begin to infiltrate the wound site, phagocytizing bacteria and debris while
simultaneously releasing proteases to degrade damaged tissue (3-5). As the
number of neutrophils decreases, which typically occurs around 48 hours post-
injury, macrophages derived from circulating monocytes begin to increase in
number at the wound site until roughly 96 hours after the wound was incurred.

Locally increased levels of TGF-f help to attract macrophages and also further



stimulate activated macrophages to continue the process of phagocytosis and to
release more PDGF and TGF-f in addition to vascular endothelial growth factor
(VEGF) (Figure 1-2) (3-5, 7). After sufficient debridement of the wound site has
occurred, the proliferative phase commences as dermal fibroblasts, stimulated
primarily by TGF-p, migrate into the wound and initiate matrix turnover through

degradation, synthesis and deposition of ECM components (Figure 1-3) (3, 4).

Inflammatory Phase (Day 3)
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Fat

(Singer et al., 1999)

Figure 1-2. A cutaneous wound three days after injury (3).

Growth factors considered necessary for cell migration into the wound are shown (Figure

adapted from Singer et al., Cutaneous wound healing, 1999) (3).

TGF-p plays a critical multifaceted role throughout the proliferative phase
due to its role as a “master control signal” responsible for the regulation of
numerous fibroblast functions (4, 10, 11). Firstly, it causes a net increase in the

production of ECM components due to upregulation of fibroblast genes for



collagen, proteoglycans and fibronectin. Simultaneously, TGF-f limits the
production of proteases and also stimulates tissue inhibitors of
metalloproteinases (TIMPs) thus preventing further ECM degradation (12).
Additionally, cytokines such as the interleukins (ILs), fibroblast growth factor
(FGF) and tumor necrosis factor-alpha (TNF-a) are considered to be of
importance (4, 13). Activated macrophages, platelets and keratinocytes release
transforming growth factor-alpha (TGF-a) and epidermal growth factor (EGF)
which in combination initiate the re-epithelialization process (14, 15). Once
epithelial bridging is complete, specific enzymes are released locally in order to

dissolve the basal connection of the scab and release it from the wound surface.

The newly formed fibrin provisional matrix acts as a conduit for cell
migration, which facilitates the formation of granulation tissue (16). As healing
continues, dermal fibroblasts become the predominant local cell type. These cells
release numerous proteolytic enzymes including plasminogen activators (PA)
and matrix metalloproteinases (MMPs) that help to cleave a path for cell
migration into the wound site (Figure 1-3) (3). Fibroblasts bind to the provisional
fibrin matrix with cell-surface integrin receptors and slowly replace it with
collagenous matrix (17, 18). Under ideal circumstances, fibroblasts cease the
production of collagen when ample matrix has been synthesized, however
dysregulation of this process is highly implicated in the development of fibrotic
disorders such as hypertrophic or keloid scarring (19, 20). Consequently, the
heightened metabolic demands of the newly forming granulation tissue leads to a

local reduction of oxygen levels and pH — these factors promote angiogenesis,



which is also stimulated in part by VEGF, basic FGF, and TGF- (21, 22). The
proteolytic breakdown of fibrin and ECM by fibroblasts allows endothelial cells
stimulated by these factors to migrate through the fragmented basement

membrane and commence neovascularization of the wound bed (Figure 1-3).

Reepithelialization and Neovascularization (Day 5)
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Figure 1-3. A cutaneous wound five days after injury (3).

Blood vessels are seen sprouting into the fibrin clot as epidermal cells resurface the
wound. Proteases thought to be necessary for cell movement are shown (Figure

adapted from Singer et al., Cutaneous wound healing, 1999) (3).

In the final remodeling phase of wound healing, fibroblasts responsible for
wound contraction acquire a contractile myofibroblast phenotype rich in actin
filaments (23). The new collagen matrix gains in tensile strength as it is gradually
cross-linked and organized — collagen degradation is an essential component of
this process (24). This process is catalyzed by MMPs produced by epidermal and

endothelial cells, macrophages and fibroblasts (3). Due to the inherent



complexity of the dynamic wound healing process, pathologic under or over-

healing conditions may result when one or more of these processes go awry.

Extracellular Matrix

The components of the ECM are vital in maintaining skin integrity, as they
provide essential support and anchorage for cells and also facilitate intercellular
signaling in addition to numerous other functions. Furthermore, the capacity of
the ECM to act as a “sink” for local storage of cytokines and growth factors plays
an integral role in numerous physiological processes such as wound healing (25,
26). In the case of inadequate or defective ECM production, wounds exhibit an

increased risk of extended inflammation and delayed epithelial closure (27).

An intertwined network of long polysaccharides called glycosaminoglycans
and fibrous proteins forms the primary structure of the ECM. These components
are synthesized by local cells and bind to existing matrix components once
exocytosed into the extracellular microenvironment. Accounting for more than
30% of the total, collagen is the most abundant protein in the human body (28,
29). Formed by a triple-helix of polypeptides arranged in a 2:1 ratio, Type |
collagen is the major component of the dermal matrix (30), and imparts our skin
with the majority of its tensile strength, which on a per weight basis is

comparable to that of steel.

Due to the inherent ability of collagen to resist proteolytic degradation,
enzymes known as MMPs are highly involved in catalyzing its breakdown. In

addition to wound healing, this diverse family of enzymes is highly implicated



throughout an array of other physiological processes including embryonic
development, uterine involution and bone growth/resorption (31). Within the MMP
family, several specific subfamilies have been identified based on structure,
cellular localization and substrate specificity (32). Among these classifications,
the collagenase subset includes MMP-1, MMP-8 and MMP-13. These specifically
cleave native type | collagen into smaller fragments that are accessible for further
breakdown by other MMPs (31). Under normal circumstances, MMP expression
is minimal in order to promote a healthy degree of ECM turnover; however,
significant dysregulation of MMP expression has been observed under
pathological conditions such as dermal fibrosis or chronic ulcers (19, 33). It is
well understood that adherence to a delicate balance between ECM synthesis
and deposition versus degradation by MMPs is essential for the maintenance of

normal cutaneous integrity.

Keratinocyte-fibroblast Communication in Wound Healing
Keratinocyte-fibroblast communication is critical for exchanging
information between keratinocytes and fibroblasts during skin morphogenesis,
and is also likely to be important in maintaining the integumentary structure of
adult skin (34). These epidermal-mesenchymal interactions have been examined
under a wide range of circumstances. Notably, one of the first of such studies
demonstrated that upon cutaneous injury, induction of keratinocyte growth factor
(KGF) expression in fibroblasts occurs, resulting in increased epithelial mitogenic
activity (35). Some growth factors exhibit predominantly single-paracrine effects,

such as PDGF, which is largely expressed by keratinocytes but exerts its actions



upon fibroblasts. Conversely, other cytokines such as activins are expressed by
both cell types, and are capable of exerting their effects in both paracrine and/or
autocrine fashions (36, 37). In a related context, it has also been demonstrated
that in vitro, fibroblast expression of numerous growth factors,
cytokines/receptors, adhesion receptors, cell cycle regulators, ECM components
and MMPs is mediated by keratinocyte-releasable factors (38) — this suggests
that in vivo, similar paracrine mechanisms may be the driving force responsible

for stimulating tissue repair.

At numerous stages throughout the intricate process of wound healing,
particularly with respect to ECM deposition and degradation, epidermal-
mesenchymal communication between keratinocytes and dermal fibroblasts
serves a critical role. In the case of injury to the integument, disruption of the
double-paracrine crosstalk between these cells has been shown to increase the
risk of developing fibrotic conditions at the wound site such as hypertrophic or
keloid scars (19, 20, 33). It has also been demonstrated that delays in epithelial
closure can increase the occurrence of fibrotic over-healing disorders (39). The
theory behind this clinical phenomenon is that in the absence of adequate wound
coverage, extracellular matrix continues to accumulate until dermal fibroblasts
receive signal(s) from epidermal keratinocytes to slow down the dynamic healing
process, leading to the eventual maturation and remodeling of the closed wound

(40).



Keratinocyte-derived Anti-fibrogenic Factor

Stratifin, also known as 14-3-3 o, is a member of a highly conserved
family of acidic dimeric 14-3-3 proteins comprised of seven mammalian isoforms
(B, v, &, m, o, T, and T). First discovered in 1967 by Moore and Perez, this family
of proteins derives its name from their original elution (fraction 14) and migration
patterns (positions 3.3) on DEAE-cellulose and starch-gel electrophoresis. These
predominantly cytoplasmic proteins are able to form homodimers or heterodimers
and these frequently serve as chaperone molecules for a variety of binding
partners. They have been recognized as important regulators of signal
transduction pathways, apoptosis (BAD/Bax pro-apoptotic proteins), and cellular
adhesion, proliferation, differentiation & survival (41-43). The affinity of 14-3-3
proteins to such a diverse array of binding partners is largely due to their specific
phospho-serine/phospho-threonine binding activity, associating with two known
high-affinity binding motifs on target proteins (42). Under occasional
circumstances they are also known to interact in a phosphorylation-independent
manner (Bax) (41). Phosphorylation-dependent binding to 14-3-3 proteins has
been demonstrated in more than 100 small molecules — such interactions are
highly involved in their role as protein kinase C (PKC) inhibitors (44) in addition to
tryptophan & tyrosine hydroxylase activators (45, 46). They have also been
recognized as key components of cellular response to damage — specifically, 14-
3-3 o is highly involved in preventing mitotic catastrophe that may be a
consequence of DNA damage (47). It has been shown that in response to DNA

damage 14-3-3 o is subject to regulation by the p53 tumor suppressor protein,



ultimately causing a downstream inhibitory effect upon G2/M cell cycle

progression (48).

Most isoforms within this family of acidic eukaryotic proteins are
ubiquitously expressed in different cell types (49, 50). However, our group
previously demonstrated that the expression of the 14-3-3 ¢ isoform appears to
be restricted to epithelial cells. Specifically, it was revealed that all seven 14-3-3
isoforms are expressed in both cultured keratinocytes and intact epidermal layers
of skin — in contrast, expression of the 14-3-3 o isoform is absent in fibroblasts

and within the dermis (51).

Despite the range of signal transduction pathways that involve 14-3-3
proteins, they have also been identified to play an important role in an
extracellular environment. Our group originally demonstrated that keratinocyte-
releasable stratifin/14-3-3 o functions as a potent MMP-1, 3, 8, 10 and 24
stimulating factor for dermal fibroblasts (52, 53). Due to its inherent ability to
rapidly induce collagenase (MMP-1) expression in dermal fibroblasts, 14-3-3 o
was eventually coined “keratinocyte-derived anti-fibrogenic factor” (KDAF).
Exosome-dependent secretion was revealed to be the mechanism underlying
externalization of 14-3-3 o by keratinocytes (54, 55). Further investigations
showed that a specific p38 MAPK inhibitor (SB203580) was capable of
significantly blocking 14-3-3 o induced MMP-1 expression in fibroblasts, alluding
to the potential importance of the p38 signaling pathway throughout the

extracellular mechanism of 14-3-3 o (56). Furthermore, our research group

10



recently demonstrated that 14-3-3 ¢ binds to the fibroblast cell-surface receptor

aminopeptidase N, also known as CD13 (57).

Granulocyte Colony-stimulating Factor

Granulocyte colony-stimulating factor (G-CSF), also known as colony-
stimulating factor 3 (CSF3), was originally identified in the early 1980’s. This
glycoprotein, growth factor and cytokine is produced by numerous cell types such
as epithelial, endothelial, and immune cells in addition to macrophages in order
to stimulate bone marrow to produce granulocytes and stem cells. It is also
known to stimulate the survival, proliferation, differentiation and function of both

precursor and mature neutrophils (58, 59).

The early phases of wound healing involve coordinated cell-cell
interactions that require the sequential release of growth factors — these
consequentially lead to the recruitment of inflammatory cells that are necessary
for tissue repair. In this context, G-CSF has been shown to dramatically increase
the recruitment, migration, and function of bone marrow derived cells and other
immune cells, leading to improved granulation tissue formation and ulcer healing
in several pathological conditions such as microvascular inflammatory states (60).
It has further been shown that G-CSF is capable of driving the proliferation,
survival, and differentiation of bone marrow derived progenitor cells by activating
receptors within the hematopoietin receptor superfamily that subsequently trigger

downstream intracellular signaling mechanisms (61, 62).

11



Of the numerous cell types known to express G-CSF, monocytes and
endothelial cells are among the most predominant producers. In addition to
increasing granulopoiesis in the bone marrow (62, 63), in the case of trauma, G-
CSF has the potential to induce bone marrow derived cells to migrate into the
peripheral bloodstream where they can be mobilized to the site of injury (60, 63-
65). Furthermore, the recombinant protein has been shown to significantly
increase the proliferation of keratinocytes (66, 67); this characteristic may
contribute significantly towards the possible therapeutic wound healing potential
of G-CSF. Granulocyte-macrophage colony-stimulating factor (GM-CSF), also
known as CSF2, has previously been demonstrated to possess therapeutic
wound healing effects (68-74). Although less study has been done into the
similar potential application of G-CSF, it has been shown that the application of
recombinant G-CSF may yield similar beneficial effects to the wound healing

process compared to that of GM-CSF (75-79).

12



Hypotheses and Objectives

In order to further our understanding of epidermal-mesenchymal crosstalk
during the wound healing process, the goal of this research project has been to
examine paracrine communication between keratinocytes and dermal fibroblasts.
To evaluate the capacity of these cells to bidirectionally regulate wound healing
factor expression, the following hypotheses and specific objectives were

addressed.

Hypothesis 1

Our research group has previously shown that keratinocyte-derived
factors, 14-3-3 sigma (o) in particular, could modulate ECM protein expression in
dermal fibroblasts. Given the unexplored capacity of fibroblasts to influence, in a
reciprocal manner, keratinocyte-derived 14-3-3 proteins, we hypothesized that in
a double-paracrine fashion fibroblast-releasable factors may possess the

capacity to influence the 14-3-3 expression profile in keratinocytes.

Objective 1.1

In order to evaluate the ability of fibroblasts to influence the expression
profiles of four 14-3-3 isoforms (3, m, y, and o) in keratinocytes, fibroblasts and
keratinocytes were co-cultured and samples were analyzed by western blot and
gPCR. The results shown in Chapter 2 revealed a significant increase in the
expression of extracellular 14-3-3 ¢ and intracellular 14-3-3 y and o proteins by
keratinocytes when cultured with fibroblasts, in addition to a significant

upregulation of all four 14-3-3 isoforms (f3, n, y, o) at the gene level.
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Objective 1.2

In order to elucidate the mechanism responsible for 14-3-3 o induction in
keratinocytes stimulated with fibroblast-conditioned medium, cells were cultured
in the presence of several MAPK inhibitors. The results suggest that various
MAPK pathways play a potentially significant role in the regulation of 14-3-3

o induction and expression in keratinocytes.

Hypothesis 2

Continuing our assessment of crosstalk between these two cell types, we
examined whether keratinocytes possess the capacity to modulate the
expression of key cytokines and growth factors in fibroblasts. We hypothesized
that keratinocyte-releasable factor(s) have a significant impact upon the

expression of such factors in dermal fibroblasts.

Objective 2.1

In order to assess the ability of keratinocytes to regulate the expression of
critical cytokines and growth factors in fibroblasts, the two cell types were co-
cultured and samples were analyzed by DNA microarray, RT-PCR, and western
blot. The results presented in Chapter 3 demonstrate that fibroblasts cultured in
the presence of keratinocytes express significantly higher levels of CSF3/G-CSF

compared to fibroblasts cultured alone.

Objective 2.2
To evaluate the impact of keratinocyte differentiation-state upon their

ability to stimulate CSF3 expression in fibroblasts, keratinocyte-conditioned
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medium (KCM) was collected at several time points after inducing keratinocytes
to begin differentiating. These findings show that KCM from undifferentiated

keratinocytes is the most potent CSF3-stimulator for dermal fibroblasts.

Objective 2.3

To partially-characterize the keratinocyte-releasable factor(s) responsible
for stimulating CSF3 expression in fibroblasts, KCM samples were subjected to
thermal stability testing and ammonium sulfate precipitation techniques prior to

being used for treating fibroblasts.

Objective 2.4

To investigate the role of keratinocyte-releasable IL-1 as a potential
candidate for the CSF3-stimulating factor for dermal fibroblasts, we utilized an IL-
1 receptor antagonist (IL-1ra) combined with KCM or IL-1 beta protein (rhiL-1p)
to treat fibroblasts. The results demonstrate that keratinocyte-releasable [L-1
plays an important role in stimulating the upregulation of CSF3 in dermal

fibroblasts.
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Chapter 2. Dermal Fibroblasts Influence the Expression Profile of 14-3-3

Proteins in Human Keratinocytes'

Introduction

Epidermal-mesenchymal communication plays an integral role in the
process of epithelialization and wound healing. In the case of burns, wounds or
other damage to the integument, it is predominantly disruption in keratinocyte-
fibroblast communication that leads to an increased frequency of developing
fibrotic conditions at the wound site. This is mainly because this interaction is
critical for exchanging information between keratinocytes and fibroblasts during
skin morphogenesis, and is also likely to be important in maintaining the
integumentary structure of adult skin (34). It has been well established that any
delays in the epithelialization process lead to an increased frequency of
developing fibrotic conditions. When keratinocytes form an epithelial layer on the
wound site within 2-3 weeks, only one-third of the anatomically site matched
wounds become fibrotic; whereas this disorder increases to 78% when it takes
an excess of 21 days (39). This signifies that in the absence of adequate wound

coverage, extracellular matrix continues to accumulate until dermal fibroblasts

' A version of this chapter has been published. Matthew Carr, Claudia Chavez-
Munoz, Amy Lai and Aziz Ghahary. Dermal fibroblasts influence the expression
profile of 14-3-3 proteins in human keratinocytes. Mol Cell Biochem 353(1-

2):205-14 (2011).
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receive signal(s) from epidermal keratinocytes to slow down the dynamic healing

process that leads to maturation and remodeling of the healing wound (40).

In normal healthy skin, structural integrity is maintained by adhering to a
fine balance between the synthesis and degradation of the ECM by a large family
of enzymes known as the matrix metalloproteinases (MMPs). Our previous work
has shown that keratinocyte releasable 14-3-3 o functions as a potent MMP-1, 3,
8, 10 and 24 stimulating factor for dermal fibroblasts (52, 53). 14-3-3 o is a
member of a highly conserved family of acidic dimeric 14-3-3 proteins consisting
of seven various isoforms (f, v, €, 1, o, T, and €). While most members of this
acidic eukaryotic family of proteins appear to be ubiquitously expressed in
different cell types (49, 50), 14-3-3 ¢ expression seems to be specific to stratified
epithelial cells (51). Later studies revealed the presence of other 14-3-3 isoforms
in the dermal and epidermal layers, demonstrating that all seven isoforms are
expressed in both cultured keratinocytes and intact epidermal, but not dermal

layers of skin (51).

Although previous publications demonstrated that keratinocyte releasable
14-3-3 proteins modulate the expression of MMPs in fibroblasts (52, 53, 80), little
work has been done with respect to the potential ability of fibroblasts to influence
the expression of 14-3-3 proteins in keratinocytes. Here, we hypothesize that in a
double-paracrine fashion, fibroblast-derived factors might also possess the
capacity to influence the expression of 14-3-3 proteins in keratinocytes. In order

to address this hypothesis, a keratinocyte/fibroblast co-culture system was
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established, in which keratinocytes were seeded on 6-well plates, co-cultured
with dermal fibroblasts seeded on plate inserts. Findings showed that when
keratinocytes were co-cultured with fibroblasts they express significantly higher
levels of intracellular 14-3-3 y and o proteins in addition to showing up-regulation
of all four 14-3-3 genes of interest (B, n, v, o). Furthermore, the level of 14-3-3 o
in keratinocyte-conditioned medium was significantly increased in the presence
of fibroblasts. Under similar experimental settings, the addition of several MAPK
inhibitors was shown to reduce the expression of 14-3-3 oin keratinocytes,
alluding to the potential importance of these pathways for regulation of 14-3-3
expression. The findings of this study suggest that fibroblasts are able to
influence 14-3-3 expression in keratinocytes, supporting the hypothesized

double-paracrine relationship between these two cell types.
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Materials and Methods

Clinical specimens and cell cultures

Following informed consent, human skin samples were obtained from
adult patients undergoing elective reconstructive surgery. This study was carried
out in accordance with the principles of the Declaration of Helsinki (World
Medical Association of Helsinki, Somerset West, 1996). Samples were collected
individually in Keratinocyte Serum Free Medium (KSFM) (GIBCO, Grand lIsland,
NY), and then separately washed 3 times in sterile PBS supplemented with 1%
antibiotic-antimycotic preparation (100 ug/ml penicillin, 100 ug/ml streptomycin,
0.25 ug/ml amphotericin B) (GIBCO). Specimens were dissected free of fat and
cut into small pieces (~1 cm in diameter) and incubated in Dispase enzyme (25
pg/ml in KSFM) (GIBCO) at 37°C for 2 h in order to separate the dermal and
epidermal layers. Epidermis was incubated for 4 minutes in trypsin at 37°C,
interspersed with finger-vortexing every minute. Dulbecco’s Modified Eagle’s
Medium (DMEM) (GIBCO) with 10% Fetal Bovine Serum (FBS) (GIBCO) was
used to deactivate the trypsin reaction. Centrifugation at 800 rpm at 4°C for 8
minutes allowed us to obtain keratinocytes that were seeded into 25 cm? flasks
(BD Biosciences, Mississauga, ON) and cultured with 5 ml of KSFM with
supplements (BPE, 50 ug/ml and EGF, 5 ug/ml) (GIBCO) and 1% antibiotic-
antimycotic preparation. Once keratinocytes achieved approximately 80-90%
confluence, they were released via trypsinization as described above, and re-
seeded at a ratio of 1:5 into 75 cm? BD Falcon tissue-culture treated flasks (BD

Biosciences). The additives were used only to establish keratinocytes in cultures.
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Thus, in order to eliminate any effects of FBS, EGF and/or pituitary extract on our
findings, when assembling the co-culture systems, the KSFM with EGF and
pituitary extract was exchanged with the test medium consisting of 49.5%
DMEM+ 49.5% KSFM + 1% Antibiotic with no supplements. Only primary

cultured keratinocytes at passages 2-4 were used in the experiments.

In order to isolate fibroblasts, following removal of the epidermal layer, all
remaining pieces of dermal tissue were minced into small pieces (~1-2 mm in
diameter), washed six times with sterile PBS, and distributed into 60x15 mm Petri
dishes. Cultures of dermal fibroblasts were established as previously described
(81). Upon achieving confluence, the fibroblasts were released by trypsinization
and split for subculture at a ratio of 1:5 and re-seeded into tissue-culture treated

75 cm? flasks. Only fibroblasts from passages 3-6 were used in the experiments.

Fibroblast/keratinocyte co-culture system

Co-culture systems were conducted as previously described by our group
(52, 81). Briefly, fibroblasts or keratinocytes were either seeded on tissue-culture
treated 30 mm 6-well tissue-culture plate inserts with 0.4 um pore size (BD
Biosciences) as the “top” chamber or on the tissue-culture treated 6-well plate
(BD Biosciences) as the “bottom” chamber. Cells were grown in either DMEM
with 10% FBS (for fibroblasts) or KSFM with supplements (for keratinocytes).
Both cell types were incubated independently for 24-48 h at 37°C with 5% CO,

until approximately 80-90% of confluence was reached.
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Prior to assembling the co-culture systems, cells were counted using a
hemocytometer in order to verify that approximately 1x10° of each cell type
would be present in the top and bottom chambers of each system. Cells were
also washed 3 times with PBS to remove remaining traces of supplements (ie.
FBS, BPE, and EGF). The treatment groups consisted of fibroblasts on the insert
co-cultured with keratinocytes growing on the bottom of the 6-well plate (lane
F/K). The two co-culture control groups consisted of keratinocytes (lane K/K) and
fibroblasts (lane F/F). Each combined well and insert in the 6-well culture plate

received 2.0 ml of the test medium mentioned above.

Antibodies

Rabbit anti-human 14-3-3 y antibody was generously provided by Dr.
Aitken (School of Biomedical and Clinical Sciences, University of Edinburgh,
Scotland). Rabbit anti-human 14-3-3 $ and 14-3-3 1 polyclonal antibodies were
purchased from BioMol International, LP (Plymouth Meeting, PA), mouse anti-
human 14-3-3 o monoclonal antibody was obtained from NeoMarkers (Fremont,
CA), and mouse anti-human f-actin monoclonal antibody was purchased from
SIGMA (Saint Louis, MO). Goat anti-rabbit IgG and anti-mouse IgG IRDye

secondary antibodies were obtained from LI-COR Biosciences (Lincoln, NE).

Western blotting
In order to evaluate both the intra- and extracellular expression of some of
the 14-3-3 protein isoforms, cell lysate and conditioned medium (CM) samples

were collected from cells in both mono- and co-culture systems. In both the
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mono- and co-culture systems, the CM for western blot analysis was collected
after 48 h of incubation time along with the corresponding cell lysates from the
bystander cells. Human keratinocytes and dermal fibroblasts were lysed with
lysis buffer (50 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.025%
NaN3, 1% Triton-X100, 0.5% IGEPAL CA-630, and 1:100 protease inhibitor).
Following freezing & thawing, the samples were sonicated and the nuclei and cell
debris were removed by centrifugation at 10,000 rpm for 10 minutes at 4°C. The
protein concentration of the lysates was determined using a Bradford protein
assay and 10 pg of total protein was loaded on 12% (wt/vol) acrylamide gel and
subjected to electrophoresis (SDS-PAGE). However, the samples of CM were
loaded by volume (20 pl each), representative of an equivalent number of cells.
The proteins were then electrotransferred from the acrylamide gel onto
nitrocellulose membranes using the iBlot electrotransfer system (Invitrogen,
Burlington, ON). Non-specific proteins on the membranes were blocked in 5%
skim milk powder in TBS — 0.5% Tween-20 overnight at 4°C. Immunoblotting was
performed using either anti-14-3-3 ¢ monoclonal antibody (1:1000 dilution), anti-
14-3-3 B, anti-14-3-3 n, anti-14-3-3 y polyclonal antibodies (1:1000 dilution), as
well as anti-p-actin (1:25,000 dilution). Following 4 washes with TBS — 0.1%
Tween-20 for 5 minutes each, the membranes were then incubated accordingly
with the appropriate |IRDye secondary antibody (1:10,000 dilution).
Immunoreactive proteins were then visualized using the Odyssey Infrared
Imaging System (LI-COR Biosciences) for either 680 nm (anti-rabbit) or 800 nm

(anti-mouse) wavelengths. The digital images were further subjected to
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quantification by means of densitometry using ImageJ64 software (Research

Service Branch, National Institutes of Health).

Quantitative analysis of intracellular levels of 14-3-3 ¢ protein in
keratinocytes

The quantity of intracellular 14-3-3 o in co-cultured keratinocytes was
evaluated by comparing 20 ug of total protein from the cell lysate of the treated
cells (lane F/K) against various concentrations (0, 0.06, 0.12, 0.25, 0.5, and 1.0
pg/lane) of recombinant 14-3-3 o loaded in a 12% (wt/vol) acrylamide gel using
western blot analysis. The densities of the signals were then measured by

densitometry and compared.

Quantitative real-time polymerase chain reaction (qPCR)

For gPCR analysis, following 24 h of incubation time for the combined top
and bottom chambers, inserts were discarded and the bystander cells from
controls K/K and F/F and treatment F/K were released via trypsinization.
Following centrifugation, cell pellets were washed with PBS and total RNA was
extracted using RNeasy mini kit (Qiagen, Crawley, UK). Only RNA with an
Azs0/Azso ratio between 1.9-2.2 was used in the experiments. A total of 1 ug of
total RNA from each sample was reverse transcribed using a Superscript Il First
Strand cDNA Synthesis kit (Invitrogen, Burlington, ON), and quantitative real-time
PCR analysis was carried out on the Applied Biosystems 7900HT Fast Real-
Time PCR System (Applied Biosystems, Warrington, UK) using the SYBR Green
PCR Master-Mix kit (Applied Biosystems). Each sample was tested in triplicate

and cDNA was amplified using real-time qPCR that measured the relative levels
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of 14-3-3 gene expression (f, 1, ¥, o) using the comparative cycle threshold (Ct)
method. The values for p-actin were used as a housekeeping gene to normalize
the gene expression data for each sample. The relative value of target gene
expression was calculated from the standardized target gene and f-actin
amplified curves. The cycling conditions were 95°C/15 min with 40 cycles of
95°C/1 min, 55°C/30 s and 72°C/30 s. The following sense and anti-sense
primers were used: h14-3-3 $ (sense: ACCCAATTCGTCTTGGTCTG; anti-
sense: TCCGATGTCCACAGAGTGAG); h14-3-3 n (sense:
CCATAGCTGAGCTGGACACA; anti-sense: ATTGTGGCAAGGAAGAATCG);
h14-3-3 Y (sense: TTCATGCAAGTGGAGCTGTC; anti-sense:
ACCCTGGAAAACATGCAGAG); h14-3-3 o (sense:
GGATCCCACTCTTCTTGCAG; anti-sense: CTGCCACTGTCCAGTTCTCA); and
hp-actin (sense: GCTCTTTTCCAGCCTTCCTT, anti-sense:

CGGATGTCAACTTCACACTT) (Invitrogen, Burlington, ON).

Statistical evaluation of extracellular 14-3-3 protein expression in
keratinocyte/fibroblast co-cultures

After 48 h of co-culturing K/K, F/F, and F/K, the conditioned media (CM)
was collected and centrifuged at 10,000 rpm at 4°C for 10 min to remove any
cellular debris. Samples were evaluated using western blot analysis as
mentioned previously. All blots were tested for the four 14-3-3 isoforms (3, 1, ¥, O)
and also blotted for g-actin. The absence of p-actin indicates that the presence of

these 14-3-3 proteins is unlikely to be due to cellular disruption. In this co-culture

24



system, any releasable factors were able to freely exchange across the

membrane that separates the upper and lower chambers.

In order to compare the extracellular protein expression of the co-culture
control groups K/K and F/F (Control) versus that of the co-cultured treatment
group F/K (Treated) in an equitable manner, results from K/K and F/F co-culture
experiments are presented in Table 2-1 as 14-3-3 expression (densitometry
units) per 1x10° cells (Table 2-1, KCM (keratinocyte-conditioned medium) and
FCM (fibroblast-conditioned medium) columns) or 2x10° cells (Table 2-1, Control
and Treated columns). These same data are visually represented in Fig.2-5, with
FCM and KCM shown combined, corresponding to the extracellular protein
expression of the control co-culture group (black/white “Control” columns in

Fig.2-5) compared to that of our treated group F/K (“Treated” columns).

Treatment of keratinocytes

In order to investigate the mechanism of 14-3-3 o induction in
keratinocytes, protocols were utilized as previously established by our group (56).
Briefly, keratinocytes were seeded on 25 cm?tissue-culture flasks (Corning) and
grown in KSFM with supplements. Cells were incubated for 24-48 h at 37°C with
5% CO; until approximately 80-90% of confluence was reached. For the
inhibition of ERK1/2, p38, and JNK MAPK, 10 uM of specific inhibitors for each
kinase (PD98059, SB203580 and SP600125 respectively) were added 1 h prior
to stimulation. MEK1/2 inhibitor PD, p38 inhibitor SB, and JNK inhibitor SP were
purchased from Calbiochem (San Diego, California). After 1 h of incubation with

the respective inhibitors, keratinocytes were stimulated with 30 ul of FCM in order
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to induce 14-3-3 o expression (the volume of FCM applied was collected from an
equivalent number of fibroblasts to the number of keratinocytes treated). Cells
were harvested 24 h after stimulation and cell lysates were analyzed by western

blot for 14-3-3 o expression.

Statistical analysis

Results are presented as the mean * the standard deviation from a set of
three to five experiments. T-tests were used in order to compare the average
values between two populations of data. P-values less than 0.05 were

considered statistically significant in this study.
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Results

Intra- and extracellular expression of four 14-3-3 isoforms (f, y, n, o) in
mono-cultured keratinocytes and dermal fibroblasts

In addition to our primary protein of interest, 14-3-3 o, three other 14-3-3
isoforms (B, y, and n) were selected for further investigation. This selection was
based on our previous studies which demonstrated that these three isoforms are
most highly expressed in both cell types (51). In order to evaluate the constitutive
expression of these proteins regardless of any treatment, keratinocytes and
dermal fibroblasts grown in mono-cultures, in addition to their respective
conditioned media, were collected and processed for further analysis as
described in the Materials & Methods. As seen in Fig.2-1, western blotting
reveals that all four 14-3-3 isoforms of interest are constitutively expressed by
both cell types, with the exception of the o isoform. As we have previously
demonstrated (51), dermal fibroblasts do not express any detectable levels of 14-
3-3 o intra- or extracellularly; however, keratinocytes express it strongly
intracellularly, and release it in even higher levels. -actin was used as a loading
control for the cell-lysates. The absence of this protein extracellularly indicates

that the presence of 14-3-3 proteins is unlikely to be due to cellular disruption.
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Figure 2-1. Western blot analysis of four 14-3-3 isoforms (f,y,n, o) in

lysates and conditioned media of keratinocytes and dermal fibroblasts.

Independently mono-cultured keratinocytes and dermal fibroblasts were allowed to

proliferate until an approximately 90% confluent monolayer was observed. In order to

analyze extracellular levels of the 14-3-3 isoforms, conditioned medium was collected

from both cell types and concentrated using acetone precipitation (as described in

Materials & Methods). Likewise, for detection of intracellular protein levels, the

corresponding cells were lysed and centrifuged to remove dead cells & debris. Total

protein concentrations were determined via Bradford assay, and 10 ug of each sample

was subjected to SDS-PAGE analysis. Blots were exposed to the housekeeping protein

p-actin to serve as a loading control.
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Intracellular expression of 14-3-3 B, n, y, and o proteins in co-cultured
keratinocytes/fibroblasts

In order to evaluate the ability of fibroblasts to influence the intracellular
expression profile of four 14-3-3 isoforms (3, n,y, and o) in keratinocytes, co-
culture systems were assembled as described in the Materials & Methods.
Following 48 h of co-culture, bystander cells were lysed and samples were
subjected to western blot analysis. As illustrated in Fig.2-2 panel A, intracellular
expression of 14-3-3  in keratinocytes was not significantly altered by the
presence of dermal fibroblasts in co-culture (lane F/K) relative to that of the
keratinocyte control (lane K/K) (1.03 = 0.21 vs. 1.20 £ 0.09; n=3; p>0.05).
However, the level of this protein was significantly lower in the fibroblast control
(lane F/F) compared to that of the keratinocyte control (lane K/K) (0.58 + 0.24 vs.
1.20 = 0.09; n=3; p<0.05). When the levels of intracellular 14-3-3 n were
evaluated, similarly the result shown in Fig.2-2 panel B reveals that fibroblasts do
not appear to significantly influence the intracellular expression of 14-3-3 ) in co-
cultured keratinocytes (lane F/K) compared to that of the keratinocyte control
(lane K/K) (0.61 + 0.26 vs. 0.68 £ 0.40; n=4; p>0.05). In the case of 14-3-3 1, the
data shown in Fig.2-2 panel B also demonstrate that the fibroblast control (lane
F/F) appears to express markedly higher levels of the protein compared to the
keratinocyte control (lane K/K) (1.24 + 0.29 vs. 0.68 + 0.40; n=4; p>0.05). The
findings in Fig.2-2 panel C reveal that the expression of intracellular 14-3-3 y in
co-cultured keratinocytes (lane F/K) is significantly increased, by 54.3%

compared to that of the keratinocyte control (lane K/K) (0.84 + 0.04 vs. 0.55 +
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0.14; n=3; p<0.05). In addition, the fibroblast control (lane F/F) expressed

significantly higher levels of 14-3-3 y in comparison to the keratinocyte control

(lane K/K) (1.01 = 0.17 vs. 0.55 % 0.14; n=4; p<0.05). Our findings also

demonstrated a significant increase in the level of intracellular 14-3-3 o in

keratinocytes when co-cultured with fibroblasts (lane F/K) relative to that of the

keratinocyte control (lane K/K). The result shown in Fig.2-2 panel D reveals a

21.6% increase of intracellular 14-3-3 o expression in co-cultured keratinocytes

(lane F/K) compared to that of keratinocytes control (lane K/K) (2.58 £ 0.18 vs.

2.13 £ 0.13; n=3; p<0.05). As expected based on our previous findings, it was

confirmed that fibroblasts (lane F/F) do not express any detectable levels of

intracellular 14-3-3 o©.
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Figure 2-2. Western blot analysis of intracellular levels of 14-3-3
B, M, v, and o in co-cultured keratinocytes and dermal fibroblasts.

Following 48 h of co-culture time, cells in the bottom-chambers were lysed and 10 ug of
total protein from each sample was subjected to SDS-PAGE analysis. The blots were
exposed to either anti-human 14-3-3  (panel A), 14-3-3 1 (panel B), 14-3-3 y (panel C),
or 14-3-3 o (panel D) antibodies. The intensities of the bands for each set of
experiments shown in panels A-D were individually determined and are presented as
graphs representing the 14-3-3/ p-actin ratio. Comparing co-cultured keratinocytes to
the keratinocyte control (lane F/K vs. K/K respectively) revealed: panel A (n=3, p>0.05),
panel B (n=4, p>0.05), panel C (n=3, * p<0.05), and panel D (n=3, * p<0.05). Marked
differences were also observed when comparing the expression of the keratinocyte and

fibroblast controls (lane K/K vs F/F respectively). panel A (n=3, * p<0.05), panel B (n=4,

p>0.05), and panel C (n=4, ** p<0.05). Panel D also confirms that fibroblasts do not
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express any detectable level of 14-3-3 . p-actin antibody was used as a loading control

across all replicates.

Quantification of 14-3-3 o protein in co-cultured keratinocytes

Quantitative analysis of 14-3-3 o expressed intracellularly in keratinocytes
was achieved by performing serial dilutions. A known total protein concentration
(20 pg) of the treated keratinocyte lysate (lane F/K) was loaded into a 12%
(wt/vol) acrylamide gel along with a series of diluted recombinant 14-3-3 o (as
described in Materials & Methods). Blots were then exposed to anti-human 14-3-
3 o antibody and the intensities of the bands were quantified by densitometry.
We created a standard curve generating a linear regression model (y=14123x +
765.7; r’=0.97806) in order to quantify the amount of 14-3-3 o in our treated
sample (F/K). The results presented in Fig.2-3 reveal that 20 ug of the treated
keratinocyte lysate contains approximately 0.8 ug of 14-3-3 . This implies that
approximately 4.0% of the total proteins present in the co-cultured treated
keratinocytes (lane F/K) are 14-3-3 o isoform. Therefore, based on the observed
21.6% increase of intracellular 14-3-3 o in the co-cultured keratinocytes
compared to that of the keratinocyte control (lane K/K), it was determined that
approximately 3.3% of the total proteins present in the keratinocyte control (lane

K/K) correspond to 14-3-3 o.
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Figure 2-3. Quantification of 14-3-3 o in co-cultured keratinocyte lysates.

In order to approximate the amount of 14-3-3 o present, a serial dilution of recombinant
14-3-3 ¢ protein was run in an SDS-PAGE gel against 20 ug of total protein from the
treated cell-lysates (lane F/K). The blot was exposed to anti-human 14-3-3 ¢ antibody
and the intensity of the bands was quantified by densitometry, using a serial-dilution of

recombinant 14-3-3 o as a reference standard.

Gene expression of 14-3-3 8, n, y, and o in co-cultured keratinocytes

To investigate the effects of fibroblasts upon the gene expression profile of
the four 14-3-3 isoforms (B, n, y, o) in keratinocytes, total RNA was harvested
from cells following 24 h of co-culture time. Samples were reverse transcribed to
cDNA as described in the Materials and Methods, and gene expression was
assessed by gPCR analysis. Genes of interest were amplified along with -actin
in order to serve as an internal control. Results presented in Fig.2-4 reveal that,

upon co-culturing with fibroblasts, the expression of all four genes of interest is
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upregulated in treated keratinocytes relative to that of keratinocytes cultured

alone. The respective increases in 14-3-3 gene expression in treated
keratinocytes are as follows: 14-3-3 3 gene expression increased by 1.6-fold
versus that of the control (1.64 = 0.28; n=3; p>0.05); 14-3-3 m expression
increased by approximately 1.1-fold relative to keratinocytes alone (1.09 * 0.20;
n=3; p>0.05); 14-3-3 y expression increased by 1.5-fold (1.50 + 0.03; n=3;
p<0.001), and 14-3-3 o gene expression increased by 2.0-fold (2.00 + 0.27; n=3;

p<0.05).
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Figure 2-4. qPCR analysis of 14-3-3 gene expression (B, m, y, o) in
keratinocytes co-cultured with dermal fibroblasts.

Total RNA was extracted from bystander cells after 24 h across all treatment/control
groups and qPCR was performed according to manufacturers directions. Using primers

for our 14-3-3 genes of interest (B, 1, y, ¢), samples were analyzed in triplicates in order
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to quantify the expression of these genes in our treatment and control groups. p-actin
was used as an internal reference. The graph shown represents the fold increase of 14-
3-3 gene expression in keratinocytes when co-cultured with fibroblasts relative to that of

control keratinocytes cultured alone (n=3, ** p<0.001, * p<0.05).

Extracellular expression of 14-3-3 8, n, v, and o proteins in co-cultured
keratinocytes/fibroblasts

Following assessment of the effects of fibroblasts upon 14-3-3 expression
(B, v, m, o) in keratinocytes at gene and intracellular protein levels, conditioned
media was analyzed for levels of the same proteins. The objective was to assess
any changes in the release of 14-3-3 §, y, , and o after the two cell types were
co-cultured. Fibroblasts co-cultured with fibroblasts and keratinocytes co-cultured
with keratinocytes were utilized as controls. The absence of -actin was verified
in all blots in order to exclude the possibility of cellular disruption. The values
presented in Table 2-1 represent the densitometry values acquired from our
western blot analyses, displayed in terms of expression per 1x10° cells (Table 2-
1, KCM and FCM columns) or 2x10° cells (Table 2-1, Control and Treated
columns). These data, visually represented in Fig.2-5, reveal that the co-cultured
treatment group (Treated) releases approximately 12% higher levels of
extracellular 14-3-3 p than the control (Control) (7.33 £ 0.89 vs. 6.55 + 0.92; n=3;
p>0.05). The results shown in Fig.2-5 also reveal a 36.7% decreased level of
extracellular 14-3-3 1 in the co-culture treated setting compared to that of the
control (2.33 £ 0.73 vs. 3.68 + 1.58; n=3; p>0.05). The findings presented in

Fig.2-5 additionally show that the treatment group undergoes a 12.7% decrease
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in the expression of extracellular 14-3-3 y compared to that of the control (6.36 +
0.29 vs. 7.28 + 1.33; n=5; p>0.05). The data shown in Fig.2-5 further reveal an
observed 63.2% increase in the extracellular release of 14-3-3 o in our co-
cultured treatment group compared to that of the control (5.49 £ 0.99 vs. 3.36 +
0.44; n=3, p<0.05). Again in support of our previous findings, it was established

that control fibroblasts do not release any 14-3-3 o.
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Figure 2-5. Western blot analysis of extracellular levels of 14-3-3
B, M, v, and o in co-cultured keratinocytes and dermal fibroblasts.

Following 48 h of co-culture time, conditioned medium was collected from both the
bottom and top chambers of the co-culture system and their combined proteins were
concentrated using acetone precipitation (as described in Materials & Methods). An

equal volume (20 pL) of each sample was loaded. Blots were exposed to either anti-
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human 14-3-3 $, 1, y, or o antibodies. Based on the data presented in Table 2-1, the
graph shown represents 14-3-3 densitometry units, with the two control groups
combined (F and K respectively) such that comparisons could be made based on equal
numbers of each cell type: for 14-3-3  (n=3, p>0.05); for 14-3-3 1 (n=3, p>0.05); for 14-
3-3 y (n=5, p>0.05); and for 14-3-3 ¢ (n=3, * p<0.05). These blots were also exposed to
p-actin in order to exclude the possibility of cell-lysate contamination within the

conditioned media.

*
] 1
1x106 cells Control Treated
I L | LU 1

Protein: KCM: FCM: KCM + FCM: SDev: F/K: SDev: P-value:
14-3-3 B 4.589 1.957 6.546 0.921 7.332 0.885 p>0.05
14-3-3 q 3.218 0.464 3.682 1.576 2.329 0.732 p>0.05
14-3-3 y 5.48 1.801 7.281 1.329 6.359 0.289 p>0.05
14330 3.361 0.000 3.361 0.439 5.486 0.987 * p<0.05

Table 2-1. Western blot analysis of extracellular levels of 14-3-3 B, 7,

¥, and o in co-cultured keratinocytes and dermal fibroblasts.

Following 48 h of co-culture time, conditioned media was collected from both the bottom
and top chambers of the co-culture system and their combined proteins were
concentrated using acetone precipitation (as described in Materials & Methods). An
equal volume (20 pL) of each sample was loaded. Blots were exposed to either anti-
human 14-3-3 $, 1, y, or o antibodies. Values shown correspond to 14-3-3 expression
(densitometry units) per either 1x10° cells (KCM and FCM) or 2x10° cells (Control and

Treated).
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Mechanism of 14-3-3 o induction in keratinocytes stimulated with FCM

In order to investigate the possible signaling pathway by which fibroblasts
increase the expression of 14-3-3 o in keratinocytes, we explored three distinct
MAPK pathways that could potentially be involved in the regulation of 14-3-3
expression: (a) ERK1/2 (Raf — ERK kinase (MEK)1/2 — ERK1/2); (b) JNK/SAPK
(MEK kinase 1-3 — MEK kinase 4 and 7 — JNK/SAPK); and (c) p38 MAPK
(MAPK kinase kinase — MAPK kinase 3 and 6 — p38). We explored the
role of the specific MAPK pathways in the FCM-induced expression of 14-3-3 o
in keratinocytes by blocking MEK1/2 and p38 MAPK pathways with chemical
inhibitors, including some previously shown to block 14-3-3 o gene activation in
other cell types (82). As seen in Fig.2-6, 14-3-3 ¢ expression and induction in
keratinocytes was moderately inhibited in the presence of SB203580 (SB), a
specific inhibitor of p38 activity, both with and without FCM stimulation, compared
to that of the un-inhibited control samples (Control and FCM) (without FCM: 0.81
vs. 1.02; with FCM: 0.61 vs. 1.40; n=1). A similar degree of inhibition resulted
following the addition of PD98059 (PD), a MEK1/2 specific inhibitor (without
FCM: 0.67 vs. 1.02; with FCM: 0.51 vs. 1.40; n=1). Notably, the results shown in
Fig.2-6 reveal a marked reduction in 14-3-3 o expression in both FCM-stimulated
and un-stimulated keratinocytes when cultured in the presence of SP600125
(SP), a specific inhibitor of JNK (without FCM: 0.30 vs. 1.02; with FCM: 0.23 vs.
1.40; n=1). These findings suggest that these MAPK pathways potentially have a
significant involvement in the regulation of 14-3-3 o induction and expression in

keratinocytes.
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Figure 2-6. Induction of 14-3-3 ¢ expression in keratinocytes stimulated with
fibroblast-conditioned medium (FCM) is mediated by mitogen-activated
protein kinase (MAPK) pathways.

Keratinocytes cultured in 25 cm? flasks in KSFM with supplements (as described in
Materials & Methods) were incubated in the presence of 10 uM of specific inhibitors for
each MAPK kinase: SB203580 (SB), SP600125 (SP), and PD98059 (PD), for 1 h before
stimulation with 30ul of FCM (for SB+, SP+, and PD+). Samples were harvested
following 24 h and cell-lysates were analyzed by western blot for the presence of 14-3-3

o.
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Discussion

Since the original discovery of the first 14-3-3 protein, found in the brain
with an unknown function, many members of the 14-3-3 protein family have been
re-discovered based on new functions. The 14-3-3 proteins, primarily in the
context of signal transduction pathways, have been identified as activators of
tyrosine and tryptophan hydroxylase (46) and protein kinase C inhibitors (44). In
this study we established a co-culture system in order to evaluate the potential
ability of fibroblasts to influence the expression and release of some 14-3-3
isoforms in keratinocytes. It has already been shown by our group that human
keratinocytes have the capacity to release exosomes (54) containing all seven
isoforms of the 14-3-3 proteins (55). It has also been shown that many of these
isoforms are intracellularly expressed in differential proportions (51). For example
14-3-3 o, PB,m,yand & are highly expressed in human keratinocytes (51)
compared to that of T and t isoforms. Based on previous results, we selected 14-
3-3 0,B,n and y isoforms, and aimed to assess whether their levels of
expression in keratinocytes are altered in response to fibroblast releasable

factors.

The results suggest that intracellular levels of 14-3-3 § and n proteins in
keratinocytes were not influenced by the presence of co-cultured dermal
fibroblasts; however, intracellular levels of 14-3-3 y in keratinocytes revealed an
increase when co-cultured with fibroblasts. Furthermore, gene expression was
quantified using qPCR, demonstrating a significant increase in the expression of

14-3-3 y. These findings suggest that there might be a factor(s) that is released
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by fibroblasts which stimulates 14-3-3 y expression in human keratinocytes.
Additional evaluation showed that exposure to a co-culture system did not

significantly modify the release of 14-3-3 3, n and y proteins by either cell type.

14-3-3 y has been identified to be a protein kinase C inhibitor (44). Protein
kinase C is involved in multiple functions such as: receptor desensitization,
modulating membrane structure events, regulating transcription, in mediating
immune responses, and in regulating cell growth. These functions are achieved
by PKC mediated phosphorylation of other proteins. However, the substrate
proteins present for phosphorylation vary since protein expression is different
between different kinds of cells; thus, the effects of PKC are cell type specific. In
tissue, PKC primarily has a contractile function. This observation suggests that
14-3-3 y may function as an anti-contractile factor and thus as an anti-fibrogenic

factor in wound healing.

Another novel finding of our current study included the observation that
dermal fibroblasts were able to increase the 14-3-3 ¢ expression in keratinocytes.
Previously it has been demonstrated that keratinocytes are able to stimulate
MMP-1 expression in dermal fibroblasts by the release of 14-3-3 o (52, 83);
however, the possibility of dermal fibroblasts influencing the expression and
release of 14-3-3 proteins in keratinocytes has never been explored. Our finding
suggests that there might be a factor(s) that is released by fibroblasts which

stimulates 14-3-3 o expression in human keratinocytes.
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In order to elucidate the mechanism(s) responsible for 14-3-3 o induction
in human keratinocytes when cultured in the presence of dermal fibroblasts, we
conducted a number of experiments involving several MAPK-specific inhibitors.
These inhibitors were selected based on previously established protocols utilized
by our group (56), as well as work by other groups which support the role of
MAPK in the regulation of 14-3-3 o, specifically the ability of PD98059 to abolish
14-3-3 o induction in PC12 cells stimulated with hydrogen peroxide (82). The
findings of our study revealed that the three MAPK-specific inhibitors tested (SB,
SP, and PD) all possess the capacity to moderately inhibit both the endogenous
production of 14-3-3 o by keratinocytes, as well as limit the induction of 14-3-3 o
when cultured in the presence of dermal fibroblasts. This suggests that the
mitogen-activated protein kinases are involved in both the regulation of
endogenous 14-3-3 o production in keratinocytes as well the induction of 14-3-3

o when co-cultured with fibroblasts.

One of our previous studies (83), briefly alluded to the possibility of up-
regulated 14-3-3 o gene expression in keratinocytes when co-cultured with
dermal fibroblasts — an observation which had not been previously documented.
In our present study, investigations at the gene level further supported this
finding, revealing nearly a 2-fold increase in the gene expression of 14-3-3 ¢ in
keratinocytes when co-cultured with fibroblasts compared to that of those in the
keratinocyte control. These results lend support to the observed 21.6% increase
in intracellular expression of this protein in co-cultured keratinocytes (lane F/K)

relative to that of the keratinocyte control (lane K/K). Furthermore, this finding is
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consistent with the observed 63.2% increase in the release of this protein in

treated (F/K) versus control groups (F+K).

In conclusion, the findings of this study suggest that epidermal-
mesenchymal communication, with specific respect to the 14-3-3 proteins, is in
fact a double-paracrine scenario with crosstalk occurring between the two cell
types. Our work revealed that fibroblasts do indeed possess the ability to
influence the levels of protein and gene expression of at least some of the MMP-
1 stimulating factors such as 14-3-3 o in keratinocytes. These findings are likely
to have strong implications both for the purpose of reducing fibrosis, and for
simply gaining a more complete understanding of the complex tissue remodeling

process.
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Chapter 3. Keratinocyte-releasable Factors Stimulate the Expression of

Granulocyte Colony-stimulating Factor in Human Dermal Fibroblasts?

Introduction

Double-paracrine  communication between keratinocytes and dermal
fibroblasts is essential for both wound healing and maintaining skin integrity (34).
The critical nature of crosstalk between these two cell types has been firmly
supported by clinical observations such as the established link between delays in

re-epithelialization and increased development of fibrosis at wound sites (39, 40).

Under normal conditions, the integrity of skin is maintained through a strict
balance between the synthesis and degradation of extracellular matrix
components by regulating the expression of a large family of enzymes known as
the matrix metalloproteinases. Our previous work has shown that epidermal-
mesenchymal communication plays a central role in this process, revealing that
keratinocyte-releasable 14-3-3 ¢ functions as a potent stimulator of several MMP
isoforms in dermal fibroblasts (52, 53, 80). Similarly, we also demonstrated that
in a converse fashion, fibroblasts also possess the capacity to modulate the

expression of 14-3-3 proteins in keratinocytes (84).

2 A version of this chapter has been submitted for publication. Matthew Carr,
Yunyuan Li, Claudia Chavez-Mufoz, Alireza-Moeen Rezakhanlou, Ryan Hartwell
and Aziz Ghahary. Keratinocyte-releasable Factors Stimulate the Expression of

Granulocyte Colony-stimulating Factor in Human Dermal Fibroblasts. (2012).
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The process of cutaneous wound healing comprises three major stages —
inflammation, proliferation and tissue remodeling/maturation (2). These
overlapping phases involve a complex orchestration of soluble mediators, blood
and parenchymal cells, and ECM. Regulation and coordination of the dynamic
wound healing process occurs through the controlled release of numerous
cytokines and growth factors by platelets and fibroblasts in addition to epithelial,
endothelial and immune cells (3-5). Specifically, the early phases of wound
healing involve an array of cytokines such as PDGF, TGF-p, FGF, VEGF, IGF,
KGF, in addition to the interleukin (IL) and colony stimulating factor (CSF)
families (7, 8, 13, 85, 86). Our recent studies on Kkeratinocyte-fibroblast
interactions revealed that keratinocytes are capable of potently stimulating the
expression of several of these cytokines and growth factors in dermal fibroblasts
— notably, the results showed a significant increase in colony-stimulating factor 3

(CSF3), also known as granulocyte-colony stimulating factor (G-CSF).

Numerous cell types such as monocytes and endothelial cells produce G-
CSF in order to stimulate granulopoiesis in the bone marrow (63). In the case of
trauma, G-CSF may also induce these bone marrow derived cells to migrate into
the peripheral bloodstream where they can be mobilized to the site of injury (60,
63-65). Furthermore, G-CSF has been shown to dramatically promote the
proliferation of keratinocytes (66, 67). Granulocyte-macrophage colony-
stimulating factor (GM-CSF), also known as CSF2, has widely demonstrated
therapeutic effects in the context of wound healing (68-74). Although the potential

uses of G-CSF have been less studied, it has been shown that the clinical
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application of recombinant G-CSF may yield similar beneficial effects to GM-CSF

when utilized appropriately during the wound healing process (75-79).

As the potential therapeutic role of G-CSF in wound healing has been
previously investigated (75-79), we aimed to further characterize the process by
which CSF3 stimulation occurs in a co-culture environment, hypothesizing that
keratinocyte-releasable factor(s) are potent stimulators of CSF3 expression in
dermal fibroblasts. In order to test this hypothesis, we utilized
keratinocyte/fibroblast co-culture systems in which fibroblasts were seeded on 6-
well plates along with keratinocytes grown on plate inserts. The results
demonstrated that keratinocytes stimulate fibroblasts to express significantly
higher levels of CSF3 when the two cell types are co-cultured. The effects of
keratinocyte differentiation-state were assessed by treating fibroblasts with
keratinocyte-conditioned medium (KCM) collected at various stages of
keratinocyte differentiation, revealing that undifferentiated keratinocytes are the
most potent CSF3-stimulators for fibroblasts. By utilizing an interleukin-1 receptor
antagonist (IL-1ra) we also identified keratinocyte-releasable IL-1 to be a major
contributor to CSF3 stimulation in fibroblasts. The findings of this study support
that keratinocyte-releasable factor(s), specifically IL-1, play a prominent role in

regulating dermal fibroblast expression of CSF3.
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Materials and Methods

Clinical specimens and cell cultures

Following informed consent, human skin samples were obtained from
adult patients undergoing elective reconstructive surgery. This study was carried
out in accordance with the principles of the Declaration of Helsinki (World
Medical Association of Helsinki, Somerset West, 1996). Samples were collected
individually in Keratinocyte Serum Free Medium (KSFM) (GIBCO, Grand lIsland,
NY), and then separately washed 3 times in sterile PBS supplemented with 1%
antibiotic-antimycotic preparation (100 ug/ml penicillin, 100 ug/ml streptomycin,
0.25 ug/ml amphotericin B) (GIBCO). Specimens were dissected free of fat and
cut into small pieces (~1 cm in diameter) and incubated in Dispase enzyme (25
pg/ml in KSFM) (GIBCO) at 37°C for 2 h in order to separate the dermal and
epidermal layers. Epidermis was incubated for 4 minutes in trypsin at 37°C,
interspersed with finger-vortexing every minute. Dulbecco’s Modified Eagle’s
Medium (DMEM) (GIBCO) with 10% Fetal Bovine Serum (FBS) (GIBCO) was
used to deactivate the trypsin reaction. Centrifugation at 800 rpm at 4°C for 8
minutes allowed us to obtain keratinocytes that were seeded into 25 cm? flasks
(BD Biosciences, Mississauga, ON) and cultured with 5 ml of KSFM with
supplements (BPE, 50 ug/ml and EGF, 5 ug/ml) (GIBCO) and 1% antibiotic-
antimycotic preparation. Once keratinocytes achieved approximately 80-90%
confluence, they were released via trypsinization as described above, and re-
seeded at a ratio of 1:5 into 75 cm? BD Falcon tissue-culture treated flasks (BD

Biosciences). The additives were used only to establish keratinocytes in cultures.
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Thus, in order to eliminate any effects of FBS, EGF and/or pituitary extract on our
findings, when assembling the co-culture systems, the KSFM with EGF and
pituitary extract was exchanged with the test medium consisting of 49.5%
DMEM+ 49.5% KSFM + 1% Antibiotic with no supplements. Only primary

cultured keratinocytes at passages 2-4 were used in the experiments.

In order to isolate fibroblasts, following removal of the epidermal layer, all
remaining pieces of dermal tissue were minced into small pieces (~1-2 mm in
diameter), washed six times with sterile PBS, and distributed into 60x15 mm Petri
dishes. Cultures of dermal fibroblasts were established as previously described
(81). Upon achieving confluence, the fibroblasts were released by trypsinization
and split for subculture at a ratio of 1:5 and re-seeded into tissue-culture treated

75 cm? flasks. Only fibroblasts from passages 3-6 were used in the experiments.

Spontaneously immortalized keratinocytes (HaCaT) were obtained from
the American Type Cell Collection (Manassas, VA). The cells were cultured in
KSFM with supplements (GIBCO) and 1% antibiotic-antimycotic preparation.

Cells were passaged every 4 days at a ratio of 1:5.

Keratinocyte/fibroblast co-culture system

Co-culture systems were conducted as previously described by our group
(52, 81). Briefly, fibroblasts or keratinocytes were either seeded on tissue-culture
treated 30 mm 6-well tissue-culture plate inserts with 0.4 um pore size (BD
Biosciences) as the “top” chamber or on the tissue-culture treated 6-well plate

(BD Biosciences) as the “bottom” chamber. Cells were grown in either DMEM
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with 10% FBS (for fibroblasts) or KSFM with supplements (for keratinocytes).
Both cell types were incubated independently for 24-48 h at 37°C with 5% CO,

until approximately 80-90% of confluence was reached.

Prior to assembling the co-culture systems, cells were counted using a
hemocytometer in order to verify that approximately 1x10° of each cell type
would be present in the top and bottom chambers of each system. Cells were
also washed 3 times with PBS to remove remaining traces of supplements (ie.
FBS, BPE, and EGF). The treatment setting consisted of keratinocytes on the
insert co-cultured with fibroblasts growing on the bottom of the 6-well plate (lane
K/F). The control setting consisted of fibroblasts in both chambers (lane F/F).
Each combined well and insert in the 6-well culture plate received 2.0 ml of the

test medium mentioned above.

DNA microarray analysis of human cytokine expression

In order to examine the gene expression of human cytokines in co-
cultured fibroblasts, we utilized the Oligo GEArray® DNA: Human Common
Cytokines Microarray kit from SuperArray Bioscience Corporation (Fredrick,
USA). Each DNA microarray profile consists of 114 genes including: interferons,
interleukins, bone morphogenetic proteins, the TGF-beta family, the TNF
superfamily, various growth factors, as well as control sequences such as
loading controls p-actin and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), and negative blank controls. Gene expression was assessed in
dermal fibroblasts cultured with keratinocytes (lane K/F) for 24 h under the same

co-culture conditions as described above. In brief, total RNA was isolated by
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using the RNeasy Mini Kit (Qiagen). The integrity of RNA was evaluated through
direct visualization of ethidium bromide stained agarose gel. Only RNA with an
Azs0/Azso ratio between 2.0-2.2 was used in the microarray experiments. The
procedure was conducted under the manufacturer’s instructions. cRNA was
generated from total RNA by using TruelLabeling-AMP 2.0 kit (SuperArray
Bioscience Corporation, Fredrick, USA), biotinylated with Biotin-16-dUTP (Roche,
Indianapolis, IN), followed by hybridization to a 2.2 x 3.8 cm nylon membrane
which has the proprietary probes printed in rows and columns (8 x 12). Four
micrograms of cRNA was used for each sample. The arrays were visualized
using the Chemiluminescent Detection Kit (SuperArray Bioscience Corporation).
Film was developed at different time points and scanned for further quantification
analysis by using scanning densitometry (UN-SCAN-IT, Silk Scientific, Inc). The
intensity of the housekeeping gene (GAPDH) was used as an internal control for
normalization. Three separate experiments were repeated using three different
fibroblast cell strains. Analysis of variance (ANOVA) testing was used to

determine the statistical significance.

Real-time polymerase chain reaction (RT-PCR)

For RT-PCR analysis, following 24 h of co-culture incubation time, the
upper inserts were discarded and the bystander cells from the control (lane F/F)
and treatment (lane K/F) settings were released via trypsinization. Following
centrifugation, cell pellets were washed with PBS and total RNA was extracted
using RNeasy mini kit (Qiagen, Crawley, UK). Only RNA with an Azso/Azsgo ratio

between 1.9-2.2 was used in the experiments. RNA integrity of each sample was
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verified by direct visualization of SYBR® Safe DNA gel stained 28S and 18S
bands. A total of 1 ug of total RNA from each sample was reverse transcribed
using the Superscript Il First Strand cDNA Synthesis kit (Invitrogen, Burlington,
ON). RT-PCR was performed using the ThermoScript RT-PCR system

(Invitrogen) according to the manufacturer’s protocols, in combination with the

following sense and anti-sense primers: hCSF-3 (sense:
TATTTAAAGACAGGGAAGAGCAGAA,; anti-sense:
CATGTCCCAAAAGTCTTAAGAAGAA); and hp-actin (sense:

GCTCTTTTCCAGCCTTCCTT; anti-sense: CGGATGTCAACTTCACACTT)
(Invitrogen). p-actin was utilized as a housekeeping gene for internal control
purposes. A total of 10 ug of each sample was separated by agarose gel
electrophoresis and their scanned digital images were quantitatively analyzed
using ImageJ64 scanning densitometry software (Research Service Branch,

National Institutes of Health).

Antibodies

Mouse anti-human granulocyte colony-stimulating factor (G-CSF)
monoclonal antibody was purchased from Abcam (Cambridge, MA), and mouse
anti-human f-actin monoclonal antibody was purchased from SIGMA (Saint
Louis, MO). Goat anti-mouse IgG IRDye secondary antibody was obtained from

LI-COR Biosciences (Lincoln, NE).

Western blotting
In order to evaluate the release of G-CSF by co-cultured fibroblasts,

conditioned medium (CM) samples were collected from fibroblasts after 48 h of
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co-culture incubation. Samples were then centrifuged at 10,000 rpm at 4°C for 10
min to remove any cellular debris. The samples of CM were loaded by volume
(20 pl each), representative of an equivalent number of cells, on 12% (wt/vol)
acrylamide gel and subjected to electrophoresis (SDS-PAGE). The proteins were
then electrotransferred from the acrylamide gel onto nitrocellulose membranes
using the iBlot electrotransfer system (Invitrogen, Burlington, ON). Non-specific
proteins on the membranes were blocked in 5% skim milk powder in TBS — 0.5%
Tween-20 overnight at 4°C. Immunoblotting was performed using anti-G-CSF
monoclonal antibody (1:1000 dilution) as well as anti-p-actin (1:25,000 dilution).
The absence of -actin indicates that the presence of G-CSF is unlikely to be due
to cellular disruption. Following 4 washes with TBS — 0.1% Tween-20 for 5 min
each, the membranes were then incubated accordingly with the appropriate
IRDye secondary antibody (1:10,000 dilution). Immunoreactive proteins were
then visualized using the Odyssey Infrared Imaging System (LI-COR
Biosciences) for either 680 nm (anti-rabbit) or 800 nm (anti-mouse) wavelengths.
The digital images were further subjected to quantification by means of
densitometry using ImageJ64 software (Research Service Branch, National

Institutes of Health).

Differentiated keratinocyte-conditioned medium

As previously demonstrated by our group, high-calcium test medium can
be utilized to induce differentiation in keratinocytes, with expression of involucrin
protein by keratinocytes reaching its peak at 10 days post-induction (87, 88).

Employing similar methodology for our experiments, keratinocyte-conditioned

52



medium (KCM) was collected from keratinocyte monocultures, using a test
medium consisting of 50% DMEM plus 50% KSFM in the absence of FBS or
growth supplements. Keratinocytes were seeded in 6-well plates using KSFM
with 0.07 mM calcium and considered undifferentiated until cells reached 60%
confluence. At this point, KCM was changed to KSFM/DMEM medium (50:50)
(GIBCO) with 1.8 mM calcium. KCM was collected from the keratinocytes every
24 h in exchange for fresh KSFM/DMEM. Collection was continued until 10 days
post-induction with high-calcium medium, at which point we considered the
keratinocytes to be fully differentiated based on previous findings by our group
(87, 88). Prior to treating dermal fibroblasts, KCM samples were centrifuged at

10,000 rpm at 4°C for 10 min to remove any cellular debris.

Treatment of fibroblasts with keratinocyte-conditioned medium

In order to evaluate the effects of KCM (differentiated and un-
differentiated) on fibroblast expression of CSF3, fibroblasts were seeded in 6-well
plates (2 x 10° cells per well) with DMEM 2% FBS and treated in duplicate with 1
ml of DMEM combined with 1 ml of KCM corresponding to either 1, 3, 5, 7 or 10
days post-induction with high-calcium medium. All treatment and control groups
additionally received 1% antibiotic-antimycotic preparation (GIBCO) and 2% FBS.
Experimental control groups consisted of fibroblasts treated with either 2 ml of
DMEM + 2% FBS (lane FCT) or with 1 ml DMEM + 1 ml DMEM/KSFM (50:50,
the KSFM used was “non-conditioned medium” (NCM)) + 2% FBS (lane FC2).

Following 24 h of treatment, fibroblasts were harvested, RNA was extracted as
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described above, and RT-PCR was utilized to analyze CSF3 expression. -actin

was used as a housekeeping gene for internal control purposes.

Ammonium sulfate precipitation of keratinocyte-releasable factor(s)

KCM was clarified by centrifugation at 3000 x g for 10 min and passing a
0.25 um filter before precipitation by ammonium sulfate ((NH4)2SO4). Solid
powder of ammonium sulfate was then slowly added to KCM at a final
concentration of 30%. The mixture was centrifuged at 3000 x g for 20 min after
stirring at room temperature for 15 min. The supernatant was then transferred
into a new 50 ml tube and the pellet was re-suspended by adding 4 ml of H,O.
Ammonium sulfate was added to the supernatant to make a final concentration of
50%. Mixture was stirred and centrifuged as described above. Supernatant was
transferred into a new 50 ml tube and the pellet was re-suspended by adding 4
ml of H,O. The supernatant was further used to precipitate proteins at final
concentrations of 70% and >70% ammonium sulfate, respectively, by utilizing the
same procedures described above. Re-suspended proteins were desalted by
passing through a cut-off 10 kDa filter (Millipore); after washing 3 times with PBS,
the retentate was collected and its concentration calculated based on the original
volume prior to being used for dermal fibroblast treatments. Treatment of
fibroblasts was conducted using the same protocols for KCM treatments

described above.

Thermal stability of keratinocyte-releasable factor(s)
In our efforts to partially characterize the keratinocyte-releasable factor(s)

responsible for CSF3 stimulation in fibroblasts, we examined the thermal stability
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by exposing KCM to various thermal environments. KCM samples were collected
as previously described, and were placed in an incubated water bath for either 30
min at 56°C or 5 min at 95°C. Heat treated samples were allowed to cool to 37°C
prior to treating dermal fibroblasts. The preparation of samples for treatment of
dermal fibroblasts employed the same aforementioned protocols; however, the
control settings instead consisted of 1 ml DMEM + 1 ml DMEM/KSFM (50:50,
DMEM:NCM) + 2% FBS (negative control;, lane NCM) and 1 ml DMEM + 1 ml

DMEM/KSFM (50:50, DMEM:KCM) + 2% FBS (positive control; lane KCM).

Recombinant human interleukin-1 and receptor antagonist

Recombinant human interleukin-1 beta (rhlL-1p) protein was purchased
from SIGMA (Saint Louis, MO) and was applied to fibroblasts at a concentration
of 50 pg/ml of DMEM:KSFM (50:50) test medium + 2% FBS. In order to
neutralize the activity of both IL-1 alpha and beta proteins in the CM, we utilized
an IL-1 receptor antagonist (IL-1ra) protein purchased from ProSpec (East
Brunswick, NJ). In treatment conditions that involved the inclusion of IL-1ra, we
applied the inhibitor at a concentration of 1 ng/ml of DMEM:KSFM (50:50) test
medium + 2% FBS. Dose response experiments (not shown) revealed that this
concentration provided ideal inhibition of endogenous IL-1 activity without
compromising cell viability. Fibroblasts were treated in 6-well plates as described

previously.

Statistical analysis
Results are presented as the mean * the standard deviation from a set of

three to five experiments. ANOVA testing was utilized for assessing the DNA
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microarray results. For all other experiments t-tests were used in order to
compare the average values between two populations of data. P-values less than

0.05 were considered statistically significant in this study.
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Results

DNA microarray analysis of human cytokine expression in dermal
fibroblasts co-cultured with keratinocytes

In order to evaluate changes in dermal fibroblast expression of key
cytokines and growth factors when co-cultured with keratinocytes, a DNA
microarray analysis of 114 genes was carried out. Dermal fibroblasts and
keratinocytes were co-cultured according to previously established protocols
(described in the Materials & Methods). Fig.3-1 panel A shows the results of the
Oligo GEArray® DNA Human Common Cytokines Microarray kit. In addition,
genes that demonstrated greater than a 2-fold increase were selected and

presented in terms of fold-increase as a bar chart in Fig.3-1 panel B.

The results shown in Fig.3-1 panel B indicate that fibroblasts co-cultured
with keratinocytes (lane K/F) expressed significantly higher levels of CSF3,
VEGFB, ATP6AP1 and RPS27A. Most notably, the endogenous expression level
of CSF3 in fibroblasts cultured alone (lane F/F) was nearly undetectable by
microarray. In contrast, when fibroblasts were co-cultured with keratinocytes
(lane K/F), fibroblast expression of CSF3 was significantly increased (45.00 +
5.00 vs. 0.25 £ 0.05; n=3; p<0.05). Although modulated expression of other
genes was also observed, in order to focus our investigations only CSF3 was

further characterized in this chapter.
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Figure 3-1. DNA microarray analysis reveals upregulated cytokine
expression in dermal fibroblasts co-cultured with keratinocytes.

Following 24 h of co-culture time, RNA was extracted from fibroblasts in the bottom
chambers. Co-culture settings (lane K/F) are comprised of keratinocytes grown on plate
inserts with fibroblasts grown in the plate wells. Panel A: DNA microarray analysis was
utilized to assess the expression of key human cytokines and growth factors. Panel B:
Genes with more than a 2-fold increase are presented in a bar chart (n=3, * p<0.05). -

actin and GAPDH were utilized as internal controls across all replicates.

Analysis of CSF3/G-CSF expression in dermal fibroblasts co-cultured with
keratinocytes

To further confirm the results of the DNA microarray, dermal fibroblasts
and keratinocytes were seeded in co-culture systems as previously described. To
analyze gene expression using RT-PCR, cells were harvested following 24 h of
co-culture time, and total RNA was reverse transcribed to cDNA (as described in
Materials & Methods). The CSF3 gene was amplified along with p-actin to serve

as an internal control. The results presented in Fig.3-2 panel A reveal that, when
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co-cultured with keratinocytes (lane K/F), fibroblasts express nearly 7-fold higher
levels of the CSF3 gene compared to fibroblasts alone (lane F/F) (1.00 £ 0.07 vs.

0.15 + 0.08; n=3; p<0.01).

In order to examine the level of fibroblast-releasable G-CSF protein,
fibroblasts were co-cultured with keratinocytes for 48 h, at which point CM
samples were collected and processed as described in the Materials & Methods.
Samples were loaded by equal volume (10 ul) and subjected to western blot
analysis. The results shown in Fig.3-2 panel B demonstrate that co-cultured
fibroblasts (lane K/F) release markedly higher levels of G-CSF protein into their
surrounding CM than fibroblasts in the control setting (lane F/F) (2.90 £ 1.25 vs.
0.58 + 0.12; n=2). The absence of p-actin extracellularly indicates that the

presence of G-CSF protein is unlikely to be due to cellular disruption.
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Figure 3-2. Dermal fibroblasts express higher levels of CSF3/G-CSF when

co-cultured with keratinocytes.

Panel A: To analyze the gene expression level, keratinocytes and fibroblasts were co-

cultured for 24 h and total RNA was extracted from fibroblasts. Co-culture settings (lane

K/F) are comprised of keratinocytes grown on plate inserts with fibroblasts grown in the

plate wells. Samples were processed and RT-PCR analysis was conducted using

primers for CSF3 and p-actin as an internal reference (n=3, p<0.01). Panel B: For

western blot analysis, CM was collected from co-culture systems following 48 h of co-

culture time. A volume of 10 ul per sample was subjected to SDS-PAGE analysis (n=2).

Blots were also exposed to p-actin in order to exclude the possibility of cellular disruption.
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Differentiation-state of keratinocytes impacts their release of CSF3-
stimulatory factor(s) for dermal fibroblasts

Firstly, in order to assess whether immortalized keratinocyte cell lines
have the capacity to stimulate CSF3 expression in dermal fibroblasts, we treated
dermal fibroblasts with CM collected from either immortalized HaCat
keratinocytes or primary human keratinocytes. Treatment of fibroblasts and
experimental control settings were conducted as described in the Materials &
Methods. In brief, total RNA was harvested from fibroblasts following 24 h of
treatment time, and samples were reverse transcribed to cDNA and subjected to
RT-PCR analysis. The CSF3 gene was amplified in addition to p-actin to serve
as an internal control. Fig.3-3 panel A reveals that CM collected from HaCat cells
does not stimulate fibroblasts to express CSF3 (n=3; p>0.05). In contrast, KCM
collected from primary human keratinocytes significantly increases the CSF3
expression in dermal fibroblasts compared to the control media (1.10 £ 0.13 vs.

undetectable; n=3; p<0.01).

Next, to assess whether keratinocyte differentiation-state has an impact
upon their capacity to release fibroblast CSF3-stimulating-factor(s), we cultured
primary keratinocytes in high-calcium growth medium in order to stimulate the
differentiation process (as described in Materials & Methods). As previously
established by our group (87), keratinocytes achieve full differentiation at
approximately 10 days post-induction. Accordingly, we chose to collect KCM
every 24 h until day 10; the KCM samples from days 1, 3, 5, 7, and 10 were then

used for treatment of dermal fibroblasts (as described in Materials & Methods).
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Following 24 h of treatment time, total RNA was harvested from fibroblasts, and
samples were reverse transcribed to cDNA then subjected to RT-PCR analysis
using primers for CSF3 and B-actin as an internal control. Fig.3-3 panel B shows
that KCM from day 1 (lane D1) appears to be the most potent stimulator of CSF3
expression in fibroblasts relative to the control (lane FC2) (1.11 £ 0.11 vs.
undetectable; n=4; p<0.01). Interestingly, KCM collected from day 7 (lane D7)
produced moderate stimulation of CSF3 activity in fibroblasts versus the control
(lane FC2) (0.65 + 0.30 vs. undetectable; n=4; p<0.01). KCM from day 10 (/ane
D10) was also observed to produce weak levels of CSF3 stimulation (0.26 + 0.24

vs. undetectable; n=4; p>0.05).
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Figure 3-3. Expression of keratinocyte-releasable CSF3-stimulatory factor(s)

varies with keratinocyte differentiation-state.

Following treatments with KCM for 24 h, total RNA was extracted from fibroblasts and
RT-PCR was performed using primers for CSF3 and p-actin as an internal reference.
Panel A: Fibroblasts were treated with conditioned medium collected from either
immortalized HaCat keratinocytes (n=3, p>0.05) or primary human keratinocytes (n=3, *

p<0.01). Panel B: Following inducing keratinocytes to differentiate using high-calcium
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growth medium, KCM samples collected from days 1, 3, 5, 7, and 10 were used to treat

dermal fibroblasts (n=4, ** p<0.01, *** p<0.01).

Partial characterization of keratinocyte-releasable CSF3-stimulatory
factor(s) for dermal fibroblasts

In order to partially characterize the keratinocyte-releasable factor(s)
responsible for stimulating CSF3 expression in dermal fibroblasts, we subjected
KCM collected from primary keratinocytes to ammonium sulfate precipitation and
heat treatment techniques prior to treating dermal fibroblasts (as described in
Materials & Methods). Total RNA was harvested from fibroblasts following 24 h of
treatment time, and samples were reverse transcribed to cDNA and subjected to
RT-PCR analysis. The CSF3 gene was amplified in addition to p-actin to serve

as an internal control.

Fig.3-4 panel A demonstrates that, when used to treat fibroblasts, a 50%
concentration of ammonium sulfate (lane 50) provides the most effective
precipitation of CSF3-stimulatory factor(s) in the CM compared to the positive

control setting (lane KCM) (0.84 vs. 1.06; n=1).

Interestingly, Fig.3-4 panel B reveals that the keratinocyte-releasable
factor(s) responsible for stimulating CSF3 expression in dermal fibroblasts
significantly increased in potency when KCM was heat treated at 56°C for 30 min
(lane 56 °C) compared to the positive control (lane KCM) (0.99 + 0.08 vs. 0.57 *
0.09; n=5; p<0.01). However, as seen in Fig.3-4 panel C, the CSF3-stimulatory

capacity of keratinocyte-releasable factors are abolished relative to the control

64



setting (lane KCM) (0.05 = 0.02 vs. 1.02 £ 0.02; n=3; p<0.01) when KCM is

treated for 5 min at 95°C (lane 95 °C).
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Figure 3-4. Partial characterization of keratinocyte-releasable CSF3-

stimulatory factor(s) for dermal fibroblasts.

Dermal fibroblasts were treated with varying types of KCM. Total RNA was extracted
from the cells after 24 h of treatment time and RT-PCR was performed using primers for
CSF3 and p-actin as an internal reference. Panel A: Prior to treating fibroblasts with
KCM, it was subjected to varying percentages of ammonium sulfate in order to evaluate

the CSF3-stimulatory capacity of precipitated proteins (n=1). Panel B: KCM was heat
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treated at 56°C for 30 min before treating fibroblasts (n=5, * p<0.01). Panel C: KCM

used to treat fibroblasts was heat treated at 95°C for 5 min (n=3, ** p<0.01).

Assessing IL-1 as a potential keratinocyte-releasable CSF3-stimulatory
factor for dermal fibroblasts

To investigate the role of IL-1 alpha or beta as potential candidates for the
keratinocyte-releasable factor(s) responsible for stimulating CSF3 activity in
dermal fibroblasts, we utilized an IL-1 receptor antagonist to block the function of
IL-1 in the KCM samples used to treat fibroblasts. rhiL-1p was also used to treat
fibroblasts both in the presence and exclusion of the IL-1ra. Treatment of
fibroblasts and control settings were conducted as described in the Materials &
Methods. Total RNA was harvested from fibroblasts following 24 h of treatment
time, and samples were reverse transcribed to cDNA and subjected to RT-PCR
analysis. The CSF3 gene was amplified in addition to p-actin to serve as an
internal control. Fig.3-5 demonstrates that the addition of IL-1ra to KCM (lane
KCM + IL-1ra) results in a dramatic reduction of CSF3 expression in dermal
fibroblasts compared to unaltered KCM (lane KCM) (0.32 vs. 0.80; n=1). Likewise,
when IL-1ra was added to rhiL-1p samples used to treat fibroblasts (lane rhiIL-15
+ IL-1ra), a similar reduction in CSF3-stimulatory capacity was observed versus
rhiL-1p alone (lane rhiL-16) (0.20 vs. 0.42; n=1). Interestingly, the results also
revealed that the CSF3-stimulatory capacity for fibroblasts is markedly greater in
KCM (lane KCM) compared to rhiL-1p applied at a dosage of 50 pg/ml (lane rhiL-

1B) (0.80 vs. 0.42; n=1).
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Figure 3-5. CSF3 expression in dermal fibroblasts treated in the
presence/absence of KCM, recombinant human IL-18 and IL-1 receptor
antagonist.

Dermal fibroblasts were treated with combinations of either KCM or rhIL-1p [50 pg/ml] in
the presence/absence of IL-1ra [1 ng/ml]. Following 24 h of treatment time, total RNA
was extracted from fibroblasts and RT-PCR was performed using primers for CSF3 and

p-actin as an internal reference (n=1).
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Discussion

CSF3, also known as granulocyte colony-stimulating factor (G-CSF), is a
19 KDa protein that can be produced by numerous cell types including
monocytes (63, 89-91), lymphocytes (92), bone marrow stromal cells (BMSCs)
(93), endothelial cells (94) and fibroblasts (63, 95, 96). While the main function of
G-CSF is to induce the production of granulocytes in bone marrow (97), it is also
known to stimulate mobilization of bone marrow derived cells into the peripheral
bloodstream and recruit them to sites of traumatic injury (64). Secondary effects
of G-CSF such as its ability to promote keratinocyte proliferation have also been
recognized (66, 67). Although some cells such as peripheral blood monocytes
and BMSCs constitutively express low levels of CSF3/G-CSF, endothelial cells
and fibroblasts require stimuli such as lipopolysaccharide (LPS), TNF-a or IL-1 in
order to produce detectable levels of the protein (95, 98-100). It has also been
demonstrated that IL-1 is a more potent G-CSF-stimulatory factor for fibroblasts
compared to LPS, while the converse is true for stimulating G-CSF expression in

monocytes (100).

In this study we utilized a co-culture system in order to evaluate the
capacity of keratinocytes to stimulate the expression of CSF3/G-CSF in dermal
fibroblasts. Our results confirmed that fibroblasts are able to produce G-CSF
under the appropriate stimuli (such as rhiL-18), and further demonstrated in a
novel fashion that fibroblasts co-cultured with keratinocytes express high levels
of CSF3. To characterize the keratinocyte-releasable factor(s) responsible for

stimulating CSF3 expression in fibroblasts, we selected IL-1 as a candidate due
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to its ability to stimulate CSF3 expression in various cell types in addition to its
important role in keratinocyte-fibroblast wound healing interactions. When the
epidermal barrier is injured or disrupted, keratinocytes release pre-stored IL-1
into their surrounding environment which signals the damage to nearby cells —
this stimulates host defense mechanisms in addition to promoting keratinocyte
proliferation, fibrosis and scarring (69, 101, 102). In a related context, it has been
reported that keratinocyte-derived IL-1 can induce fibroblasts to produce
cytokines and growth factors such as CSF2/GM-CSF, which in turn modulates
epithelial migration and proliferation (36, 60, 103). The findings of our study
showed that IL-1 is predominantly responsible for the observed upregulation of
CSF3 expression in fibroblasts co-cultured with keratinocytes. Furthermore, KCM
continues to produce moderate induction of CSF3 expression in fibroblasts, even
in the presence of an IL-1 receptor antagonist. This phenomenon can be
attributed to the possible presence of other keratinocyte-releasable factors such
as TNF-a that may partially contribute to the CSF3-stimulatory effect in dermal

fibroblasts.

Our theory that keratinocyte-releasable IL-1 is the predominant CSF3-
stimulating factor for fibroblasts was further supported by our investigations into
keratinocyte differentiation-state. The findings of our study revealed that KCM
collected from undifferentiated keratinocytes (lane D1, Fig.3-3 panel B) was the
most potent stimulator of CSF3 expression in fibroblasts — this interestingly
correlates with previous publications demonstrating that undifferentiated

keratinocytes express significantly higher levels of IL-1c. in comparison to
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differentiated keratinocytes (101, 104, 105). This endogenous production of IL-1
is in contrast to other known CSF3-stimulatory factors that are producible by
keratinocytes such as TNF-a, which is predominantly released in response to

stimuli such as LPS or ultraviolet light (106).

Interestingly, the activity of KCM is stable at typical denaturing
temperatures (56°C), and remains stable through to 95°C, at which point the
activity of the CSF-stimulatory factors are lost. Heat treatment of KCM in fact
augmented the efficacy of the treatment media to induce CSF3 in fibroblasts,
which was contrary to what would be expected if IL-1a. was the sole factor
responsible. It is possible that IL-1a. stabilizing co-factors are responsible for the
increased heat-resistance — if released upon heating they could potentially
render a more active form of interleukin-1 following heat treatment at 56°C. This
is similar to effects of heat shock proteins and HIF-1a stabilization intracellularly
(107). In a similar fashion other cytokines have been known to rest in dormant
states, extracellularly bound to matrix components and glycoproteins that are
cleaved following trauma, and in this case heat treatment may denature any
bound component while preserving active sites on IL-1 or other CSF3 stimulating

factors and cytokines (108, 109).

We theorize that the versatile ability of G-CSF to induce: granulopoiesis,
mobilization to the site of injury, and epithelial proliferation, are all potential
mechanisms that may explain its beneficial effects when used therapeutically

under clinical settings. In conclusion, our findings demonstrate that keratinocyte-
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releasable IL-1 is a potent stimulator of CSF3/G-CSF expression in dermal
fibroblasts. Considered in combination with the therapeutic potential of G-CSF,
our results further underscore the importance of epidermal-mesenchymal
communication throughout the stages of wound healing. The observation that
keratinocyte-releasable IL-1 plays an important mechanistic role during CSF3
induction in co-cultured dermal fibroblasts has implications towards the
development of novel wound healing strategies in addition to furthering our

understanding of the dynamic wound healing process.
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Chapter 4. Conclusion and Suggestions for Future Work

General Discussion

Communication between keratinocytes and fibroblasts plays an integral
role in the process of epithelialization and wound healing. In the case of injury to
the skin, it has been demonstrated that delays in the epithelialization process
may lead to an increased risk of fibrosis (39). This signifies that without adequate
wound coverage, extracellular matrix components continue to accumulate until
dermal fibroblasts receive signal(s) from epidermal keratinocytes. These signals
slow down the dynamic healing process and eventually lead to maturation and
remodeling of the healing wound (40). Under normal conditions, structural
integrity is maintained by adhering to a fine balance between the synthesis of

ECM components and their respective degradation by MMPs.

Our group previously demonstrated that keratinocyte releasable 14-3-3 o
functions as a potent MMP-1, 3, 8, 10 and 24 stimulating factor for dermal
fibroblasts (52, 53). However, the possibility of dermal fibroblasts influencing the
expression and release of 14-3-3 proteins in keratinocytes had never been
explored. Based on prior findings, we selected 14-3-3 o, 3,  and y isoforms, and
in a converse fashion, aimed to assess whether their levels of expression in

keratinocytes are altered in response to fibroblast releasable factors.

The results shown in Chapter 2 suggest that intracellular levels of 14-3-3
and m proteins in keratinocytes are not altered by the presence of co-cultured

dermal fibroblasts. In contrast, intracellular levels of 14-3-3 y were found to
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increase in keratinocytes co-cultured with fibroblasts compared to that of mono-
cultured keratinocytes. These findings were further confirmed by qPCR. Given
the role of 14-3-3 y as a PKC inhibitor in conjunction with the contractile effects of
PKC in various tissue types, we theorize that keratinocyte-releasable 14-3-3 y
may possess important properties as an anti-contractile factor and thus as an

anti-fibrogenic factor in wound healing.

It was also demonstrated that fibroblasts have the capacity to influence
the expression of certain MMP-1 stimulating factors such as 14-3-3 oin
keratinocytes. Further investigations suggested that dermal fibroblasts regulate
14-3-3 o expression in keratinocytes through several of the MAPK signaling
pathways. Collectively, our findings suggest dermal fibroblasts may release
factor(s) that cause upregulation of 14-3-3 y and o expression in human
keratinocytes. The findings outlined in Chapter 2 suggest that epidermal-
mesenchymal communication, with specific respect to the 14-3-3 proteins, is in
fact a double-paracrine scenario with crosstalk occurring between the two cell

types.

In Chapter 3 we evaluated the capacity of keratinocytes to stimulate the
expression of CSF3/G-CSF in dermal fibroblasts. Our results demonstrated in a
novel fashion that fibroblasts co-cultured with keratinocytes express high levels
of CSF3. In order to characterize the keratinocyte-releasable factor(s)
responsible for stimulating CSF3 expression in fibroblasts, we selected IL-1 as a

candidate due to its CSF3-stimulatory capacity in various cell types. When the
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epidermal barrier is injured or disrupted, keratinocytes release pre-stored IL-1
into their surrounding environment which signals the damage to nearby cells —
this stimulates host defense mechanisms in addition to promoting keratinocyte
proliferation, fibrosis and scarring (69, 101, 102). Additionally, it has been
reported that keratinocyte-derived IL-1 can induce fibroblasts to produce
cytokines and growth factors such as CSF2/GM-CSF, which in turn modulates
epithelial migration and proliferation (36, 60, 103). We demonstrated that
keratinocyte-releasable IL-1 is a potent stimulator of CSF3 expression in
fibroblasts. Based on the observation that KCM still produces moderate induction
of CSF3 expression in fibroblasts even in the presence of IL-1ra, we recognize
that several other keratinocyte-releasable factors such as TNF-a may also

contribute to CSF3 upregulation in dermal fibroblasts.

We theorize that the versatile ability of G-CSF to induce: granulopoiesis,
mobilization to the site of injury, and epithelial proliferation, are all potential
mechanisms that may explain its therapeutic effects on healing wounds. The
results outlined in Chapter 3 demonstrate that keratinocyte-releasable IL-1 is a
potent stimulator of CSF3/G-CSF expression in dermal fibroblasts. When
considered along with the recognized therapeutic potential of G-CSF, this
highlights the importance of epidermal-mesenchymal communication throughout

the wound healing process.

The central objective to this research project has been to examine the
intricacies of bidirectional communication between keratinocytes and dermal

fibroblasts, specifically in regard to critical wound healing factors. Considered as
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a whole, we believe that the results presented in this thesis have positive
implications towards the development of novel wound healing strategies to

reduce fibrosis, and also towards gaining a more complete understanding of the

complex tissue remodelling process.
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Suggestions for Future Work

Although this body of work has provided novel insight into several aspects

of epidermal-mesenchymal crosstalk during wound healing, it is apparent that

this may represent a mere starting point for future research. We acknowledge

that further experimentation will be necessary in order to translate these findings

towards potential wound healing therapies. The following are several suggestions

that may advance our current conclusions:

In Chapter 2, we showed that keratinocytes co-cultured with dermal
fibroblasts express significantly higher levels of 14-3-3 o and y compared
to mono-cultured keratinocytes. Further mechanistic investigation
(pathways other than MAPK) is warranted in order to better understand
the cellular processes underlying the ability of fibroblasts to stimulate the
expression of 14-3-3 o and vy in keratinocytes. Partial-characterization of
the fibroblast-releasable factor(s) responsible (i.e. size exclusion, pH &
temperature stability analyses) could potentially lead to the eventual
identification of the specific factor(s) that stimulate 14-3-3 production in
keratinocytes.

In Chapter 3, we revealed that fibroblasts express CSF3/G-CSF when
co-cultured with keratinocytes; specifically showing that keratinocyte-
releasable IL-1 is an important part of this mechanism. In order to further
characterize this paracrine process, a logical progression from our
current findings would be to first evaluate the amount of IL-1 produced

by keratinocytes, followed by dose-response experiments on fibroblasts
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in order to determine the ideal concentration of IL-1 for stimulating G-
CSF production in fibroblasts. Correlating the results of these follow-up
studies would assist in determining the precise involvement of
keratinocyte-releasable IL-1 throughout this process.

Additional mechanistic investigations wusing intracellular signaling
inhibitors would improve our understanding in regards to the signal
transduction events involved with stimulation of G-CSF production in
dermal fibroblasts. Such information is likely to assist in characterization
of the keratinocyte-releasable factors involved, and is also a necessary
component of fully understanding the potential roles of G-CSF during

wound healing and tissue remodeling.

7



References

1. Proksch E, Brandner JM and Jensen JM: The skin: an indispensable
barrier. Exp Dermatol 17: 1063-72, 2008.

2. Stadelmann WK, Digenis AG and Tobin GR: Physiology and healing
dynamics of chronic cutaneous wounds. Am J Surg 176: 26S-38S, 1998.

3. Singer AJ and Clark RA: Cutaneous wound healing. N Engl J Med 341:
738-46, 1999.

4. Diegelmann RF and Evans MC: Wound healing: an overview of acute,
fibrotic and delayed healing. Front Biosci 9: 283-9, 2004.

5. Kanzler MH, Gorsulowsky DC and Swanson NA: Basic mechanisms in the
healing cutaneous wound. J Dermatol Surg Oncol 12: 1156-64, 1986.

6. Stein JM and Levenson SM: Effect of the inflammatory reaction on
subsequent wound healing. Surg Forum 17: 484-5, 1966.

7. Barker JN, Mitra RS, Griffiths CE, Dixit VM and Nickoloff BJ: Keratinocytes
as initiators of inflammation. Lancet 337: 211-4, 1991.

8. Eming SA, Krieg T and Davidson JM: Inflammation in wound repair:
molecular and cellular mechanisms. J Invest Dermatol 127: 514-25, 2007.

9. Vowden K and Vowden P: Wound bed preparation. In: World Wide
Wounds - http://www.worldwidewounds.com/2002/april/\Vowden/Wound-Bed-
Preparation.html, 2002.

10. Roberts AB and Sporn MB: Physiological actions and clinical applications
of transforming growth factor-beta (TGF-beta). Growth Factors 8: 1-9, 1993.

11. Roberts AB, McCune BK and Sporn MB: TGF-beta: regulation of
extracellular matrix. Kidney Int 41: 557-9, 1992.

12.  Hall MC, Young DA, Waters JG, Rowan AD, Chantry A, Edwards DR and
Clark IM: The comparative role of activator protein 1 and Smad factors in the
regulation of Timp-1 and MMP-1 gene expression by transforming growth factor-
beta 1. J Biol Chem 278: 10304-13, 2003.

13.  Werner S and Grose R: Regulation of wound healing by growth factors
and cytokines. Physiol Rev 83: 835-70, 2003.

14. Yates RA, Nanney LB, Gates RE and King LE, Jr.: Epidermal growth
factor and related growth factors. Int J Dermatol 30: 687-94, 1991.

15. Schultz G, Rotatori DS and Clark W: EGF and TGF-alpha in wound
healing and repair. J Cell Biochem 45: 346-52, 1991.

16. Greiling D and Clark RA: Fibronectin provides a conduit for fibroblast
transmigration from collagenous stroma into fibrin clot provisional matrix. J Cell
Sci 110 ( Pt 7): 861-70, 1997.

17.  Clark RA: Fibrin and wound healing. Ann N Y Acad Sci 936: 355-67, 2001.
18. Clark RA, Nielsen LD, Welch MP and McPherson JM: Collagen matrices
attenuate the collagen-synthetic response of cultured fibroblasts to TGF-beta. J
Cell Sci 108 ( Pt 3): 1251-61, 1995.

19. Ghahary A, Shen YJ, Nedelec B, Wang R, Scott PG and Tredget EE:
Collagenase production is lower in post-burn hypertrophic scar fibroblasts than in
normal fibroblasts and is reduced by insulin-like growth factor-1. J Invest
Dermatol 106: 476-81, 1996.

78



20. Ghahary A and Ghaffari A: Role of keratinocyte-fibroblast cross-talk in
development of hypertrophic scar. Wound Repair Regen 15 Suppl 1: S46-53,
2007.

21. Tonnesen MG, Feng X and Clark RA: Angiogenesis in wound healing. J
Investig Dermatol Symp Proc 5: 40-6, 2000.

22. Battegay EJ: Angiogenesis: mechanistic insights, neovascular diseases,
and therapeutic prospects. J Mol Med (Berl) 73: 333-46, 1995.

23.  Welch MP, Odland GF and Clark RA: Temporal relationships of F-actin
bundle formation, collagen and fibronectin matrix assembly, and fibronectin
receptor expression to wound contraction. J Cell Biol 110: 133-45, 1990.

24. Parks WC: Matrix metalloproteinases in repair. Wound Repair Regen 7:
423-32, 1999.

25. lozzo RV: Matrix proteoglycans: from molecular design to cellular function.
Annu Rev Biochem 67: 609-52, 1998.

26. Gelse K, Poschl E and Aigner T: Collagens--structure, function, and
biosynthesis. Adv Drug Deliv Rev 55: 1531-46, 2003.

27. Cook H, Davies KJ, Harding KG and Thomas DW: Defective extracellular
matrix reorganization by chronic wound fibroblasts is associated with alterations
in TIMP-1, TIMP-2, and MMP-2 activity. J Invest Dermatol 115: 225-33, 2000.

28. Di Lullo GA, Sweeney SM, Korkko J, Ala-Kokko L and San Antonio JD:
Mapping the ligand-binding sites and disease-associated mutations on the most
abundant protein in the human, type | collagen. J Biol Chem 277: 4223-31, 2002.
29. Prockop DJ and Kivirikko Kl: Collagens: molecular biology, diseases, and
potentials for therapy. Annu Rev Biochem 64: 403-34, 1995.

30. Karsenty G and Park RW: Regulation of type | collagen genes expression.
Int Rev Immunol 12: 177-85, 1995.

31. Nagase H and Woessner JF, Jr.: Matrix metalloproteinases. J Biol Chem
274:21491-4, 1999.

32.  Murphy G, Knauper V, Atkinson S, Butler G, English W, Hutton M, Stracke
J and Clark I: Matrix metalloproteinases in arthritic disease. Arthritis Res 4 Suppl
3: S39-49, 2002.

33. Scott PG, Ghahary A and Tredget EE: Molecular and cellular aspects of
fibrosis following thermal injury. Hand Clin 16: 271-87, 2000.

34. Johnson-Wint B: Do Keratinocytes Regulate Fibroblast Collagenase
Activities During Morphogenesis? Annals of the New York Academy of Sciences
548: 167-173, 1988.

35.  Finch PW, Rubin JS, Miki T, Ron D and Aaronson SA: Human KGF is
FGF-related with properties of a paracrine effector of epithelial cell growth.
Science 245: 752-5, 19809.

36. Werner S, Krieg T and Smola H: Keratinocyte-Fibroblast Interactions in
Wound Healing. J Invest Dermatol 127: 998-1008, 2007.

37. Hubner G, Hu Q, Smola H and Werner S: Strong induction of activin
expression after injury suggests an important role of activin in wound repair. Dev
Biol 173: 490-8, 1996.

38.  Nowinski D, Lysheden AS, Gardner H, Rubin K, Gerdin B and lvarsson M:
Analysis of gene expression in fibroblasts in response to keratinocyte-derived

79



factors in vitro: potential implications for the wound healing process. J Invest
Dermatol 122: 216-21, 2004.

39. Deitch EA, Wheelahan TM, Rose MP, Clothier J and Cotter J:
Hypertrophic burn scars: analysis of variables. J Trauma 23: 895-8, 1983.

40. Machesney M, Tidman N, Waseem A, Kirby L and Leigh I: Activated
keratinocytes in the epidermis of hypertrophic scars. Am J Pathol 152: 1133-41,
1998.

41. Mhawech P: 14-3-3 proteins--an update. Cell Res 15: 228-36, 2005.

42. Morrison DK: The 14-3-3 proteins: integrators of diverse signaling cues
that impact cell fate and cancer development. Trends Cell Biol 19: 16-23, 20009.
43. Yaffe MB, Rittinger K, Volinia S, Caron PR, Aitken A, Leffers H, Gamblin
SJ, Smerdon SJ and Cantley LC: The structural basis for 14-3-3:phosphopeptide
binding specificity. Cell 91: 961-71, 1997.

44. Toker A, Ellis CA, Sellers LA and Aitken A: Protein kinase C inhibitor
proteins. Purification from sheep brain and sequence similarity to lipocortins and
14-3-3 protein. Eur J Biochem 191: 421-9, 1990.

45. Ichimura T, Isobe T, Okuyama T, Yamauchi T and Fujisawa H: Brain 14-3-
3 protein is an activator protein that activates tryptophan 5-monooxygenase and
tyrosine 3-monooxygenase in the presence of Ca2+,calmodulin-dependent
protein kinase Il. FEBS Lett 219: 79-82, 1987.

46. Ichimura T, Isobe T, Okuyama T, Takahashi N, Araki K, Kuwano R and
Takahashi Y: Molecular cloning of cDNA coding for brain-specific 14-3-3 protein,
a protein kinase-dependent activator of tyrosine and tryptophan hydroxylases.
Proc Natl Acad Sci U S A 85: 7084-8, 1988.

47. Chan TA, Hermeking H, Lengauer C, Kinzler KW and Vogelstein B: 14-3-
3Sigma is required to prevent mitotic catastrophe after DNA damage. Nature
401: 616-20, 1999.

48. Hermeking H, Lengauer C, Polyak K, He TC, Zhang L, Thiagalingam S,
Kinzler KW and Vogelstein B: 14-3-3 sigma is a p53-regulated inhibitor of G2/M
progression. Mol Cell 1: 3-11, 1997.

49. Leffers H, Madsen P, Rasmussen HH, Honore B, Andersen AH, Walbum
E, Vandekerckhove J and Celis JE: Molecular cloning and expression of the
transformation sensitive epithelial marker stratifin. A member of a protein family
that has been involved in the protein kinase C signalling pathway. J Mol Biol 231:
982-98, 1993.

50. Martens GJ, Piosik PA and Danen EH: Evolutionary conservation of the
14-3-3 protein. Biochem Biophys Res Commun 184: 1456-9, 1992.

51. Kilani R, Medina A, Aitken A, Jalili R, Carr M and Ghahary A: Identification
of different isoforms of 14-3-3 protein family in human dermal and epidermal
layers. Molecular and Cellular Biochemistry 314: 161-169, 2008.

52. Ghahary A, Karimi-Busheri F, Marcoux Y, Li Y, Tredget EE, Taghi Kilani R,
Li L, Zheng J, Karami A, Keller BO and Weinfeld M: Keratinocyte-releasable
stratifin functions as a potent collagenase-stimulating factor in fibroblasts. J
Invest Dermatol 122: 1188-97, 2004.

80



53. Ghaffari A, Li Y, Karami A, Ghaffari M, Tredget EE and Ghahary A:
Fibroblast extracellular matrix gene expression in response to keratinocyte-
releasable stratifin. J Cell Biochem 98: 383-93, 2006.

54. Chavez-Munoz C, Morse J, Kilani R and Ghahary A: Primary human
keratinocytes externalize stratifin protein via exosomes. J Cell Biochem 104:
2165-73, 2008.

55. Chavez-Munoz C, Kilani RT and Ghahary A: Profile of exosomes related
proteins released by differentiated and undifferentiated human keratinocytes. J
Cell Physiol: 2009.

56. Lam E, Kilani RT, Li Y, Tredget EE and Ghahary A: Stratifin-induced
matrix metalloproteinase-1 in fibroblast is mediated by c-fos and p38 mitogen-
activated protein kinase activation. J Invest Dermatol 125: 230-8, 2005.

57. Ghaffari A, Li Y, Kilani RT and Ghahary A: 14-3-3 sigma associates with
cell surface aminopeptidase N in the regulation of matrix metalloproteinase-1. J
Cell Sci 123: 2996-3005, 2010.

58. Tabbara IA: Granulocyte colony-stimulating factor. South Med J 86: 350-5,
1993.

59. Nicola NA: Granulocyte colony-stimulating factor. Immunol Ser 49: 77-109,
1990.

60. Pertusi G, Tiberio R, Graziola F, Boggio P, Colombo E and Bozzo C:
Selective release of cytokines, chemokines, and growth factors by minced skin in
vitro supports the effectiveness of autologous minced micrografts technique for
chronic ulcer repair. Wound Repair Regen 20: 178-84, 2012.

61. Cruciani M, Lipsky BA, Mengoli C and de Lalla F: Granulocyte-colony
stimulating factors as adjunctive therapy for diabetic foot infections. Cochrane
Database Syst Rev: CD006810, 2009.

62. Thomas J, Liu F and Link DC: Mechanisms of mobilization of
hematopoietic progenitors with granulocyte colony-stimulating factor. Curr Opin
Hematol 9: 183-9, 2002.

63. Sallerfors B and Olofsson T: Granulocyte-macrophage colony-stimulating
factor (GM-CSF) and granulocyte colony-stimulating factor (G-CSF) secretion by
adherent monocytes measured by quantitative immunoassays. Eur J Haematol
49: 199-207, 1992.

64. Hannoush EJ, Sifri ZC, Elhassan 10, Mohr AM, Alzate WD, Offin M and
Livingston DH: Impact of enhanced mobilization of bone marrow derived cells to
site of injury. J Trauma 71: 283-9; discussion 289-91, 2011.

65. Sallerfors B: Endogenous production and peripheral blood levels of
granulocyte-macrophage (GM-) and granulocyte (G-) colony-stimulating factors.
Leuk Lymphoma 13: 235-47, 1994.

66. Grey JE and Harding KG: ABC of Wound Healing. Wiley & Sons, 2006, p.
44.

67. Kawada A, Hiruma M, Noguchi H, Ishibashi A, Motoyoshi K and Kawada I:
Granulocyte and macrophage colony-stimulating factors stimulate proliferation of
human keratinocytes. Arch Dermatol Res 289: 600-2, 1997.

68. Simsek S, Canter HI, Konas E, Korkusuz P, Demir D, Oner F, Unsal | and
Mavili ME: A new concept in treatment of burn injury: controlled slow-release

81



granulocyte-monocyte colony-stimulating factor chitosan gel system. Ann Plast
Surg 67: 583-8, 2011.

69. Barrientos S, Stojadinovic O, Golinko MS, Brem H and Tomic-Canic M:
Growth factors and cytokines in wound healing. Wound Repair Regen 16: 585-
601, 2008.

70. Mery L, Girot R and Aractingi S: Topical effectiveness of molgramostim
(GM-CSF) in sickle cell leg ulcers. Dermatology 208: 135-7, 2004.

71.  Payne WG, Ochs DE, Meltzer DD, Hill DP, Mannari RJ, Robson LE and
Robson MC: Long-term outcome study of growth factor-treated pressure ulcers.
Am J Surg 181: 81-6, 2001.

72.  Bianchi L, Ginebri A, Hagman JH, Francesconi F, Carboni | and Chimenti
S: Local treatment of chronic cutaneous leg ulcers with recombinant human
granulocyte-macrophage colony-stimulating factor. J Eur Acad Dermatol
Venereol 16: 595-8, 2002.

73. Cianfarani F, Tommasi R, Failla CM, Viviano MT, Annessi G, Papi M,
Zambruno G and Odorisio T: Granulocyte/macrophage colony-stimulating factor
treatment of human chronic ulcers promotes angiogenesis associated with de
novo vascular endothelial growth factor transcription in the ulcer bed. Br J
Dermatol 154: 34-41, 2006.

74.  Fernberg JO, Brosjo O, Friesland S and Masucci G: GM-CSF at relatively
high topic concentrations can significantly enhance the healing of surgically
induced chronic wounds after radiotherapy. Med Oncol 18: 231-5, 2001.

75. Baldelli CM, Ruella M, Scuderi S, Monni M, Passera R, Omede P and
Tarella C: A short course of granulocyte-colony-stimulating factor to accelerate
wound repair in patients undergoing surgery for sacrococcygeal pilonidal cyst:
proof of concept. Cytotherapy: 2012.

76. Wang Y, Sun Y, Yang XY, Ji SZ, Han S and Xia ZF: Mobilised bone
marrow-derived cells accelerate wound healing. Int Wound J: 2012.

77. Yuan W and Liu Z: Surgical wound healing using hemostatic gauze
scaffold loaded with nanoparticles containing sustained-release granulocyte
colony-stimulating factor. Int J Nanomedicine 6: 3139-49, 2011.

78. Spadaccio C, Rainer A, De Porcellinis S, Centola M, De Marco F, Chello
M, Trombetta M and Genovese JA: A G-CSF functionalized PLLA scaffold for
wound repair: An in vitro preliminary study. Conf Proc IEEE Eng Med Biol Soc
2010: 843-6, 2010.

79.  Viswanath L, Bindhu J, Krishnamurthy B and Suresh KP: Granulocyte-
Colony Stimulating Factor (G-CSF) accelerates healing of radiation induced
moist desquamation of the skin. Klin Onkol 25: 199-205, 2012.

80. Li M, Moeen Rezakhanlou A, Chavez-Munoz C, Lai A and Ghahary A:
Keratinocyte-releasable factors increased the expression of MMP1 and MMP3 in
co-cultured fibroblasts under both 2D and 3D culture conditions. Mol Cell
Biochem: 2009.

81.  Karimi-Busheri F, Marcoux Y, Tredget EE, Li L, Zheng J, Ghoreishi M,
Weinfeld M and Ghahary A: Expression of a releasable form of annexin Il by
human keratinocytes. J Cell Biochem 86: 737-47, 2002.

82



82. Su QJ, Chen XW, Chen ZB and Sun SG: Involvement of ERK1/2 and p38
MAPK in up-regulation of 14-3-3 protein induced by hydrogen peroxide
preconditioning in PC12 cells. Neurosci Bull 24: 244-50, 2008.

83. Ghahary A, Marcoux Y, Karimi-Busheri F, Li Y, Tredget EE, Kilani RT,
Lam E and Weinfeld M: Differentiated Keratinocyte-Releasable Stratifin (14-3-3
Sigma) Stimulates MMP-1 Expression in Dermal Fibroblasts. J Investig Dermatol
124: 170-177, 2005.

84. Carr M, Chavez-Munoz C, Lai A and Ghahary A: Dermal fibroblasts
influence the expression profile of 14-3-3 proteins in human keratinocytes. Mol
Cell Biochem 353: 205-14, 2011.

85. McKay IA and Leigh IM: Epidermal cytokines and their roles in cutaneous
wound healing. Br J Dermatol 124: 513-8, 1991.

86. Gillitzer R and Goebeler M: Chemokines in cutaneous wound healing. J
Leukoc Biol 69: 513-21, 2001.

87. Ghaffari A, Kilani RT and Ghahary A: Keratinocyte-conditioned media
regulate collagen expression in dermal fibroblasts. J Invest Dermatol 129: 340-7,
20009.

88. Ghahary A, Marcoux Y, Karimi-Busheri F and Tredget EE: Keratinocyte
differentiation inversely regulates the expression of involucrin and transforming
growth factor beta1. J Cell Biochem 83: 239-48, 2001.

89. Vellenga E, Rambaldi A, Ernst TJ, Ostapovicz D and Griffin JD:
Independent regulation of M-CSF and G-CSF gene expression in human
monocytes. Blood 71: 1529-32, 1988.

90. Wieser M, Bonifer R, Oster W, Lindemann A, Mertelsmann R and
Herrmann F: Interleukin-4 induces secretion of CSF for granulocytes and CSF for
macrophages by peripheral blood monocytes. Blood 73: 1105-8, 1989.

91. Oster W, Lindemann A, Mertelsmann R and Herrmann F: Granulocyte-
macrophage colony-stimulating factor (CSF) and multilineage CSF recruit human
monocytes to express granulocyte CSF. Blood 73: 64-7, 1989.

92. Corcione A, Baldi L, Zupo S, Dono M, Rinaldi GB, Roncella S, Taborelli G,
Truini M, Ferrarini M and Pistoia V: Spontaneous production of granulocyte
colony-stimulating factor in vitro by human B-lineage lymphocytes is a distinctive
marker of germinal center cells. J Immunol 153: 2868-77, 1994.

93. Fibbe WE, van Damme J, Billiau A, Goselink HM, Voogt PJ, van Eeden G,
Ralph P, Altrock BW and Falkenburg JH: Interleukin 1 induces human marrow
stromal cells in long-term culture to produce granulocyte colony-stimulating factor
and macrophage colony-stimulating factor. Blood 71: 430-5, 1988.

94. Zsebo KM, Yuschenkoff VN, Schiffer S, Chang D, McCall E, Dinarello CA,
Brown MA, Altrock B and Bagby GC, Jr.: Vascular endothelial cells and
granulopoiesis: interleukin-1 stimulates release of G-CSF and GM-CSF. Blood
71:99-103, 1988.

95. Kaushansky K, Lin N and Adamson JW: Interleukin 1 stimulates
fibroblasts to synthesize granulocyte-macrophage and granulocyte colony-
stimulating factors. Mechanism for the hematopoietic response to inflammation. J
Clin Invest 81: 92-7, 1988.

83



96. Sawa Y, Horie Y, Yamaoka Y, Ebata N, Kim T and Yoshida S: Production
of colony-stimulating factor in human dental pulp fibroblasts. J Dent Res 82: 96-
100, 2003.

97. Lieschke GJ and Burgess AW: Granulocyte colony-stimulating factor and
granulocyte-macrophage colony-stimulating factor (1). N Engl J Med 327: 28-35,
1992.

98. Furman WL, Lumm W, Arnold B, Pratt CB and lhle JN: Recombinant
human TNF-alpha stimulates the secretion of granulocyte colony-stimulating
factor in vivo. Leukemia 6: 319-22, 1992.

99. Koeffler HP, Gasson J, Ranyard J, Souza L, Shepard M and Munker R:
Recombinant human TNF alpha stimulates production of granulocyte colony-
stimulating factor. Blood 70: 55-9, 1987.

100. Watari K, Ozawa K, Tajika K, Tojo A, Tani K, Kamachi S, Harigaya K,
Takahashi T, Sekiguchi S, Nagata S and et al.: Production of human granulocyte
colony stimulating factor by various kinds of stromal cells in vitro detected by
enzyme immunoassay and in situ hybridization. Stem Cells 12: 416-23, 1994.
101. Ansel J, Perry P, Brown J, Damm D, Phan T, Hart C, Luger T and
Hefeneider S: Cytokine modulation of keratinocyte cytokines. J Invest Dermatol
94: 101S-107S, 1990.

102. Kupper TS: The activated keratinocyte: a model for inducible cytokine
production by non-bone marrow-derived cells in cutaneous inflammatory and
immune responses. J Invest Dermatol 94: 146S-150S, 1990.

103. Maas-Szabowski N, Stark HJ and Fusenig NE: Keratinocyte growth
regulation in defined organotypic cultures through IL-1-induced keratinocyte
growth factor expression in resting fibroblasts. J Invest Dermatol 114: 1075-84,
2000.

104. Ansel JC, Luger TA, Lowry D, Perry P, Roop DR and Mountz JD: The
expression and modulation of IL-1 alpha in murine keratinocytes. J Immunol 140:
2274-8, 1988.

105. Sauder DN: Interleukin 1. Arch Dermatol 125: 679-82, 1989.

106. Kock A, Schwarz T, Kirnbauer R, Urbanski A, Perry P, Ansel JC and
Luger TA: Human keratinocytes are a source for tumor necrosis factor alpha:
evidence for synthesis and release upon stimulation with endotoxin or ultraviolet
light. J Exp Med 172: 1609-14, 1990.

107. Trisciuoglio D, Gabellini C, Desideri M, Ziparo E, Zupi G and Del Bufalo D:
Bcl-2 regulates HIF-1alpha protein stabilization in hypoxic melanoma cells via the
molecular chaperone HSP90. PLoS One 5: 11772, 2010.

108. Axelsson J, Xu D, Na Kang B, Nussbacher JK, Handel TM, Ley K,
Sriramarao P and Esko JD: Inactivation of heparan sulfate 2-O-sulfotransferase
accentuates neutrophil infiltration during acute inflammation in mice. Blood 120:
1742-51, 2012.

109. de Groot J, Kosters HA and de Jongh HH: Deglycosylation of ovalbumin
prohibits formation of a heat-stable conformer. Biotechnol Bioeng 97: 735-41,
2007.

84



