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Abstract of Dissertation

Sdc-1 null fibroblasts in wound healing and cancer

Activated fibroblasts are important in wound healing and cancer. Syndecan-1
(sdc-1), an integral membrane cell surface proteoglycan, is upregulated in response to
injury. The goal of this study is to determine whether activated dermal fibroblasts lacking
sdc-1 show differences in migration, integrin expression and function that could

contribute to the delayed wound healing and tumor progression in sdc-1 null mice.

Using primary sdc-1 null and wild type (wt) fibroblasts grown in media
containing 10% serum, we show that the loss of sdc-1 altered their proliferation, motility
and integrin expression. Timelapse migration studies show that sdc-1 null fibroblasts
migrate faster than wt fibroblasts under all conditions studied except quiescence; TGF[1
treatment increases while a TGFB1 antagonist inhibits these migration differences. When
quiescent cells are shifted to media with 10% serum, the migration rates for both
genotypes increase to rates significantly higher than those seen for cells maintained in
media with 10% serum. Addition of TGFB1 further increased migration rates. By
activating integrins with manganese or blocking with B1- and av- integrin neutralizing
antibodies, we show that wt fibroblasts had activated integrins on their surface impeding
their migration whereas the null cells express fewer adhesive integrins enhancing
migration. The velocity of fibroblasts, studied in ras-transfected keratinocyte conditioned
media, suggest a GMCSF mediated inhibition of migration in the fibroblasts lacking sdc-

1 that interferes with TGFf pathway. As shown by immunoblots, TGFB1 treatment at
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day 3 increased both av- and B1- integrin expression in sdc-1 null cells but only ov-
integrin in wt cells. The rapidly migrating sdc-1 null cells in 10% serum show elevated

ad, B1, and av integrin levels compared to quiescent wt and sdc-1 null cells.

Taken together, our data indicate that sdc-1 functions in the activation of
integrins. We therefore suggest a model whereby cells, in the absence of sdc-1, cannot
achieve optimal integrin function. This supports the hypothesis that impaired wound
healing and cancer progression seen in sdc-1 null mice could be due to integrin-mediated

defects in fibroblast activation and migration.
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A. Introduction to chapter 1

In this chapter, I intend to provide the background information needed to place the
research presented in this dissertation within its proper biomedical and cellular context. I
have focused my research on fibroblasts as essential components mediating wound
healing. Therefore, I first start by presenting an overview of wound healing focusing on
its various stages with an emphasis on the roles fibroblasts play at each stage. With
cancer being an overhealing wound, I describe how this observation came about and how
chronic inflammation can lead to tissue disruption and tumor growth. Many cancer
induction models use the inflammation-associated carcinogenesis concept to facilitate
tumor induction along with over-expression of an oncogene. I will focus mainly on the
role of ras in the pathogenesis of Squamous Cell Carcinoma (SCC).

Transforming Growth Factor 1 (TGFB1) plays an important role in wound
healing as well as in cancer. Therefore, I next describe the role of this cytokine in
regulating the function of fibroblasts in the stroma of the wound bed and of a tumor.
TGFB1 expression is often induced by immune cells. Granulocyte Monocyte Colony
Stimualting Factor (GMCSF) is one of the cytokines produced by keratinocytes in
response to serum proteins and which is known to recruit immune cells to the wound site
and alter fibroblast migration (Sorrell, Baber, & Caplan, 2004). Therefore, I also describe
how the cytokine GMCSF affects wound healing and inflammation.

Two main types of surface receptors mediating cell-extracellular matrix (ECM)
adhesion are the integrins and the syndecans. They both play an important role in the
cellular response in a wound environement and in cancer. I also describe these surface

receptors properties, function, and signaling as well as their interaction with each other



and with the ECM under normal physiological conditions and in response to pathological

changes within the tissues.

B.Wound Healing Overview

Wound healing in response to tissue injury is a complex process. After minor
injuries to the skin and cornea, normal wound healing will lead to restoration of tissue
function and morphology. However, several factors can contribute to abnormal healing
where scars persist and excess fibrosis and skin keloids develop (Desmouliere, Badid,
Bochaton-Piallat, & Gabbiani, 1997; Grinnell, 1994; Martin, 1997).

Wound healing is commonly divided into 3 interdependent stages that overlap in
time: 1) inflammation, 2) proliferation and migration and 3) maturation. The early stage
of wound healing involves inflammation to re-establish homeostasis. It is followed by
proliferation and migration of dermal and epidermal cells into the wound bed and matrix
production. After closure, maturation and remodeling ensure proper healing and
restoration of initial tissue histology (Baum & Arpey, 2005; Braiman-Wiksman,
Solomonik, Spira, & Tennenbaum, 2007; Gillitzer & Goebeler, 2001; Gurtner, Werner,

Barrandon, & Longaker, 2008; Singer & Clark, 1999).

C. The Inflammatory Phase

Fibrin, platelets and blood vessels are the key mediators in re-establishing
hemostasis in the inflammatory phase. Fibrin forms a clot to stop further loss of blood;
platelet granules are released which contain multiple growth factors and cytokines into

the wound bed. Fibrin plays important roles throughout the wound healing process and



yet fibrin degradation begins soon after clot formation. Fibrin is produced by the
proteolytic cleavage of fibrinogen by thrombin; it forms what has been called a
provisional matrix which is essential for appropriate cell migration and induction of
extracellular matrix (ECM) production by fibroblats. Endothelial cells and fibroblasts
bind to fibrin via avp3 integrin and this stimulates migration. Fibroblasts use several
matrix metalloproteinases (MMPs) to break down and remodel the provisional ECM
along its path. From this large family of zinc-dependent enzymes, MMP-1, MMP-2 and
MMP-3 are stimulated by TGFf and play an important role in wound healing (Baum &
Arpey, 2005). Polymorphonuclear cells (PMNs) are the first population of cells to
infiltrate into the wound site and signal the acute inflammatory stage. At day 1 after
injury, PMNs constitute 50% of all cells at the wound site. Circulating monocytes arrive
shortly after PMNs and become activated macrophages in the tissue (Gillitzer &
Goebeler, 2001). Macrophages produce a variety of pro-inflammatory cytokines and

other factors.

D. Proliferation and Maturation Phases

In the mid- and late phase of wound healing, cellular interactions become
dominated by the interactions between keratinocytes and fibroblasts, which gradually
shift the microenvironment away from an inflammatory to a protein synthesis-driven
granulation tissue.

The fibroblasts to myofibroblast transformation

Fibroblasts have several important functions in wound healing which include

migration from wound margins to the wound site, de novo production and assembly of



ECM, cytokine secretion, proliferation and, in skin wounds, contraction. Fibroblasts are
stimulated to produce collagen via macrophage derived factors including TGF(. The
activation of fibroblasts after wounding coincides with the induction of contractile
properties so that cells align parallel to mechanical tension that is building up in the
granulation tissue (Kubo & Kuroyanagi, 2005; Werner, Krieg, & Smola, 2007). When
activated during wound healing, fibroblasts are often termed myofibroblasts, and they
express o smooth muscle actin (aSMA), cytoplasmic bundles of microfilaments often
called stress fibers, which play a role in contraction as in smooth muscle cells
(Desmouliere et al., 1997; Shephard, Martin et al., 2004).

A two-step model has been suggested to explain the fibroblast to activated
fibroblast shift: the first step is the mechanical stiffness-dependent acquisition of aSMA
expression and the second step is the TGF B -dependent development of focal adhesions
and aSMA organization into stress fibers. The proto-myofibroblasts appear first with
stress fibers containing only B- and y-cytoplasmic actins and evolve into differentiated
myofibroblasts with stress fibers containing aSMA. The first step is a result of
mechanical stress and inflammation while the second step is dependent on TGF B1 and
fibronectin in the ECM (Desmouliere, Chaponnier, & Gabbiani, 2005; Hinz, 2007;
Uemura et al., 2005). “The presence of aSMA represents the most reliable marker of
myofibroblastic phenotype” (Desmouliere et al., 2005).

Myofibroblasts disappear in resolving scars but persist in tissues showing signs of
pathological healing, including hypertrophic scars and fibrotic lesions of many organs
like skin, lung, kidney, liver, cornea, myocardium and joints (Grotendorst, Rahmanie, &

Duncan, 2004; Yin & Watsky, 2005). The fibroblast to myofibroblast transformation



during granulation tissue formation, early on in the proliferation phase, is controlled by
TGFB1 which also stimulates these cells to proliferate, migrate and express specific
integrin receptors. After migrating into the wound, the fibroblasts synthesize ECM. In
this way, the provisional matrix is gradually replaced by a collagenous matrix (Singer &

Clark, 1999).

E. Pathological Healing

Granulation tissue consists mainly of fibroblasts, collagen and blood vessels. The
production and deposition of a collagen rich matrix signals the beginning of the
remodeling and contraction phase. Apoptosis of myofibroblasts occur and quiescent
fibroblasts re-appear. There is an important decrease in cellularity and continued collagen
synthesis and catabolism at a low rate. During excessive scarring, the myofibroblast is
disrupted and myofibroblasts often persist leading to a pathological healing and fibrosis
(Desmouliere et al., 2005; Grinnell & Ho, 2002; Petrov, Fagard, & Lijnen, 2002;
Ronnov-Jessen, Villadsen, Edwards, & Petersen, 2002). A scar in the skin was defined as
“a macroscopic disturbance of the normal structure and function of the skin architecture,
resulting from the end product of a healed wound” (Ferguson & O'Kane, 2004). It
predominantly consists of an ECM rich in fibronectin and collagen types I and III
(Ferguson & O'Kane, 2004). A hypertrophic or excessive scar is one that interfers with
normal tissue function. Such scars frequently occur after re-epithelialization was delayed
and resulting in abnormalities of epidermal-dermal crosstalk (Bellemare et al., 2005).

Extensive tissue remodeling and fibrosis can ultimately lead to organ failure and death.



Major tissues affected by fibrosis include the liver, lung, kidney, heart and many other

organs (Wynn, 2008).

F.“Cancer as an overhealing wound: an old hypothesis revisited” (Schafer & Werner,

2008)

Cancer as a disease has been described in the earliest medical records dating back
to ancient Egypt. The Greek physician Hippocrates defined the term “Cancer” as a
crablike growth of tumors, the word “karkinoma” being the Greek word for crab
(Dittmar, Heyder, Gloria-Maercker, Hatzmann, & Zanker, 2008). For more than a
century, a role for wound healing in the outgrowth of tumors has been seen in both
experimental and clinical studies. A role of inflammation and wounding as an initiator or
promoter of tumor development has been also assumed ever since Virchow’s studies in
1860. In his view of the multi-causal relationship between man and disease, “the pope of
German Medicine, the founder of modern cellular pathology”, Virchow proposed that
chronic irritation and inflammation were the causes of cancer. However, he falsely
believed that cancers "spread like a liquid" (David, 1988; Pridan, 1964). Others including
Haddow described “tumor production as a possible overhealing” and Dvorak stated that
“tumors are wounds that do not heal” (Hofer et al., 1999; Schafer & Werner, 2008)

In 1985, Dolberg et al. were the first to show a relationship between wounding
and RSV-mediated tumor formation whereby, a surgical wound provided a favorable
environment for tumor recurrence (Dolberg, Hollingsworth, Hertle, & Bissell, 1985). It
has also been established that chronic inflammation presents a significant pathologic

basis for the majority of human malignancies. Patients suffering from chronic



inflammatory conditions and infections are predisposed to neoplastic transformation and
cancer (Hofer et al., 1999; Kundu & Surh, 2008).

Many similarities exist between wound and tumor stroma, and the gene-
expression pattern of serum-treated fibroblasts resembles that of human carcinomas
(Chang et al., 2004; Hofer et al., 1999). The tumor microenvironment is a mixture of
ECM, tumor cells, endothelial cells, fibroblasts and immune cells. Fibroblasts are the
main cellular components of tumor stroma. Fibroblasts within tumors have been called
Cancer Associated Fibroblasts (CAFs) and have an activated phenotype which resembles
fibroblasts in wound healing (Li, Fan, & Houghton, 2007). These myofibroblasts come
either from the transformed fibroblasts within the original stroma or from non-malignant
epithelial or epithelial-derived carcinoma cells (Radisky, Kenny, & Bissell, 2007). CAFs
promote tumor growth, express vimentin and contract collagen gels. CAFs affect the
tumor microenvironment in several ways; they synthesize ECM and basement membrane
components, regulate ECM turnover by secretion of proteases, and contribute to
epithelial cell transformation by secretion of growth factors or by direct interaction with
them. Thus, the epithelial-mesenchymal interactions and how they are regulated are very
important to understand in order to control tumor progression (Desmouliere, Guyot, &
Gabbiani, 2004; Egeblad, Littlepage, & Werb, 2005; Nyberg, Salo, & Kalluri, 2008).The
morphology of activated fibroblasts in culture and their manner of migration grossly
resemble that of tumor cells. They share structural elements with these tumor cells, like
the focal adhesions, which coordinate the regulated adhesion between the ECM and the

intracellular cytoskeleton via integrin receptors (Entschladen et al., 2005).



A mouse model of squamous epithelial cancer was initiated by expression of
oncogenes from human papillomavirus type 16 (HPV16) in mitotically active basal
keratinocytes of the skin and cervix. These HPV 16 infected mice develop squamous
epithelial pathologies ranging progressively from hyperplasia to carcinoma. Pre-
malignant skin lesions contain predominantly infiltrating mast cells and granulocytes (de
Visser, Korets, & Coussens, 2005) and they are in a state of chronic inflammation.
Chronic inflammation, whether due to persistent viral or bacterial infection or to genetic
polymorphisms, predisposes to cancer initiation. Inflammatory cells regulate cancer
development (de Visser, Eichten, & Coussens, 2006; Mantovani, Allavena, Sica, &
Balkwill, 2008).

In addition, macrophages are key players in the inflammatory process. They have
been extensively studied (Mantovani et al., 2008) and are classified as M1 or M2
depending on whether they are classically or alternatively activated. Classical activation
is induced by IFN-y and results in a pro-inflammatory Th1 response with the secretion of
cytokines like TNFa. However, macrophages exposed to anti-inflammatory cytokines
like IL-4 and IL-10 will undergo another activation process and are referred to as M2
(Nardin & Abastado, 2008). The tumor associated macrophages (TAMs) present at the
tumor site are a main component of cancer associated inflammation. In inflamed non-
cancerous tissues, macrophages are mainly of the M1 type. In a tumor environement, in
the absence of M1-orienting signals, macrophages differentiate mainly into the M2 type.
M2 macrophages secrete products that stimulate angiogenesis, ECM breakdown, tumor

cell growth and migration (Sica, Allavena, & Mantovani, 2008).

10



The tumor microenvironment is also characterized by high concentration of
immunosuppressive cytokines like IL-10 and TGFB1. The net effect is to induce
tolerance and prevent immune rejection of tissue. In advanced neoplasia, there is usually
a defective activation of Thl immunity. Cytokines are key components of cancer related
inflammation and they can be used as targets for cancer-associated inflamation and anti-
tumor therapy (Germano, Allavena, & Mantovani, 2008; Ono, 2008). For example, COX-
2 is overexpressed in a variety of premalignant and malignant conditions. The use of non-
steroidal anti-inflammatory drugs (NSAIDs), mainly COX inhibitors, reduce
inflammation and cancer risk (Dannenberg & Subbaramaiah, 2003).

Inflammation can also lead to earlier tumor recurrences following primary
resections of tumors or invasive diagnostic procedures in cancer patients. The site of
anastomosis after partial gastric resection, or lower anterior resection, provides a
preferential site for tumor recurrence. In addition, tumor growth in the abdominal wall
after laparoscopic gastroenterostomy has also been described (Hofer et al., 1999). A
variety of chronic inflammatory conditions and chronic wounds were linked to SCC
development in the clinical setting and in most of these conditions, TGFB1 signaling is

down-regulated (A. B. Glick, Perez-Lorenzo, & Mohammed, 2008).

G.The role of ras in the pathogenesis of SCC

Non melanoma skin cancers, basal cell carcinoma (BCC) and squamous cell
carcinoma (SCC) are the most common tumors, exhibiting increasing incidence
worldwide (Boukamp, 2005). Studies by Glick and coworkers show that inhibition of

TGFp1 signaling in keratinocytes accelerates ras induced SCC while overexpression of
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TGF1 in papillomas accelerates invasion and metastasis (A. Glick et al., 1999; A. B.
Glick et al., 2008). Ras, a 21KD guanine nucleotide protein is a key regulator of cell
growth. Initially identified in the rat sarcoma viruses, it was found to have cellular proto-
oncogenic homologs (Ridky & Khavari, 2004); from the three ras genes, Harvey (HA) ,
Kirsten (Ki) and N-ras, UV-induced mutations occur in the ras™ gene mainly at codons
12, 13 and 61, localized opposing UV sensitive CC sites (Boukamp, 2005; Tsai & Tsao,
2004).

In invasion and metastasis, TGF[3 has both autocrine and paracrine effects. The
paracrine effect involves stimulation of angiogenesis, escape from immunosurveillance
and recruitment of myofibroblasts. The autocrine effects in cancer cells with functional
TGFp receptor complex are mediated by a convergence between TGFf signaling and (-
catenin or activating ras mutations (De Wever & Mareel, 2003).

Signaling pathways from a diverse array of extracellular stimuli converge on Ras.
Ras in turn mediates it effect through the activation of a cascade of protein kinases. The
best known is Raf which mediates a mitogen-activated protein (MAP) kinase pathway.
The Ras-MAPK pathway is deregulated in several types of cancers (Dunn, Espino,
Drobic, He, & Davie, 2005; Weinberg, 2007). TGFf signaling cooperates with Ras to
promote tumor invasion (Derynck, Akhurst, & Balmain, 2001) and this is, however,
context dependent (A. B. Glick et al., 2008). Chronic wound fluid suppresses
proliferation of dermal fibroblasts through a ras-mediated signaling pathway (Seah et al.,
2005). Expression of a dominant-negative Ras mutant that lowers the levels of

Ras/MAPK in epidermis leads to premature differentiation and failure of proliferation
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suggesting an important role for Ras in tissue homeostasis (Dajee, Tarutani, Deng, Cai, &
Khavari, 2002).

Tumors develop in multiple steps mainly; initiation, promotion and progression
(Yuspa & Epstein, 2005). Ras plays an important role in the pathogenesis of SCC at the
initiation stage mainly. Grafting ras"™ -transfected keratinocytes on the back of nude
mice leads to papilloma and SCC development. The mechanism underlying the
transformation in these epidermal cells is extensively studied both in mice and humans
(Dajee et al., 2003; A. B. Glick et al., 2008; Yuspa, 1998). However, the effect of the ras-
mutated epidermal keratinocytes on the surrounding stromal cells has not been well

studied.

H. TGF B1 in wound healing and cancer

H.1.The TGFB family

The TGFp superfamily consist of the three TGFP isoforms (TGFf1,2 and 3),
bone morphogenic proteins (BMPs), Mullerian inhibiting substances, nodals, inhibins and
activins (Wenner & Yan, 2003). The three mammalian TGFf isoforms are 25-kDa
dimeric peptides consisting of two disulfide-linked chains of 112 amino acids each. They
are synthesized as latent precursors, secreted usually as large pro-peptide molecules
consisting of three regions; an amino terminal signaling sequence, a pro-domain and a
mature protein carboxy domain. The protein that associates with the pro-domain is called
the Latency Associated Protein (LAP). Latent TGF[ can also associate with another

protein called the Latent TGF Binding Protein (LTBP). Several LTBPs have been

identified. Extracellular TGFp can exist bound to either LAP or LTBP. Both associated
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and binding proteins are removed extracellularly via proteolytic cleavage to convert
TGFp to an active cytokine (O'Kane & Ferguson, 1997). Therefore, TGFp is secreted in
its inactive, latent form, as a 25 KDa peptide in a non-covalent association with LAP
and/or LTBP. Activation of the latent form may play an important role in the regulation

and control of TGFp function in vivo (Serra & Crowley, 2005).

H.2. Downstream TGFp signaling

Biologically active TGFf interacts with serine-theronine kinase receptors that are
composed of 2 subunits. Ligand binding triggers the phosphorylation and activation of
the type I subunit by the type II subunit. The type IIl receptor is non-signaling,
functioning mainly to present TGFf to receptor II. A type V receptor has been described;
however, its exact function has not yet been elucidated (Leivonen & Kahari, 2007).

The activated type I subunit then phosphorylates Smad 2 and 3, which then
combine with Smad 4 and enter the nucleus to modulate transcription. The Smad family
consists of 8§ members in mammals, divided into 3 groups depending on their function: R-
Smads (the receptor-activated Smads, Smads 1, 2, 3 and 5), Co-Smads (the common
mediator Smad, Smad 4) and [-Smads (the inhibitory Smads, Smads 6 and 7). Smads are
widely distributed in most tissues and cell types. Smad proteins have 2 large conserved
domains separated by a less-conserved, proline rich linker region which is responsible
mainly for the crosstalk between Smads and the MAPK pathway (Leivonen & Kahari,
2007). The Smad 3 and 4 complex is involved in fibrosis (Feng & Derynck, 2005;
Reisdorf, Lawrence, Sivan, Klising, & Martin, 2001; Verrecchia & Mauviel, 2002).

However, some TGFP1 responses, like Ras, ERK, JNK and p38 activation thru the
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MAPK pathway or others, are Smad independent (Giehl, Imamichi, & Menke, 2007;

Leivonen & Kahari, 2007; Yu, Hebert, & Zhang, 2002).

H.3. The TFGP isoforms in wound healing and keloid formation

TGFp’s levels are increased in acute wounds but decreased in chronic wounds
(Barrientos, Stojadinovic, Golinko, Brem, & Tomic-Canic, 2008). Release of TGFp1 by
platelets, at the beginning of the inflammatory phase is important in initiating healing,
since at low concentrations, it is chemotactic for monocytes, lymphocytes and fibroblasts.
When monocytes start infiltrating the wound site, they become activated macrophages
mainly in response to ECM proteins and platelet secreted TGFB1 (Wabhl et al., 1987).

Therefore, TGFB1 has a very important and complex role in wound healing and
tissue fibrosis. It is a cytokine with multiple effects on several aspects of tissue repair
including systemic biological effects (Bhowmick et al., 2004). Of the 3 TGFp isoforms
(B1, P2, and B3), TGFp1 is the most abundant in all tissues, and it is the form found in
platelets. TGFB2 is mainly found in body fluids like in the saliva, amniotic fluid, breast
milk and in the eye. TGFB3 is not present at all in an important amount neither in tissues
nor in body fluids (O'Kane & Ferguson, 1997). TGFI1, 2 and 3 have different temporal
effects during wound healing and scar formation (Lu et al., 2005).

Human plasma is free of TGFB3 while human serum contains TGFf3. Fibroblast
migration is essential in wound healing and serum has been shown to promote epidermal
cell migration. Plasma was also shown to promote dermal but not epidermal cell
migration (Bandyopadhyay et al., 2006). Embryonic wounds express very high levels of

TGF3, produced mainly by keratinocytes and fibroblasts, and very low levels of the
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other 2 isoforms. In contrast, adult wounds contain predominantly TGFB1 and TGFf2
released initially from platelets and inflammatory cells (monocytes and macrophages).
This difference might be one of the underlying causes of embryonic scar-free wound
healing. TGFB3 elicits scar free or regenerative healing responses while TGFB1 and 2
elicit a fibrotic scarring response (Colwell, Yun, Krummel, Longaker, & Lorenz, 2007;
O'Kane & Ferguson, 1997). Overexpression of TGFB1 and 2 as well type I and II TGFf3
receptors and increased phosphorylation of Smad 3 are found in keloid tissues and keloid
derived fibroblasts. They also have higher levels of collagen I and aSMA. Inhibition of
TGFP receptors I and II expression could potentially lead to decrease keloid formation
(Chin et al., 2001; Chipev et al., 2000; Phan et al., 2004). Central keloid fibroblasts
exhibit a significantly increased growth, and show high levels of expression of TGFf1,
TGFp receptor 1, and Smad 2 and 3 (Tsujita-Kyutoku et al., 2005). Keloid fibroblasts
seem to be primed to respond to the TGFB1 signal and express the myofibroblast
phenotype. Therefore, procedures that lower TGFB1 expression may help prevent keloid

development.

H.4. Studies in transgenic mice

Experiments on knockout mice have shown that TGFB1 has an important role in
re-epithelialization and collagen deposition. TGFB1 deficiency leads to a multifocal
inflammatory disease phenotype in the mouse model with massive infiltration of
lymphocytes and macrophages into major organ systems. To assess the interaction
between lymphocytes and TGFB1 during the repair process, a mouse model was utilized

and was both immunodeficient (Severe combined immunodeficient or Scid-/- lacking B
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and T lymphocytes) and TGF(B1 deficient. The results from these experiments suggested
that TGFB1 and lymphocytes may stimulate or induce compensatory pathways during
repair. Alternatively, the delay in healing may be due to a side effect of TGFp1 absence
in the wound leading to a delayed expression of the other two TGFp isoforms (Crowe,
Doetschman, & Greenhalgh, 2000). Following full-thickness incisional wounding at the
back of the mouse, in areas with little traction forces are involved, Smad 3-null mice
show accelerated healing with an increased rate of reepithelialization and reduced
inflammation (Ashcroft et al.,, 1999). However, in areas needing higher
mechanotransduction for wound closure like in the ear, healing is worse in Smad3-null
mice. Loss of Smad 3, therefore, results in a more rapid closure of excisional wounds
with underlying matrix support on the mouse dorsum, whereas similar wounds made on
the ear, with no matrix support, show an exacerbated enlarging wound phenotype. Levels
of elastin and glycosaminoglycans are increased, collagen fibers are more compactly
organized and matrix metalloproteinases (MMPs) are altered in these mice.
Myofibroblast mediated contraction is decreased; assembly of fibers as well as aSMA

expression are also reduced (Arany et al., 2006).

H.5. TGFB1 and cell proliferation

TGFp1 is a potent growth inhibitor of cell proliferation in several cell types,
including epithelial cells. It mediates growth arrest and induces apoptosis in a cell type
dependent manner (Derynck et al., 2001). Despite being anti-proliferative itself, TGFp1
can directly or indirectly, induce the proliferation of fibroblasts at wound sites. The

proliferative effect of TGFB1 on cells of the mesenchymal lineage is caused by induction
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and release of other cytokines and growth factors such as bFGF-2. Proliferation of
quiescent fibroblasts is inhibited by high (4 ng/ml) as well as low (0.1 ng/ml)
concentrations of TGFB1 while proliferation of myofibroblasts continues at low doses of
TGFp1 and is only weakly inhibited by high doses of TGFB1. Thus, a cell’s proliferative
response to TGF B1 varies between quiescent fibroblasts and activated fibroblasts (Khalil,
Xu, O'Connor, & Duronio, 2005). Studies conducted on nasal-polyps derived fibroblasts
showed that TGF1 significantly increases their proliferation, fibronectin and procollagen
production but decreases expression of GMCSF and chemokines like CCL2 (MCP-1) and
CCL5 (RANTES). It favors fibrosis, remodeling and cell growth and inhibits pro-

inflammatory mediators (Little et al., 2008).

H.6. TGFB1 and CAFs

Fibroblasts within tumors, called cancer-associated fibroblasts (CAFs) or tumor-
associated fibroblasts (TAFs), resemble the activated fibroblasts seen during wound
healing as discussed previously. TGFB1 is also involved in the transformation of
quiescent fibroblasts to CAFs. They are the main cellular components of tumor stroma
and constitute the predominant cell type in most carcinomas including those of the breast
(Li et al., 2007; Samoszuk, Tan, & Chorn, 2005). These activated fibroblasts have an
increased expression of N-cadherins known to be highly expressed in invasive cancer
cells. The B-catenin binding domain of N-cadherin converges with TGFf signaling and
plays an important role in matrix degradation and metastasis (De Wever & Mareel,
2003). CAFs were noted to be more abundant in nasal polyps but rare in normal nasal

mucosa, and have been proposed to regulate growth of nasal polyps (Wang et al., 1997).
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H.7. TGFB1 . a pleiotropic growth factor in cancer

TGFP is often described as a pleiotropic growth factor. It can function both as a
tumor promoter and as a tumor suppressor, the mechanism of which is not yet fully
understood and under intensive investigations. In cancer mouse models, for example
breast cancer, it was shown to have a biphasic effect by acting as a tumor suppressor in
early stages of tumors and promoting invasion and metastasis at later stages, mainly by
acting on the microenvironment that undergoes different genetic and epigenetic changes
(Serra & Crowley, 2005). Data indicate that Smad-dependent signaling mediates the
growth inhibition of TGFp signaling and that Smad-independent pathway contributes to
the tumor promoting effects. However, data also point to the fact that Smad-dependent
pathways are involved in tumor growth (L. Yang & Moses, 2008).

Conditional inactivation of the TGF[ responsiveness in fibroblasts resulted in
intraepithelial neoplasia in prostate and in invasive squamous cell carcinoma of the
stomach, both associated with increased number of stromal cells (Bhowmick, Neilson, &
Moses, 2004). However, in many cases of benign or malignant transformations, TGFpI is
overexpressed (Wenner & Yan, 2003). It is a potent immunosuppressive factor that
favors tolerance in the tumor microenvironment (Li et al., 2007). Studies in skin as well
have shown that TGFf1 plays distinct roles, at early stages, as compared to late stages in
oncogenic transformation. It can be either anti-oncogenic by inducing cells to stop
proliferating or pro-oncogenic by driving malignant progression and metastasis. This can
partly explain why certain carcinomas, including squamous cell carcinoma (SCC),

become resistant to the antiproliferative effects of TGFB1. Moreover, the Smad proteins,
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an integral part of TGFBI1 signaling pathway, play an important role in skin tumors in
mice. Myofibroblasts are commonly found within the stroma of SCC in vivo, particularly
in the invasive front. Therefore, another mechanism by which TGFB1 could promote
tumor development is by inducing the quiescent tissue fibroblasts to become CAFs
(Lewis et al., 2004).

Imamichi et al. (Imamichi et al., 2005) investigated the role of TGFB1 induced
cell migration on epithelial breast carcinoma cell lines, mainly MCF-7 and Smad 4-
negative MDA-MB-468. These two tumor cells lines are moderately motile under serum-
starved conditions. Addition of TGFB1 (10 ng/ml) induces morphological changes in the
actin cytoskeletal organization, apparent as early as 30 min after treatment. The MCF-7
cells are sensitive to the growth inhibitory effect of exogenous TGFB1 while the MDA-
MB-468, lacking Smad 4, are not. However, both cell lines show changes in actin
filament organization, therefore, this rearrangement occurs via a Smad-4 independent
pathway (Giehl et al., 2007; Imamichi et al., 2005).

In summary, TGF B1 plays an important role in wound healing and cancer.
However, it is not the only factor involved in the disappearance of activated fibroblasts
from granulation tissue or in the formation of CAFs. The mechanisms underlying these
important events are only beginning to be elucidated. Imaging of collectively invading
cocultures of carcinoma cells and stromal fibroblasts reveals that the leading cell is
always a fibroblast and that carcinoma cells move within tracks in the ECM behind the

fibroblasts (Gaggioli et al., 2007).

I. GMCSF in Wound Healing and Cancer

20



1.1.GMCSF an overview

Granulocyte-macrophage colony stimulating factor (GM-CSF, also known as
CSF2) is also a pleiotropic cytokine. It is a glycosylated secretory protein that consists of
a single polypeptide chain of 127 amino acids with a molecular weight ranging from 15
to 35 Kd. Depending on its concentration, it stimulates multipotent progenitor cells and
generates in vitro granulocytic and macrophages colonies of cells from bone marrow
precursor cells. It is produced by various cell types including macrophages, mast cells, T
cells, fibroblasts and endothelial cells. The GMCSF receptor (CSF2R) is a heterodimer
composed of a specific ligand-binding subunit and a common signal-transduction
subunit. Activation of the GMCSF receptor is known to stimulate mainly three different
pathways: the Janus kinase-signal transducer and activator of transcription (JAK-STAT)
pathway, the mitogen-activated protein kinase (MAPK) pathway, and the
phosphoinositide 3-kinase (PI3K) pathway (Hamilton, 2008; Shi et al., 2006; Vlahos,
Bozinovski, Hamilton, & Anderson, 2006). As one of the three “eosinophil survival
factors”, it enhances eosinophil survival and releasability and it displays pro-fibrinogenic
activities (Solomon, Puxeddu, & Levi-Schaffer, 2003). It was first suggested to be a pro-
inflammatory cytokine by Hamilton et al. in 1980 (Hamilton, Stanley, Burgess, &
Shadduck, 1980). In contrast to other Colony stimulating factors, production of GMCSF
usually requires stimulation. In an in vitro context, this stimulation is usually studied via
the addition of IL-1, TNFa or lipipolysaccharide (LPS) to cells in culture (Hamilton,
2008).

GMCSF deficient mice do not have a major deficiency in hematopoiesis or

myeloid cell-development. However, they develop a particular pulmonary pathology
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referred to as “pulmonary alveolar proteinosis”. In the absence of GMCSF, proteins
accumulate within the alveolae due to impaired surfactant catabolism by alveolar
macrophages (Stanley et al., 1994). GMCSF overexpression in transgenic mice leads to
accumulation of macrophages systemically, blindness, and fatal syndromes involving
macrophage infiltration into normal tissues (Lang et al., 1987). Therefore, GMCSF is
essential for normal pulmonary physiology, resistance to infections and for prevention of

systemic accumulation of macrophages within tissues.

1.2. GMCSF in inflammatory conditions

GMCSF is known to be involved in several diseases that involve inflammatory
reactions like arthritis, nephritis, COPD, cancer and wound healing. Neutralization of
GMCSF, in animal models of COPD, ameliorates the condition and could be considered
as a potential therapeutic target (Vlahos et al., 2006). Clinical trials are being conducted
involving the use of GMCSF specific antibody for the treatment of arthritis. Clinical trials
are also being conducted investigating the use of GMCSF for cancer patients as
prophylaxis for infections or as adjuvant to prevent adverse effects of current treatments
(Bohlius, Reiser, Schwarzer, & Engert, 2004; Herbst et al., 2009).

Furthermore, GMCSF has been shown to have beneficial effects on wound
healing in patients suffering from poorly healing wounds like chronic leg ulcers (Tursen,
Api, Kaya, Cinel, & Ikizoglu, 2006). Topical application of GMCSF was found to be
effective to heal leg ulcers in sickle cell patients and administration at the dural surfaces
improved healing despite cerebrospinal fluid leakage (Kurt et al., 2007; Mery, Girot, &

Aractingi, 2004). Local subcutaneous injection of GMCSF stimulates inflammatory cells
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infiltration but reduces the number of fibroblasts in the granulation tissue and suppresses
collagen deposition in a dose dependent manner (Jorgensen et al., 2002). Fibroblasts
derived form the skin of patients with scleroderma, a disease characterized by extensive
thickening and fibrosis as well as other symptoms, show increased expression of the
GMCSF receptor on their surface. This increase in GMSCF exerts a blocking effect on
deposition of collagen type I and increases the production of other ECM components like

fibronectin (Postiglione et al., 2005).

1.3. GMCSF in skin wound healing

GMCSF is mitogenic for keratinocytes and stimulates migration and proliferation
of endothelial cells. It is induced in the skin following TPA treatment or wounding and
actively transcribed during tumor promotion (Robertson et al., 1994). Genetically
engineered mice overexpressing GMCSF in the basal layer of the epidermis show an
accelerated reepithelialization of full thickness skin wounds. This beneficial effect is not
only due to the direct effect of GMCSF but it could also be an indirect process through
induction of other cytokines (Mann, Breuhahn, Schirmacher, & Blessing, 2001). In
transgenic mice overexpressing an antagonist of GMCSF in the epidermis, a delayed
reepithelialization and scab rejection with extensive fibrosis in the newly formed matrix
were noted. These were caused by reduced keratinocyte proliferation, reduced
neovascularization, and excessive collagen deposition (Mann, Niekisch, Schirmacher, &
Blessing, 20006).

GMCSF receptors are present on the surface of fibroblasts and the proliferation

and synthesis activity of these cells in vitro are modulated by different concentrations of
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GMCSF (Postiglione et al., 1998). Human recombinant GMCSF accelerates migration of
fibroblasts in in-vitro scratch wound assay; fibroblasts extracted from the healing edges
are found to be more responsive than cells taken from the wound base or from the non-
healing areas (Brem et al., 2008). Dermal fibroblasts do not release GMCSF on a
constitutive basis, although it is released by these cells upon their treatment with
keratinocyte conditioned media or with IL-1 (Sorrell, Baber, & Caplan, 2007; Zucali et
al., 1986). GMCSF also stimulates tumor cell migration (Mueller & Fusenig, 1999) and
GMCSF is known to have an aSMA suppressing effect on fibroblasts stimulated with
TGFB1 (Shephard et al., 2004). GMCSF is also found to induce the myofibroblast
phenotype and TFGP1 expression in macrophages (Xing, Tremblay, Sime, & Gauldie,
1997). However, the role of GMCSF in the initiation of skin tumors is not extensively

investigated.

J. Integrins and Syndecans: Two types of surface receptors mediating cell-ECM

adhesion

J.1. Syndecan

J.1.a. Syndecan structure

Syndecans (Sdcs) are a family of transmembrane proteoglycans, playing a major
role in cell adhesion. They were described by Zimmermann and David in 1999 as “tuners
of transmembrane signaling” (Zimmermann & David, 1999). Vertebrates have four
syndecan genes (sdc-1, sdc-2, sdc-3 and sdc-4). Each sdc molecule, with a size ranging
from 20 to 45 kDa, has a short cytoplasmic domain, a single-pass transmembrane domain

and an extracellular domain. The extracellular domain or ectodomain is where most of
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the structural variability is found. It contains the attachment sites for heparan sulfate (HS)
and chondroitin sulfate (CS) glycosaminoglycans (GAGs). The HS side chains give sdcs
the ability to bind to proteins with heparin binding sites which include a large number of
proteins and matrix components like fibronectin, vitronectin, laminins as well as growth
factors like TGFB1, EGF and FGFs. All four syndecans can also exist as soluble heparan
sulfate proteoglycans (HSPGs) for they can be proteolytically cleaved at a protease
cleavage site found close to the transmembrane portion of the protein core and secreted
into the extracellular environment by ectodomain shedding. MMP-2, MMP-7, MMP-9
and MMP-14 can shed syndecan ectodomain in vitro and are responsible for shedding of
the proteoglycan. The transmembrane domain is relatively conserved. It contains domains
for localization to various membrane compartments and for interaction with other
membrane proteins. The cytoplasmic domain contains a variant region (V) surrounded by
two invariant or constant regions (Cl1 and C2). The C- terminal of the C2 domain
contains an EFY A motif that binds several zonula occludens-1 (PDZ)-domain containing
proteins. The V region is distinct for each of the 4 sdc family members and this results in
distinct differences in cell signaling for each of the 4 sdc isoforms. Sdc-1 is primarily
expressed in epithelial and mesenchymal tissues, sdc-2 in cells of mesenchymal origin,
neuronal and epithelial cells, and sdc-3 in neuronal and musculoskeletal tissue. Sdc-4 is
present in all cell types (Alexopoulou, Multhaupt, & Couchman, 2007; Bartlett,
Hayashida, & Park, 2007; Lopes, Dietrich, & Nader, 2006; Tkachenko, Rhodes, &
Simons, 2005) . A model describing the structure of proteoglycan sdc is shown in Figure

1.1.
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Figure 1.1: Syndecan Structure.
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J.1.b. Sdc-1

Sdc-1 (CD138) is a regulator of cell-cell and cell-extracellular matrix
interactions. It is upregulated in response to injury in migrating and proliferating
epidermis as well as during granulation tissue formation (K. Elenius et al., 1991). At
wound sites, the sdc-1 ectodomain is shed and as such is thought to play a role in
regulating chemokine function and MMP activation, in particular, MMP9 (Tkachenko et
al., 2005). Its PDZ-binding motif is required for basolateral localization in epithelial cells
(Maday et al., 2008). Mutational analysis shows that the V region is essential in
promoting adhesion and cytoskeletal organization (Chakravarti, Sapountzi, & Adams,
2005). TGFB2 enhances focal contacts, up-regulates markedly sdc-4, down-regulates sdc-
1 and delays the nuclear transport of sdc-1 concomitantly while exerting an
antiproliferative effect (Dobra, Nurminen, & Hjerpe, 2003). Recently, TGF[3 has been
shown to increase surface expression of sdc-1 in epithelial cells thru a PKA-dependent
pathway (Hayashida, Johnston, Goldberger, & Park, 2006) and finally, Sdc-1 null

keratinocytes are very sensitive to TGFB1 (Stepp et al., 2007).

J.1.c. Sdc-1 studies in genetically altered mice

Sdc-1 deficient mice are grossly normal (Figure 1.2) but show delayed healing in
corneal and skin wounds (see Table 1). Using these mice in animal models of tissue
injury and inflammation, sdc-1 has been found to attenuate leukocyte adhesion onto
endothelial cells, act as a regulator of angiogenesis in vivo (Gotte et al., 2002; Gotte,

2003), maintaining a Th1 to Th2 balance in nephritis (Rops et al., 2007),
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Figure 1.2: The sdc-1 null mice.
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Phenotypes reported in Syndecan-1 Null Mice

Reduced breast cancer tumor Alexander, et al., 2000;
development McDermott, et al., 2007
Increased inflammation Gotte, et al., 2002; 2005
Delayed corneal and skin wound  Stepp, et al., 2002
healing
Reduced bacterial pathogenesis Park, et al., 2004;
Haynes, et al., 2005
Increased complications after Vanhoutte, et al., 2007

coronary myocardial infarction

Increased severity of anti-GBM Rops, et al., 2007
nephritis

Reduced migration and altered Stepp, et al., 2007

integrin function in epidermal
keratinocytes

Increased migration and altered Jurjus, et al., 2008
integrin function in dermal fibroblasts

Increased morbidity in response to Hayashida, et al., 2008
gram positive toxic shock g &

Reduced frequency of recurrent Pal-Ghosh, et al, 2008
corneal epithelial erosions

Table 1: Phenotypes reported in the sdc-1 null mice (Alexander et al., 2000; Gotte et al.,
2002; Hayashida et al., 2008; Haynes et al., 2005; Jurjus, Lui, Pal-Ghosh, Tadvalkar, &
Stepp, 2008; McDermott et al., 2007; Pal-Ghosh, Tadvalkar, Jurjus, Zieske, & Stepp,
2008; Park et al., 2004; Rops et al., 2007; Stepp et al., 2002; Stepp et al., 2007;
Vanhoutte et al., 2007)

29



attenuate inflammation and protect against cardiac dysfunction after myocardial
infarction (Vanhoutte et al., 2007), downregulate proinflammatory cytokines and act as
an in vivo suppressor of gram-positive toxic shock (Hayashida, Chen, Bartlett, & Park,
2008). Sdc-1 null mice are resistant to epithelial, liver and lung tumors as well as
lymphoma (McDermott et al., 2007). Dermabrasion studies in the sdc-1 null mice depict
a delayed healing with an increased inflammatory phase at days 2-3, as shown in Figure
1.3. They exhibit reduced re-epithelialization at day 5 and increased leukocyte adhesion
(Stepp et al., 2002).

Overexpression of sdc-1 in transgenic mice also shows an impaired wound
healing phenotype. This could possibly be due to an excess shedding of the sdc-1
ectodomain at the wound site that enhances proteolytic activity and inhibits cell
proliferation (V. Elenius, Gotte, Reizes, Elenius, & Bernfield, 2004). To study further the
role of sdc-1 in skin, a human keratin 14 promotor is used to express human syndecan-1
in mouse epidermis. It is noticed that sdc-1 overexpression also increases the
proliferation of newborn epidermal keratinocytes. However, in wound healing of the
transgenic adult mice, a decreased cell proliferation in the re-epithelized epidermis is
reported. Accordingly, sdc-1 regulates keratinocyte proliferation differently during skin

development and wound healing (Ojeh et al., 2008).
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Figure 1.3: Delayed healing in sdc-1 null skin as compared to wild type mouse skin.
(Stepp et al., 2002)
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J.1.d. Sdc-1 and inflammation

Sdc-1 plays an important role in several inflammatory conditions. In psoriasis, a
chronic inflammatory skin disease, aberrant expression of sdc-1 is reported (Tomas,
Vucic, Situm, & Kruslin, 2008). In addition, redistribution of sdc-1 and its shedding in
the lung in response to oxidative stress contribute to neutrophil chemotaxis and
pulmonary fibrosis (Kliment et al., 2009). In the context of intestinal inflammation,
patients with protein-losing enteropathy (PLE) express reduced levels of syndecan-1 on
the surface of the intestinal epithelial cells. Similarly, syndecan-1 deficient mice or mice
with intestinal specific loss of heparan sulfate have increased basal protein leakage and
are more susceptible to PLE. Administration of a non-anticoagulant sulfated heparin
prevents cytokine-induced protein leakage in vitro and in vivo in sdc-1 null mice and this

could be a potential therapy for patients with PLE (Bode et al., 2008).

J.1.e. Sdc-1 in cancer

Sdc-1 plays a role in regulation of inflammation as well as tumor cell spreading.
It acts as a powerful suppressor of the metastatic phenotype by maintaining epithelial
morphology and its expression on tumor cell surfaces decreases with increasing in
metastatic potential and as such is a prognostic marker for several cancer types
(Sanderson, 2001).Sdc-1 is also downregulated in a number of epithelial cancers and in
dysplastic changes of oral leukoplakia (Kurokawa et al., 2003). Yet, expression of sdc-1
has also been correlated with advanced stages and invasiveness in nasopharyngeal
carcinoma and prostate cancer (C. L. Chen & Ou, 2006; D. Chen et al., 2004). In breast

cancer, an increase in the expression of sdc-1 correlates with poor prognosis and
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specifically with angiogenesis in ductal carcinoma in situ (DCIS) (Gotte, Kersting,
Radke, Kiesel, & Wulfing, 2007). The increase in sdc-1 expression seen in stromal
fibroblasts of mammary carcinomas promotes cell growth (Maeda, Alexander, & Friedl,
2004). Sdc-1 is downregulated in several gastrointestinal malignancies as well, like in
certain differentiated types of gastric cancers (Huang et al., 2005). However, it is found to
be upregulated in pancreatic ductal adenocarcinoma (Juuti, Nordling, Lundin, Louhimo,
& Haglund, 2005). This duality in the role of sdc-1 may reflect either a tissue specific or
a stage specific function that could turn out to be of therapeutic value in the future (Yip,
Smollich, & Gotte, 2006).

Downregulation of sdc-1 expression in carcinoma cells results in impaired cell
spreading on vitronectin but not on fibronectin. There is a functional coupling between
avf3 integrin and sdc-1 that regulates the activation and signaling of the integrin during
carcinoma cell spreading and migration (Beauvais, Burbach, & Rapraeger, 2004).
Decreased sdc-1 expression is also reported in malignant cells that have lost their ability
to maintain differentiated phenotype in vivo (K. Elenius, Maatta, Salmivirta, & Jalkanen,
1992). Ectopic expression of sdc-1 in sdc-1 deficient myeloma cells as well as in
hepatocellular carcinoma cells is found to inhibit invasiveness and motility (W. Liu et
al., 1998; Ohtake et al., 1999). The ability of sdc-1 overexpression to inhibit cell growth
and migration could be the basis for the aggressive behavior of some tumor cells lacking
sdc-1.

Soluble and membrane bound forms of sdc-1 play different roles at different
stages of breast cancer progression. Proteolytic conversion of sdc-1 from membrane

bound to soluble form reflects a transition from a proliferative to an invasive phenotype
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in MCF-7 breast cancer cells (Nikolova et al., 2009). Fibroblast-derived MT1-MMP
cleaves sdc-1 at the fibroblast surface, and the ectodomain stimulates the growth of

carcinoma cells in a paracrine fashion (Su, Blaine, Qiao, & Friedl, 2008).

J.1.f. Sdc-2

Sdc-2 , also called Fibroglycan, plays a role in cell adhesion, cell migration, cell-
cell signaling as well as angiogenesis and cancer (Essner, Chen, & Ekker, 2006). It plays
an important role during embryonic development, mainly neural maturation and
mesenchymal-matrix interactions (L. Chen, Couchman, Smith, & Woods, 2002). Sdc-2
binds to and regulates the signaling of TGFf1 thru the core protein of the ectodomain
independently of the cytoplasmic domain. However, the cytoplasmic domain is crucial in
the regulation of TGFf1 receptor levels and in association of Sdc-2 with betaglycans (L.

Chen, Klass, & Woods, 2004).

J.1.g. Sdc-3

Sdc-3, also called N-syndecan, is the major syndecan in the nervous system. Sdc-
3 null mice have neural migration defects in the brain (Hienola, Tumova, Kulesskiy, &
Rauvala, 2006). Sdc-3 is also expressed by osteoblasts and their precursors and plays an
important role in osteoblast recruitment and bone formation (Imai et al., 1998). Finally, it
modulates feeding behavior by interacting with the melanocortin-4 receptor (Reizes,

Clegg, Strader, & Benoit, 2006).
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J.1.h. Sdc-4

Sdc-4, unlike sdc-1, is present in focal adhesions. Like sdc-1, it is upregulated in
response to wound healing in the endothelial cells and fibroblasts, especially during
granulation tissue formation and contraction in normal mice. Dermal fibroblasts from
sdc-4 knockout mice show reduced rate of cell migration. They adhere to fibronectin and
formed vinculin-containing focal adhesion but do not close scrape wounds. This defect
can not be corrected by treatment with FGF-2. There is little sdc-4 present on epithelial
cells and sdc-4 has not been shown to be involved in tumor formation. Sdc-4 does play a
major role in the regulation of focal adhesions and stress fiber formation in mesenchymal
cells by interacting with integrins and therefore sdc-4 may be involved in the formation
and maintenance of myofibroblasts and CAF (Longley et al., 1999; A. Woods &
Couchman, 2001). The a5P1 integrin and syndecan-4 activate Racl and inhibit RhoA to
regulate cell membrane protrusion and directionality (Bass et al., 2007). This RhoA
inhibition is mediated via p190RhoGAP (Bass et al., 2008). Sdc-4 also contributes to the
expression of profibrotic genes in normal fibroblasts thru the Ras/sMEK/ERK pathway
(Y. Chen et al., 2008). Furthermore, FGF-2 regulates myeloma cell migration through a
syndecan-4 dependent mechanism (Chalkiadaki et al., 2009). On the other hand, TGF2
enhances focal contacts, markedly up-regulates sdc-4 and down-regulates sdc-1 (Dobra et

al., 2003) .

J.2. Integrins

J.2.a. Integrin Structure
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Integrins are a family of cell surface receptors that interact with a variety of ECM
proteins as well as with other cell surface receptors. Since the recognition of the integrin
receptor family over 20 years ago by Hynes et al. (Hynes, 1992), these cell adhesion
receptors are being extensively studied for their role in several physiological as well as
pathological conditions and their potential in targeted therapies. Integrins play an
important role as “sensors” that survey the extracellular space and respond accordingly to
external stimuli by transducing signals that regulate the cell’s behavior; its survival,
proliferation, motility as well as differentiation (Miranti & Brugge, 2002).

Integrins are heterodimeric transmembrane glycoproteins composed of non-
covalently associated o and B subunits. In mammals, 18 o and 8 [ subunit have been
identified. They are known to assemble into 24 distinct integrins. Each o and 3 subunits
contain a large extracellular domain, a single transmembrane domain and a short
cytoplasmic domain. Each a3 combination has its own binding specificity and signaling
properties. Most integrins bind to several ECM proteins (Giancotti & Tarone, 2003;
Hynes, 2002; Miranti & Brugge, 2002). They exist in low and high affinity states. The
high affinity or activated state can be triggered by effectors binding to the subunits’
cytoplasmic tails, an event that can modify cell adhesion. In their low-affinity state, the
ectodomains of a and 3 subunits are in a folded configuration; upon activation both
ectodomains swing open in a switch blade motion; this conformational change causes the
cytoplasmic domains to move further apart and activates ligand binding as well as
assembly of cytoskeletal-associated adaptors (Banno & Ginsberg, 2008; Cluzel et al.,

2005).
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J.2.b. Integrin Activation

For many integrins, Mg®“and Mn”>" can induce conformational changes to the
extracellular domain that correlate with higher affinity binding to ligand. They bind to the
MIDAS (metal ion-dependent adhesion site) of the o subunit (Leitinger, McDowall,
Stanley, & Hogg, 2000). Addition of Mn”" causes activation of avp3 integrins and the
formation of integrin clusters. These clusters recruit talin and bind ligands. Activation is
associated with an increased integrin turnover at focal contacts (Cluzel et al., 2005). The
head domain of talin alone can mediate integrin activation by binding to the integrin -
chain cytoplasmic tail (Calderwood et al., 1999). This binding has been shown to involve
both o and B chain cytoplasmic domains at two sites and represents a final step in
integrin activation. The head domain of talin binds to B chain wedging between the -
cytoplasmic tail and the [-cytoplasmic of integrins and leads to an inside-out
conformational rearrangement of the integrin. This increases the affinity of the
extracellular domain of the integrin, its activation as a receptor and stabilizes the ligand
bound to it (Tadokoro et al., 2003; Vinogradova et al., 2002). A family of chemoattractant
cytokines and inflammatory mediators known as chemokines have the unique potential to
activate and selectively guide various leukocyte subsets to the wound site during the
healing process (Gillitzer & Goebeler, 2001) and these chemokine signaling is known to
lead to integrin activation via talin binding as well (Constantin, 2008). Addition of Mn*"
also leads to changes in avp6 integrin specificity and activates the ERK/MAPK pathway
with an increased cell adhesion to fibrinogen (Fouchier, Penel, Pierre Montero, Bremond,
& Champion, 2007). Activated integrins may then undergo clustering whereby the

transmembrane domain of one integrin molecule interacts with another in a process
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involving homotypic oligomerization of the transmembrane domains. The tendancy of
integrins to cluster after activation is due to their increased avidity for one another.
Changes in integrin avidity complement the changes in affinity and are critical for linking
the extracellular liganded integrin to the cytoskeleton to initiate signaling. This clustering
can take place within seconds when induced by chemokines (Arnaout, Mahalingam, &
Xiong, 2005). As a result, ECM proteins, integrins and cytoskeletal proteins assemble
into aggregates on each side of the membrane. These aggregates or focal adhesions and
ECM contacts can be observed by immunofluoresence. Thus, integrins serve as
“integrators” of the ECM and cytoskeleton, the property after which they are named

(Hynes, 2004) (Giancotti & Ruoslahti, 1999).

J.2.c. Integrin Signaling

Integrin signaling has several distinguishing features. It occurs by “inside-out” or
“outside-in” mechanisms (Kim & Yamada, 1997; Verrecchia & Mauviel, 2002). “Inside-
out” signaling leads to receptor’s activation or an increased affinity for a matrix ligand as
a result of a change in conformation in the integrin cytoplasmic domain caused by the
binding of an intracellular signal. “Outside-in” signaling results when ligand binding to
the receptor causes a conformational change in the molecule which initiates intracellular
signaling through association of the cytoplasmic domain of the  subunit with multiple
intracellular effectors. Integrins associate with elements of the cytoskeleton and their
signaling functions arise from this organization. Integrins have a short half-life on the
plasma membrane turning over rapidly; the effects of its ligation persist over time.

Integrins signal mainly through the recruitment and activation of Src-family kinases
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(SFKs). The integrin heterodimer binds to components of the ECM and triggers the
association of a series of cytoplasmic signal-transducing proteins such as focal adhesion
kinases (FAK) to the cytoplasmic domain of the integrin B subunit. As a result of this
binding, transphosphorylation events amplify signals that activate many of the pathways
that are activated by ligand-activated growth receptors such as EGF. An established
pathway involves FAK activation, recruitment of Sos to activate its downstream targets
including Ras and PI3K. FAK activates signaling from phosphatidylinositol 3-kinase
(PI3K) to AKT/protein kinase B (PKB) through phosphatidylinosito-3,4,5-triphosphate
(PtdIns(3,4,5)P3). FAK functions also as a phosphoregulation-regulated scaffold to
recruit Src to focal adhesions (Giancotti & Tarone, 2003; Guo & Giancotti, 2004; Miranti
& Brugge, 2002). Integrins have short cytoplasmic domains (with the exception of a.634)
and lack the intrinsic catalytic activity for a kinase. As a result, they signal by association
through adaptor proteins with intracellular proteins, lipid kinases and small GTPases
(Beauvais et al., 2004; Giancotti & Ruoslahti, 1999; Giancotti & Tarone, 2003).
Enhanced integrin trans-activation and cross-talk could lead to disruptions in
phosphorylation with consequences in downstream signaling that are involved in
tumorigenesis (Schwartz & Ginsberg, 2002). It has been documented that matrix proteins
modulate the specificity of flow mediated integrin activation. Ligation of one integrin can
suppress the activation of other integrins, a process termed transdominant inhibition. On
collagen, a2P1 is activated whereas avB3 and a5B1 are not. Protein kinase A (PKA) is
activated on collagen and PKA suppresses flow induced avB3 activation. This
phenomenon does not occur when cells are exposed to fibronectin or fibrinogen where

avB3 and a5P1 are activated. Protein kinase Ca (PKCa) is activated on fibronectin and
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mediates o2B1 suppression. Therefore, integrins actively trans-dominantly inhibit
through specific kinase pathways (Orr, Ginsberg, Shattil, Deckmyn, & Schwartz, 2006).
Using time-lapse microscopy and cell tracking to measure random cell migration
Chan and collegues show that alteration in integrin expression or activation can alter cell
adhesion and motility. Increased integrin activity can slow cells down and yet too little
integrin activity can also provide too little traction for efficient migration (Chan,

Cortesio, & Huttenlocher, 2007).

J.2.d. Integrin Genetic ablation studies

Integrins play an important role in angiogenesis. Genetic ablation studies in
combination with studies using integrin inhibitors for studies of angiogenesis have been
used in order to understand the role of integrins and their potential use as targets in
controlling pathological conditions (Bouvard et al., 2001; Hynes, 2002; Silva, D'Amico,
Hodivala-Dilke, & Reynolds, 2008). The av integrin combines with one of five
subunits (B1,B3,B5,86 or B8). In av null mice, ablation of av integrin eliminates all 5
integrins. These mice develop normally till embryonic day 9.5. Embryonic lethality
occurs in 80% of embryos due to placental defects and only 20% of the pups are born
alive. These mice exhibit intracerebral and intestinal hemorrhages and cleft palate, and
they die within the first day after birth (Bader, Rayburn, Crowley, & Hynes, 1998). The
intracerebral hemorrhage is due to a defect in the interaction between blood vessels and
the brain parenchymal cells (McCarty et al., 2002). Using conditional av knockout mice,

it has been shown that this integrin plays a major role in the regulation of the intestinal
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immune response since its absence leads to spontaneous colitis, wasting, and
autoimmunity (Lacy-Hulbert et al., 2007).

The B1 integrin subunit can associate with at least 10 different o subunits and
therefore constitutes the largest subfamily of integrins. In 31 null mice, ablation of 1
integrin eliminates all 10 af31 heterodimers. The B1 integrin null embryos die during
early postimplantation (Fassler & Meyer, 1995; Stephens et al., 1995). To determine the
role of B1 integrins in skin, a mouse lacking this integrin, specifically in the
keratinocytes, was generated (the K5B1-null mouse). These studies showed that B1
integrin plays a very important role in keratinocyte migration and wound re-
epithelialisation (Grose et al., 2002). Additional studies using a mammary specific
promoter showed that the P1 integrin plays an important role in mammary tumor
formation (D. E. White et al., 2004).

The a5 intergin only associates with B1 integrin. Starting day 9 of gestation, a5
null embryos show observable mesodermal defects and cranial neural crest apoptosis
with the yolk sac and embryonic vasculature that fails to form properly and mice die
around days 10 and 11 (Goh, Yang, & Hynes, 1997; J. T. Yang, Rayburn, & Hynes,

1993).

J.2.e. Integrin recycling and cell migration

Integrins mediate interactions between the extracellular environment and the actin
cytoskeleton and play a critical role in regulating cell migration. Cell migration requires
the dynamic assembly and disassembly of integrin mediated adhesions. The actual

mechanism by which integrins are internalized by the cell and returned to the front for
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making new attachments is mainly unknown. This cellular mechanism is referred to as
“trafficking” (P. Caswell & Norman, 2008).

In general, data indicate that some integrins are taken up by clathrin-coated pits
and returned to the cell surface via the endocytic cycle (Bretscher, 2008). The a3p1,
a5B1 and a6P1 integrins have been shown to undergo endocytosis with the tetraspanin
protein CD151 via the clathrin endocytic machinery or clathrin-mediated endocytosis
(CME) (L. Liu et al., 2007). A clathrin-independent endocytosis called Raft/caveolar
endocytosis (RCE) has also been described. Integrin heterodimers internalize via CME or
RCE and proceed to early endosomes, from which they can be returned to the plasma
membrane either directly in a Rab4-dependent manner (the short loop) or, after further
trafficking, would recycle through the rabll dependent mechanism (the long loop)
(Ramsay, Marshall, & Hart, 2007). After 30 min of serum starvation, internalized a5p1
and avP3 are transported via the long loop cycle through early endosomes to the
perinuclear recycling compartment and return to the plasma membrane by a pathway
regulated by Rabll and PKB/Akt via the inhibition of GSK-3B. Following PDGF
treatment, oov3 is rapidly recycled to the plasma membrane thru the short loop cycle,
whereas a5B1 is not. This induced short-loop recycling requires a direct interaction
between avB3 and the PKC-related kinase PKD1 (Roberts, Barry, Woods, van der Sluijs,
& Norman, 2001; A. J. Woods, White, Caswell, & Norman, 2004). The trafficking of
avpB3 influences the trafficking of a5B1 such that when one is actively cycling, the other
one is only slowly doing so and vice versa. This correlates with an increase in the
capacity of a5B1 to activate the Rho-associated kinases (ROCK). This alteration in

signaling causes cells to switch from directional to random cell migration (D. P. White,
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Caswell, & Norman, 2007). Rab25,a member of the Rab11 family, associates with o531
and promotes invasive migration across and through 3D FN-containing matrices by

actively cycling a5B1 to the tip of invading pseudopodia (P. T. Caswell et al., 2007).

J.2.f. Integrins in fibroblast-collagen interaction

Dermal myofibroblasts seeded in three-dimensional collagen lattices are used to
study fibroblast-collagen interactions. Some would even consider that these culture
conditions are closer to the in vivo fibroblast signaling environment than two-
dimensional culture conditions (Green & Yamada, 2007), since in vivo fibroblasts exist
within the 3-D dermis. The collagen composition within the 3-D collagen gel influences
the extent of gel contraction (Berendsen, Bronckers, Smit, Walboomers, & Everts, 2006).
In parallel to an increased aSMA expression in myofibroblasts grown in 3-D collagen
gels, integrin and cadherin expression are also increased. These findings are consistent
with greater adhesion of myofibroblasts to matrix protein in 3-D and their role in
promoting wound contraction (Masur, Dewal, Dinh, Erenburg, & Petridou, 1996).

TGFP1 stimulates myofibroblast mediated contraction of both floating and
anchored collagen matrices. Adding keratinocyte conditioned media (KCM) to 3-D
collagen gels has been done to study epithelial-mesenchymal interaction. The addition of
a TGFBI neutralizing antibody to KCM, used to treat keratinocyte-fibroblast co-cultures,
decreases the rate and extent of contraction of a collagen gels (Mukhopadhyay et al.,
2005). Fibroblast mediated collagen gel contraction is enhanced by TGFB1 (Tingstrom,
Heldin, & Rubin, 1992). Fibroblasts, under contractile tension show inhibition of

apoptosis as well as an altered gene expression patterns. These fibroblasts have been
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called the “synthetic” fibroblasts and they are characterized by inhibition of matrix
degradation coupled with induction of connective tissue synthesis. They are also aSMA
positive. Antibodies against a1l ,a2pB1 , and avp3 integrins attenuate collagen gel
contraction and further reduce apoptosis of the fibroblasts cultured in these collagen gels
(Eckes et al., 2006; Kessler et al., 2001; Niland et al., 2001). When TGFp1 stimulated
cells are incubated with blocking antibodies against a5 and av, gel contraction is
decreased to a level similar to that of untreated control cells, thus indicating that the
TGFB1-mediated contraction is a vitronectin and fibronectin receptor dependent process
(Lygoe, Wall, Stephens, & Lewis, 2007). In contrast to cell adhesion on collagen-coated
coverslips, which is integrin dependent, cell adhesion to collagen matrices seems to
develop an integrin-independent component of anchorage. Addition of 10mM EDTA,
chelating divalent cations that activate integrins, disrupts cell adhesion to collagen coated

coverslips but doesn’t affect the cells spread in a collagen matrix (Jiang & Grinnell,

2005).

J.2.g. Integrins in wound healing and cancer

Integrins, mainly av integrins, are not only important in the fibroblast to
myofibroblast transformation, they also play a major role on cancer formation. Integrins
like avB6 and avB8 bind to latent TGFB1 and contribute to its activation, thereby exerting
a growth-inhibitory effect on carcinoma cells that have not yet lost their sensitivity to
TGFB1 (Mu et al., 2002; Munger et al., 1999).Squamous cell carcinomas (SCC) are
tumors that arise in multilayered epithelia such as the epidermis. Epidermal SCC is

associated with ultraviolet radiation. In the normal epidermis of human and mouse, the
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most abundant integrins in the basal layer are a2f1, a3p1, a6p4 and avB5 which are
expressed in the basal cell. In keratinocytes, during wound healing or in SCC, a5B1, a
fibronectin receptor, and avp6, a fibronectin and tenascin receptor, are upregulated
within basal cells as well as within cells above the basal layer. This is, in part, caused by
av preferentially heterodimerizing with the 6 subunit which is upregulated by wounding
and cancer promotion protocols (Watt, 2002). Janes and Watt (Janes & Watt, 2004) used
a cell line derived from human tongue SCC that lacks cell surface expression of av
integrin. When av is introduced in these cells, it is expressed on the cell surface as a
heterodimer with 5 and anchorage-independent growth is inhibited. Usually,
suspension-induced apoptosis (or anoikis, the Greek word for homelessness) can be
inhibited by ligating cell surface avpB5 with vitronectin or with av-integrin extracellular
domain antibodies. In the cell line studied, anoikis is inhibited even when avp6 is
expressed. The pro-apoptotic effect of av35 is dependent on the B5 cytoplasmic domain.
Down regulation of avp5 through upregulation of av36 may protect SCC from anoikis
by activating an Akt survival signal (Janes & Watt, 2004). Suprabasal o634 integrin
expression influences TGFf signaling and contributes to tumor susceptibility (Owens,
Romero, Gardner, & Watt, 2003). Upon malignant transformation, the complete loss of

some integrins is reported whereas expression of other integrins is induced (Janes &

Watt, 2004).

J.2.h. Integrins and tumor metastasis

Integrins play an important role in organ-specific metastasis for colon cancer,

malignant melanoma, bone and breast cancer (Dittmar et al., 2008). Most colonic
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carcinomas have a decreased or even loss of the expression of a6, B1 and 4 integrins
and a complete loss of a3 and a5. These changes correlate with an alteration of the
adhesive properties of these cells and the early steps of cell migration to a distant site and
metastasis (Stallmach, von Lampe, Matthes, Bornhoft, & Riecken, 1992). The avp3
integrin is expressed in high grade glioblastoma and integrin B3 expression is correlated
to tumor invasiveness in malignant melanoma (Albelda et al., 1990; Gladson & Cheresh,
1991). The avB3 integrin facilitates the transition from radial to vertical growth in
melanoma and, therefore, facilitates invasive growth and penetration thru the basement
membrane into the underlying stroma (Hsu et al., 1998).

A potential mechanism by which activated integrins promotes metastasis is thru
the recruitment of active MMPs. MMP9 and avp3 cooperate to enhance the migratory
responses of metastatic breast cancer cells (Rolli, Fransvea, Pilch, Saven, & Felding-
Habermann, 2003). The avp3 integrin also activates MMP-2 and plays an important role
in matrix degradation and cell motility, facilitating the invasive behavior of cells and
formation of new blood vessels (Brooks et al., 1996; Brooks, Silletti, von Schalscha,
Friedlander, & Cheresh, 1998).

The avPB3 integrin agonist S247, an RGD-peptidomimetic agent, decreased colon
cancer metastasis to the liver as well as angiogenesis within the tumors that formed and
improved the survival of the mice (Reinmuth et al., 2003). avB3 as well as the 1
integrins have been associated with breast cancer progression and organ-specific
metastasis to lung and bone (Felding-Habermann et al., 2001; McSherry, Donatello,
Hopkins, & McDonnell, 2007; Sloan et al., 2006). This might be a promising indicator of

the potential usefulness of anti-integrin strategies in cancer treatment.
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J.3. Integrin-Svndecan interaction

In fibroblasts, integrin binding to the ECM activates signals that regulate integrin
association with the cytoskeleton and lead to assembly of simple fibrillar adhesions,
previously termed ECM contacts, which are elongated or dot-like structures sometimes
located centrally in the cell and associate with ECM fibrils. These fibrillar adhesions
typically contain a5 integrin which leads to the assembly of small focal complexes,
located at the periphery of the cell that further mature into larger and more complex focal
adhesions (Geiger, Bershadsky, Pankov, & Yamada, 2001; Giancotti & Tarone, 2003).
Focal adhesions are flat, elongated structures, several square microns in area at the cell
periphery. They contain typically av integrin heterodimers including av3 and avfs.
Focal adhesion formation during cell spreading on fibronectin depends mainly on the
interaction between sdc-4 and the o5B1 integrin. Sdc-4 cytoplasmic domain directs
binding and regulation of PKCa and is essential for focal adhesion formation and for
cells migrating on fibronectin via a5B1 (Bloom, Ingham, & Hynes, 1999; Lim, Longley,
Couchman, & Woods, 2003; Mostafavi-Pour et al., 2003; A. Woods, Couchman,
Johansson, & Hook, 1986).

However sdc-1 is not thought to be involved in focal adhesion formation; it is not
present within focal adhesions. Also, interaction between avpB3 and avpB5 integrins with
sdc-1 is important for cell adhesion to vitronectin (Beauvais & Rapraeger, 2004;
McQuade, Beauvais, Burbach, & Rapraeger, 2006; Morgan, Humphries, & Bass, 2007).
If sdc-1 is involved in regulating avB3 and avp5 activation, the absence of sdc-1 could
affect the ability of the cell to regulate the activity of the av family of integrins. Different

integrin receptors signal differently. The avp3 integrin remains within focal adhesions
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while a5B1 translocates out of focal contacts at 6.5um/h along fibrillary adhesions
parallel to actin filaments (Yamada, Pankov, & Cukierman, 2003). Both of these integrins
are fibronectin (FN) receptors. In the ECM, FN plays important roles in cell adhesion,
migration and differentiation and a5B1 and avp3 bind to FN specifically via RGD
sequences (Pankov & Yamada, 2002).

A very important link exists between sdc-1 and avp3 in carcinoma cells
(Beauvais & Rapraeger, 2004). Ligation of sdcl via its ectodomain to either an antibody
substratum or a matrix ligand leads to activation of the avp3 integrin. On an avp3-
selective matrix such as VN, av33-dependent cell spreading and migration are blocked
by short-interfering RNA (siRNA) blockade of Sdc-1 expression or by competition with
recombinant Sdcl ectodomain (SIED). The activity of other integrins like aSp1 or avf1
are not affected when sdc-1 siRNA treated cells are subjected to the same treatment. The
siRNA blockage can be reversed by addition of the SIED suggesting that the ectodomain
retains the HS chains and engages the matrix by regulating av3 activity. The same is
true when the studies where conducted for avB5. Therefore, Sdcl regulates these

integrins activity (McQuade et al., 2000).

K. Conclusion

In conclusion, the interactions between sdc-1 and oav- and B1- families of
integrins are important in mediating the migration of activated fibroblasts. The absence of
sdc-1 is therefore predicted to have a large impact on the function of these integrins and
the fibroblasts response. Detailed studies have been done on the keratinocytes from sdc-1

deficient mice but there have been no reports on the sdc-1 null fibroblasts despite their
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importance in wounding and cancer. Our goal in this study was to determine whether
dermal fibroblasts derived from sdc-1 null mouse, like epidermal keratinocytes, show
impaired regulation of integrin expression and function that could contribute to the

delayed healing and susceptibility of these mice to cancer.
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A. Preparation of keratinocytes and fibroblasts from neonatal mouse skin and cell

culture

The procedures used to obtain cells from mice were authorized and approved by the
GWUMC Institutional Animal Care and Use Committee. The (BALB/c) wild type (Wt)
mice were obtained from NCI-Frederick, MD and the construction of sdc-1 deficient
mice was performed as described previously (Stepp et al., 2002). Primary mouse
keratinocytes and fibroblasts were isolated from the skin of newborn BALB/c or sdc-1
null mice as shown below in sections a and b, cells cultured as detailed in section c. The
composition of the solutions and media underlined are described in section d (Lichti,

Anders, & Yuspa, 2008).

a) Keratinocyte preparation

All procedures were performed in the tissue culture hood under sterile conditions.
One to two day old pups were used. They were sacrificed in the CO, chamber and placed
on ice for at least 1 hour. They were washed three times in betadine and in 70% alcohol.
Subsequently, the limbs were cut off from the joint and the skin was cut through the back.
With forceps, the skin was reflected, peeled off and placed in a petri dish. On a dry
surface, the skins were flattened and spread with the dermal side down, then picked up
very carefully and placed in 0.25% trypsin (Gibco #15050-065) dermal side down as
well. The amount of trypsin used was about 2ml /skin. Skins were spread carefully with
removal of any folds on the skin, so that they floated overnight at 4°C. The next day, the
skins were again spread (dermis side up) on a dry surface and the dermis gently removed

and placed in a sterile 50 ml conical tube to be processed at a later stage. The epidermis
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was folded like a wonton to minimize the loss of basal keratinocytes and placed in media
made up of Hi Cal with fungizone (Iml/500ml of Hi Cal) (Amphotericin B,
BioWhittaker #17-836R). Epidermi were pooled from several sdc-1 and wt mice. The
epidermi were cut into small pieces for about 5 min with sharp scissors and filtered
through the falcon yellow filters (BD falcon # 352360) into 50 ml test tubes. The filtrate
was then centrifuged at 800 rpm for 5-7minutes at 4’C and the supernatent was discarded.

The pellet was then resuspended in freezing media (1 ml per skin) and dispensed as 1 ml

per vial, frozen at -80°C for a few hours in a Cryo freezing container (Nalgene # 5100-
0001) to achieve a -1°C /min rate of cooling and then transferred to liquid nitrogen the

following day.

b) Fibroblast preparation:

During keratinocyte preparation, the dermises were collected in a 50 ml conical
tube and set aside. 0.35% of collagenase (30ml per 10 dermis) was added to the dermises
and the tube placed in a 37°C water bath for 25 min shaking the tube every 5 min. 100 pl
of DNAse (Thermo scientific #89635) was added to the dermis-collagenase solution and
returned to the water bath for an additional 5-8 min. Using a 25 ml pipette, the digested
dermises were transferred to a filter (BD falcon #352360) and the filtrate collected in a 50
ml conical tube. Occasionally 2-3 filters were used depending upon the volume and
viscosity of the solution. Filters were washed with 20 ml of fibroblast media and cells
centrifuged at 1000 rpm for 5 min. The supernatant was discarded by using a pipet. The
pellet was very mushy and could be lost if vacuum suction were used. The pellet was

resuspended in 50 ml of media and centrifuged at 400rpm for 5 mins. The supernatent
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was transferred to a new 50 ml conical tube and centrifuged at 400rpm for 5 min. The
supernatent was finally transferred to a new tube and centrifuged at 1000rpm for 5 min.
The pellet was then resuspended in freezing media (1 ml per skin) and dispensed as 1 ml
per vial, frozen at -80°C for 24 hours in a Cryo freezing container (Nalgene # 5100-0001)

to achieve a -1°C /min rate of cooling and then transferred to liquid nitrogen.

¢) Cell culture

For culturing fibroblasts, uncoated plates or dishes were used; fibronectin coating
was not used unless otherwise specified. The cells were removed from liquid nitrogen
and thawed in a 37°C water bath for 5 min. Each vial was added to 10 ml of fibroblast
media and centrifuged at 1000rpm for 5 min at 4°C. Supernatent was discarded and
another 10 ml of fresh fibroblast media was added per mouse equivalent (1 cell vial= 1
mouse equivalent= 1 M.E.) or diluted according to the plating density needed. The
appropriate volumes of fibroblast media (10 ml per 60 mm dishes or 500 ul per well for a
24 well plate or 4 well slides) were then added to the plates or to the slides and incubated
overnight at 37°C in 7% CO,. Plating day was day0. The next day, referred to as day], the
plates or slides were washed three times with DPBS (Lonza # 17-512F) and fresh
fibroblast media was added. Primary fibroblasts were routinely grown in DMEM with
10% serum, for the periods indicated. Starvation experiments involved removing the 10%
serum 24 hr after plating, and after washing once with DPBS, adding 1% serum for the
indicated time (48 hr or more). For studies involving replating of fibroblasts onto
specific matrix proteins, tissue culture plates were coated with either 10 mg/ml human
plasma fibronectin (BD Pharmingen #354008) or 10 mg/ml human vitronectin (BD

Pharmingen # 354238) for 15 min at 37°C. For immunofluorescence microscopy, multi-
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well glass slides (Nalge Nuc International # 154526) were coated overnight at 4°C with
the matrix ligands as indicated and shifted to 37°C for 1 hr. The media containing ECM

proteins was then removed prior to replating cells.

For culturing keratinocytes, plates were coated with a mixture of human plasma

fibronectin and collagen I (FNCNI; 10 pg/ml human plasma FN). For coating the plates

with FNCNI, about 2-3 ml were used per plate and plates were coated at 37°C for 15
mins. Keratinocytes were thawed in the 37°C water bath for 5 min and each vial or each
M.E. was added to 10 ml of plating media and centrifuged at 800 rpm for 5 min at 4°C.
The supernatent was discarded and another 10 ml of fresh plating media was added per
M.E. or diluted accordingly according to the plating densities needed. The appropriate
volume was then added to the plates or dishes (10 ml per 60 mm dishes and 500 pl per
well for a 24 well plate or 4 well slide) and incubated overnight at 37°C in 7% CO,. The
next day, the plates or dishes were washed three times with DPBS and moved to Low
Calcium media (Lo Cal). Keratinocytes should not be left in plating media for more than
16-18 hrs to minimize differentiation and should be put in Lo Cal media as soon as
possible the following day. For the experiments conducted, primary keratinocytes were

grown in regular Lo Cal media for the times indicated.

d) Preparation of the media and solutions used in a-c

1) Lo Cal media was prepared by adding 1.1ml of Pen-Strep Solution (Gibco#15140-
122) , 36 ml of Chelexed Fetal Bovine Serum and 4.5 ml of unchelexed Fetal

Bovine Serum (Gibco #26400-036) to a 450 ml of SMEM (Gibco Formula #98-
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0216DJ). The concentration of calcium was confirmed to be around 0.05mM by
atomic absorption spectroscopy by colleagues at the NIH.

Hi Cal media was prepared by adding 1.1ml of Pen-Strep Solution, 36 ml of
Chelexed Fetal Bovine Serum, 4.5 ml of unchelexed Fetal Bovine Serum and 2.2 ml
of 0.296M calcium chloride to a 450 ml bottle of SMEM. The concentration of
calcium is then 1.4mM.

Freezing media was prepared by mixing with every 9 ml of Hi Cal media, 0.1 ml

HEPES buffer (Fisher BioReagents #BP299-100) and 1ml of DMSO
(Dimethylsulfoxide, Thermo scientific #20684).

The plating media was prepared by mixing with every 1ml of Hi Cal, 6 ml of Lo Cal

media.

Collagenase solution was prepared by dissolving Igm of collagenase powder

(Worthington #4198 210u/mg) in 100ml of 10% serum fibroblast media (described
below), transferring to two 50 ml tubes and centrifuging at 3000rpm for 10 min. The
supernatant was then filtered by consecutively using a 0.45u (Corning #430770) filter
and then a 0.22p (Nalgene #126—0020) filter. The volume was brought to 286 ml
with Hi Cal media, and filtered through a 0.22p1 filter and stored at 4°C.

Fibroblast media (FM) was prepared by adding Sml Pen-Strep (Gibco #15140-122),

Sml of L-glutamine (Gibco #25030-149) and 5ml of NEAA (Gibco #11140-050) to
500ml of DMEM (Gibco #11995-065). This media was called serum-free fibroblast
media (SF-FM). 50 ml of that SF-FM was then removed and 50 ml of fetal bovine

serum FBS (Gibco #26400-036) was added to yield the final FM with 10%serum. The
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1%serum fibroblast media was prepared by a 1:10 dilution of the 10% FM with the
SF-FM.

7) Fibronectin-Collagen solution was prepared by adding 2 ml of HEPES, 2ml of

PureCol (Fisher # 2584- C02-0106), 2mg of fibronectin (BD Biosciences # 354008)
about 20mg of BSA to 200 ml of SMEM,a medium without serum, Ca”*" or Mg2+. It

was filtered with 0.22m filter and stored at 4°C.

B. Animal protocol for skin tissue samples

For full-thickness skin biopsies, wt and sdc-1 null mice were sacrificed using
CO,, the fur on the backs trimmed with a razor. Skin was disinfected and allowed to dry
and lcm full thickness skin tissues were dissected free from underlying fascia, rapidly
frozen in liquid nitrogen and then processed for histochemistry. These biopsies were
sectioned and stained with H and E (Hematoxylin and Eosin) using routine procedure by

Histoserv, Inc. Germantown, MD (http://www.histoservinc.com/index.php) . Images were

acquired at 10x magnification using a Nikon light microscope equipped with a RT-Slider

SPOT Camera. Adobe Photoshop 7.0 was used to manage images.

C. Antibodies used

For immunoblots the following antibodies were used: av integrin (Chemicon
International # AB1930), a5 integrin (BD Biosciences #5H10). The 1 integrin antibody
is an affinity purified rabbit polyclonal antibody made against the human cytoplasmic
domain peptide (Iglesia, Gala, Qiu, & Stepp, 2000). For o smooth muscle actin (aSMA),

the monoclonal A2547 (Sigma-Aldrich # 63103) was used. For microscopic localization
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of proteins, the antibodies listed above for biochemical analyses were also used. For
TGFB1 neutralization studies, the antibody was obtained from R&D Systems (AB-101-
NA) and used at 10 ng/mL. For the GMCSF neutralization studies, the antibody used was
from R&D Systems (AF-415-NA) as well at 10ng/ml. The control antibody was also
obtained from R&D Systems (AB-108-C) and used at the same concentration. For the
integrin function blocking, the antibodies were from BD Pharmigen for av (BD#

552299), B1 ( BD#624092) and control (BD#553926).

D. BrdU labeling

For BrdU analyses, the BrdU in situ labeling and detection kit II (Roche Applied
Science #1 299 964) was used as specified by the manufacturer with some modifications
(Pajoohesh-Ganji, Pal-Ghosh, Simmens, & Stepp, 2006). Procedure is detailed in section

a and the composition of the solutions used detailed in section b.

a) BrdU in situ labeling

At various time points cells grown on 2/4 well slides or in a 24 well plate, were
incubated at 37°C for 30 min in Brdu at 1:1000 dilution in fibroblast media. Cells were

washed with PBS three times and fixed with the fixation solution (prechilled 70% ethanol

in 50nM glycine buffer) for 20 min at -20°C. This was followed by two washes in PBS,
incubation in a solution of 0.1%CaCl, in PBS for 2 min at room temperature (RT), and

then transfer to a solution of 2.5% trypsin (stock) and 0.1% CaCl, in PBS for 3 min at

RT. Cells were then denatured in 4M HCI for 1 minute at RT and washed twice for 5 min

each in PBS with gentle rocking. Cells were blocked in a blocking buffer solution of 1%
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BSA and 0.1% horse serum in PBS for 10 min at RT with gentle rocking. These cells
were then incubated for 30 min at 37°C in the kit supplied primary antibody diluted 1:10
with the blocking buffer followed by 2 washes with PBS and blocked with blocking
solution for 10 min. Next, cells were incubated with the secondary antibody, an anti
mouse IgG diluted 1:500 with blocking buffer for 45 min at room temperature. The
antibody was rinsed off with PBS and the cells were washed twice for 2 min in PBS with
gentle rocking and blocked for 10 min in the blocking solution. The nucleus was then
stained by using Propidium iodide (PI) (Invitrogen # P1304MP) at a 1:1000 dilution in
PBS for 5 min at room temperature. The cells were washed with PBS and finally

mounted on coverslips.

b) Preparation of the solutions used for BrdU labelling

1) Fixation solution: A stock solution of 0.5M Glycine buffer was prepared. To make

the stock, 18.77 g of Glycine were dissolved into 500 ml of distilled water. To get the
pH adjusted to 2, a 4M HCI solution was then added dropwise with pH monitored by
pH paper. When ready to fix, a solution of cold (-20°) EtOH, H,0O, and 0.5M glycine
buffer was mixed at ratio of 23:9:1 respectively. The solution was used immediately
or stored at -20° for 1-2 hr until needed.

2) Trypsin Solution: A stock solution of the 0.1% CaCl, was made by dissolving 0.1g of

CaCl, in 100 ml of H,O. When ready to make the trypsin solution, 2.5% stock
solution of Trypsin (2.5% (10X), Gibco #15090-046) was diluted added to the 0.1%

CaCl, stock in a ratio of 0.25:24.
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3) 4M HCI Solution: A concentrated (12M) HCI solution was diluted with H,O to get

the 4M HCI solution (for every 4ml of water, 4 ml of 12M HCl were used). It was
prepare immediately before use. Caution was used to prevent acid burns and splashes.

4) Blocking Solution : 1mg of BSA (Sigma, FractionV # A-8551) was dissolved with

Iml of Horse serum (Fisher # ICN2921249) in 100 ml of phosphate buffer solution

PBS (Lonza # 17-512F)

E. Time-lapse studies

Cells were seeded onto 24 well plates and allowed to grow for 2 days before
imaging on an Olympus IX81 research microscope (Olympus America, Melville, NY
11747) equipped with a Proscan motorized stage (Prior Scientific Instruments Ltd.,
Rockland, MA 02370) and placed in a temperature and CO, controlled chamber
(LiveCell Incubation System, Neue Biosciences, Camp Hill PA, 17011). Using relief-
contrast optics, 10X images were taken per well every 10 min for 16 hr 40 min (100
images). For each variable, triplicate wells will be tracked and images managed using
Slidebook 4.0 Digital Microscopy Solutions software (Intelligent Imaging Innovations,
Denver CO, 80216). Images were transferred to a workstation equipped with Metamorph
image analysis software (Molecular Devices Corporations, Chicago, IL) and velocities of
20 cells were calculated using the track cell module. A visual basic program was written
to allow choosing the cells to track randomly from each field and to assist in data
analysis. From each cell tracked, an average velocity, net displacement and total
displacement were determined. The processive index (net displacement/ total

displacement) were also calculated. To verify that there was no change in velocity over
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time for each experiment, the velocity over time was routinely assessed for each cell
tracked. For experiments involving measurement of cell velocity after replating, wt and
sdc-1 null cells were initially plated out onto 100 mm dishes for harvesting and onto 24

well plates for tracking.

For studies requiring blocking of integrin function using neutralizing antibodies,
cells were treated at day 2 and tracked overnight. For the studies requiring addition of
TGFp1, cells were treated with 10ng/ml TGFB1 at day 3 and tracking was done 24 hrs
after treatment (day 4). Harvesting for immunoblot analysis was done 48 hrs after TGFf1
treatment (day 5). For the TGFB1 neutralizing antibody studies, cells were treated with

antibody at day 3 and tracked at day 4.

F. Immunoblots

Wt or sdc-1 null fibroblasts were cultured from dayl to day 5 and fed every other
day. 250 ml of M-Per protein extraction reagent (Pierce Chemical Company # 78503)
with proteinase inhibitor (1: 100 dilution) ( Pierce Chemical Co. # 78415) were added to
each of the 10 cm cell culture dishes, and the cells were harvested by scraping. Equal
amounts of total protein of each extract were loaded to the 4-20% gel (Invitrogen #
EC6025BOX) and SDS-PAGE electrophoresis was performed at 140V. The proteins
were transferred to PVDF membrane (Millipore # IPVH15150) at 300 mA for 1.5 hour,
and the blot was blocked in blocking solution (TBS with 0.1% Tween 20 (TBST) and
10% milk) overnight at 4°C. Blots were subjected to ECL reaction (Amersham/GE
Healthcare Services # RPN2132), and chemiluminescence was detected using x-ray film.

When appropriate, data were quantified using NIH Image system.
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G. Cell spreading studies

For cell spreading studies day 3 cultured wt and sdc-1 null fibroblasts were
harvested using 0.25% trypsin-EDTA (25200-056; Invitrogen), trypsin activity was
inhibited by addition of serum, and the cells centrifuged at 1000rpm for 5 min at 4°C and
the pellet resuspended in fibroblast media. Cell spreading was determined at various time
points after replating cells on 4 well plastic slides. Cells were fixed with acetone-
methanol as described and stained with an antibody recognizing actin
(Chemicon/Millipore # MAB 1501R) followed by and an anti-mouse Alexa-488
conjugated secondary antibody (Molecular Probes/ Invitrogen # A11001) to visualize the
cytoplasm and then 10x images were obtained. The areas of no fewer than 100 cells were
determined using Image Pro Plus software; experiments were performed 3 times and data

expressed in arbitrary units.

H. Immunofluorescence microscopy

Fibroblasts were replated onto uncoated or onto VN or FN coated glass 4 well
chamber slides (Lab Tek II Chamber Slide System, Nalge Nunc # 154526) for either 4 or
16 h. The cells were then washed briefly and fixed either in 1) 4% paraformaldehyde in
PBS for 20 min at room temperature and then permeabilized using 0.1% triton x100 in
PBS for 10 min or 2) in ice cold 50% methanol: 50% acetone for 2 min followed by 20
min in 100% methanol. The slides were then washed and stored in PBS.

Indirect immunofluorescence was performed (Stepp & Zhu, 1997). Slides were

incubated with blocking buffer for 10 minutes in 1X PBS (To make 100 ml of Blocking
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Buffer, 1 g of Bovine Albumin was added to100 ml PBS, the mixture was stirred for 10
min and then 1 ml of horse serum was added and stirred for another 10 minutes, at RT as
described earlier in D.b). Then the slides were incubated with primary antibody in a moist
chamber for one hour at RT. Slides were then rinsed with PBS and incubated with
blocking buffer for 15 min, at RT and with gentle shaking. Afterwards, the slides were
incubated with a secondary antibody in a moist chamber for 45 min, at RT. Slides were
then rinsed with PBS then incubated with blocking buffer for another 15 min, at RT and
with gentle shaking. The nucleus was then stained with a nuclear marker, usually DAPI
(4,6'-diamidino-2-phenylindole; blue fluorescent dye for staining nuclei double-stranded
DNA) (Invitrogen # D21490). Floromount mounting medium (Electron Microscopy
Sciences # 17984-25) was then used to mount the slides with coverslips (Fisher #12-548-
5P) . The primary and secondary antibodies were prepared or diluted in blocking buffer.
A positive and a negative control were run with each antibody-binding study.

For cytoskeleton and focal adhesion staining, the 4% paraformaldehyde fixed cells
were stained simultaneously with phalloidin (AlexaFluor 488 phalloidin, Invitrogen # A-
12379) and antibody against vinculin (Chemicon/Millipore # MAB3574). For a5 and av
integrin immunolocalization, the methanol: acetone fixed cells were used with the
appropriate integrin antibodies. Nuclei were visualized using DAPI (Invitrogen #
D21490). Images were acquired at 40x magnification using a Nikon Fluorescent
microscope equipped with a RT-Slider SPOT Camera. Adobe Photoshop 7.0 was used to

manage images.
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1. Surface biotinylation of integrins

Biotinylation was performed on adherent fibroblasts using EZ-Link NHS-Biotin
(Pierce Chemical Co. # 20217) as recommended with the exception that the biotin
concentration used was 0.5 mg/ml in PBS. To assure that integrins at the fibroblast basal
surface of adherent cells were biotinylated efficiently, experiments were performed
comparing integrin biotinylation in adherent and suspended fibroblasts, no differences
were observed.

Fibroblasts were grown in standard media for 3 days. The cells were washed with
PBS and ice cold biotin solution was added. The plates were incubated for lhr on ice.
Biotin solution had to be made 10 minutes prior to use or else its efficiency is lost. After
incubation, the cells were washed once with ice cold PBS and extracted in Buffer A (BA)
using a cell scraper. Buffer A composition: 0.1M Tris (pH 8.5), 0.15 M NacCl, 0.5mM
MgCl, and 0.5% NP40 and protease inhibitor (Roche # 04693124001) (for every 2 ml of
BA, 286 ul of protease inhibitor). The samples were pipetted up and down a few times to
disrupt the cells and were left on ice for 15 min and then centrifuged at 10,000rpm for 5
min. The supernatant was saved in a new tube.

Integrins were immunoprecipitated using the protein sepharose A beads (Sigma #
SC- 2002). The first step involves washing the beads. 500ul of the bead slurry was spun
down, supernatant removed and 1000ul BA added. This process was repeated 3 times.
For 1P, 25-50 ug of protein sample was used. To appropriate volume of the protein
samples (determined by using the BCA protein assay kit; Pierce # 23225), 30ul of the
washed bead slurry was added. The tubes were rocked for 5 min and then centrifuged at

10,000 rpm for 5 min. The supernatant was transferred to a new tube and was used for the
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immunoprecipitation procedure. This is the Pre-Clearing step and is done to reduce the
non-specific binding. 2-3 ul of the antibody was added to the pre-cleared samples and
rocked at 4° C for 1 hr on a shaker. 100p1 of the bead slurry was added to the samples and
incubated for another 1 hr at 4° C on a shaker.

Following incubation, the samples were spun down and supernatant discarded.
500ul of BA was added to each tube and centrifuged. This step was repeated 3 times to
remove any unbound antibody. After the last wash, all the buffer was removed using a
narrow tip transfer pipette and 30 ul of 2x SDS loading buffer was added and samples
were heated at 100° C for 3 min. The beads were spun down and the supernatant was
loaded and run onto a gel, transferred onto membranes, and biotin was detected using
horse radish peroxidase (HRP)-conjugated avidin (Biorad, Hercules, CA # 170-6528)
(Stepp, Spurr-Michaud, Tisdale, Elwell, & Gipson, 1990) (Stepp et al. 1990). The
efficiency of biotinylation was assessed by running 50 and 100 ng of total biotinylated
protein extract from wt and sdc-1 null cell extracts. For all of the data presented, the
biotinylation efficiency was confirmed to be similar between wt and null fibroblasts.

Experiments were repeated a minimum of 3 times on three separate sets of cells.

J. Crystal violet assay

This assay was performed as described by Heng and colleagues (Heng, Huang,
Black, & Trackman, 2006) with modifications. Cells from day 1 to day 5 within the wells
of 24-well plates were fixed at different time points with Bouin’s Fixative (75 ml of a
saturated solution of picric acid (Sigma-Aldrich #319287), 20 ml formaldehyde, and 5 ml

glacial acetic acid) for 1 hr, washed, and wells allowed to air dry in the hood overnight.
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An 0.5 ml of a 0.1% crystal violet staining solution was added to each well and cells
incubated for 30 min at room temperature while shaking gently. Wells were washed with
water, followed with acid water (0.01 N HCl), and dried in a 42°C oven for 15-20 min.
The crystal violet dye was eluted with 10% Acetic Acid and the cell number per well

determined by measuring the OD of the eluted dye at 550 nm.

K. GST-peptides experiments

The Sdc-1 ectodomain was added to day 2 cultured wt and sdc-1 null fibroblasts
and time lapse migration studies were conducted as described in section E. The
recombinant GST-fused mS1ED (GST-mS1ED) (38.3ul/ml) and S4ED (GST-mS4ED)
(23.8ul/ml) proteins, prepared and described by Rapraeger et al. (Beauvais et al., 2004),
were used with a control GST (5.95ul/ml). The final concentration of these peptides used

was 12.5ul/ml.

L. Conditioned media experiments

Keratinocytes were cultured till day 3, washed with PBS and maintained in low
cal for 48 hours. Media was then be collected, centrifuged at 1000rpm for Smin at 4°C to
remove cells and debris and supernatant collected and stored at -20°C for later use. The
cells on the plate were collected by trypsinization (as described earlier on in this method
section) and a cell count was performed to allow for determination of the volume of CM
per million cells. For ras™ transfected cells, fresh Lo Cal was added 3 days after
transfection and conditioned media was collected 48 hours later corresponding to 5 days

after infection.
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M. Ras transfection of keratinocytes

Keratinocytes in culture to be transfected with the v-ras"™” retrovirus were treated with
low-Ca”*" media, polybrene at 4ug/ml and diluted supernatant from ¥-2 producer cells at
1:6 or 1:7 dilution. The undiluted viral supernatant had a titer of about 3x10"6 focus
forming units per ml. Cells were incubated at 37°C for 1 hr and then fresh Lo Cal was

added to the cells. Experiments were conducted 3-5 days after transfection (Dlugosz et

al., 1997).

N. Searchlight data analysis of cytokines in the conditioned media

A Semi-quantitative cytokine antibody array, in which multiple cytokine
antibodies were assayed on a solid support (membrane or glass) was developed by Pierce.
Detection of multiple cytokines was achieved through a sandwich-like ELISA procedure
performed by that company to provide us with measurement of a panel of cytokines in

the condition media that was harvested.

O. Statistics

Data were subjected to statistical analyses using InStat software (Graphpad
Software, Inc., San Diego, CA 92130). Unless otherwise indicated, the differences
between groups were determined by two tail unpaired t-tests or ANOVA (Analysis of
Variance). Data were considered significant for p values of less than or equal to 0.05 for
the two tailed unpaired t-tests and for p values of less than or equal to 0.001 for the

ANOVA tests. When standard deviations between groups were not equal in the two tail
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unpaired t-tests, significance was determined using Welch corrected unpaired t- tests and
when the distributions of values within a data set were not Gaussian, significance was
determined using the Mann-Whitney test. Bar graphs were generated using means and

standard error of the mean (SEM) values.
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General introduction to the result chapters

Syndecans are important regulators of cell-cell and cell-extracellular matrix
interaction. Initial studies showed that sdc-1 deficient mice have skin and corneal wound
healing delays. Subsequent studies have focused on the susceptibility of these mice to
cancer, differences in inflammation, as well as on their ability to repair coronary defects.
Recently, we reported that sdc-1 null mouse keratinocytes exhibited enhanced adhesion,
delayed migration and increased constitutive TGFf signaling, factors that would interfere
with wound healing (Stepp et al., 2007).

The following experiments were designed to begin to address how sdc-1 null
fibroblasts and keratinocytes migrate in the skin in response to wound healing,
inflammation and cancer progression. Our central hypothesis was that altered integrin
expression and function in the sdc-1 null fibroblasts delay wound healing and
provides an inhibitory microenvironment for tumor formation.

Animals used in this study included wt BALB/c mice (Harlan labs) and sdc-1 null
mice that have been backcrossed for 7 generations onto the BALB/cJ strain and
maintained in the Stepp lab as a breeding colony. We propose to develop a molecular
level understanding of the events that occur during sdc-1 fibroblast activation in order to
gain a better understanding of the causes underlying the wound healing and tumor
phenotypes of the sdc-1 null mice. We first demonstrate in chapter 3 that primary
dermal fibroblasts from sdc-1 deficient mice have altered migration and integrin
function. Then after studying the properties of these activated cells in chapter 3, we show
in chapter 4 that in the quiescent state, cultured dermal wt and sdc-1 null fibroblasts

have similar phenotypes and that re-exposure to serum and TGFB1 induces
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profound differences in migration, downstream signaling, integrin expression and
activation. In chapter 5, we developed an in vitro model to study the effects of oncogenic
ras'™ activated keratinocytes on the behavior of wt and sdc-1 null fibroblasts and we
showed that transformed keratinocytes and pro-inflammatory cytokine production

have an effect on the activated fibroblasts in the tumor stroma.
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Chapter 3

Results part 1

Primary dermal fibroblasts from sdc-1 deficient mice have altered migration

and integrin function

Introduction for Chapter 3

In unwounded skin, fibroblasts in the dermis continuously synthesize and
maintain the connective tissues that comprise their collagen scaffold; they rarely divide
and have been called quiescent due to their slow proliferation rate. After wounding,
growth factors derived from serum and cytokines secreted by inflammatory cells combine
to activate quiescent fibroblasts adjacent to the wound bed. TGFB1 is the founding
member of a large family of growth factors that now includes important
morphoregulatory proteins such as bone morphogenetic proteins (BMPs) and activins
(Massague, Cheifetz, Ignotz, & Boyd, 1987). TGF1 is induced in response to injury and
upregulates extracellular matrix, integrin expression, and alters cell migration and
differentiation (Kim & Yamada, 1997; Verrecchia & Mauviel, 2002). Our studies use
primary mouse fibroblasts obtained from the neonatal mouse dermis; culturing fibroblasts
from the unwounded dermis in the presence of 10% serum also triggers their activation.
Activated fibroblasts turn on expression of aSMA, proliferate, and increase their

expression of integrins.

Our previous report identified differences in a6p4-integrin mediated adhesion and
altered TGFpB1 signaling in primary mouse keratinocytes (Stepp et al., 2007). In this

study, we set out to determine whether alterations in integrin expression and function are
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intrinsic to cells lacking sdc-1. Integrins support cell adhesion, spreading, and migration
(Hynes, 1992) and can be expressed on cell surfaces as inactive or active forms (Arnaout
et al., 2005; Arnaout, Goodman, & Xiong, 2007). Overexpression and/or enhanced
activation of integrins can slow cell migration by increasing adhesion strength whereas
reduced expression and/or failure to fully activate integrins can reduce adhesive strength
and enhance migration. The advantage of using wound healing models is that their
systemic response to injury gives a closer an understanding of healing in humans.
Compared with cell culture models however, in vivo experiments are limited in terms of
their ability to allow us to study underlying molecular mechanisms. TGFP1 expression
and differences in integrin function have emerged as important factors regulating the cell
migration velocity of epithelial cells with and without the proteoglycan sdc-1. Sdc-1 null
mouse keratinocytes exhibited enhanced adhesion, delayed migration and increased

constitutive TGFB1 signaling (Stepp et al., 2007).

To begin to sort out cell-type specific issues we conducted experiments in vivo to
test the hypothesis that primary dermal fibroblasts from sdc-1 deficient mice have
altered migration and integrin function. Using time-lapse migration studies we found
that sdc-1 null dermal fibroblasts migrated faster than wt fibroblasts and had altered
responses to addition or neutralization of TGFB1 despite similarities in the regulation of
aSMA expression in the two genotypes of fibroblasts. Analyses of integrin surface
expression and localization as well as time lapse studies integrin antagonists led us to
conclude that the accelerated migration rate in the sdc-1 null fibroblasts is due to
differences in the regulation of expression and activation of av-containing integrin

heterodimers.
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Results Part 1

Although differences in aSMA expression were not seen, at day 3 sdc-1 null
fibroblasts had increased integrin expression.

To begin to study the activation of sdc-1 null fibroblasts, we first analyzed the
growth characteristics of the wt and sdc-1 null fibroblasts in primary cell culture.
Primary dermal fibroblasts were prepared (as described in the Methods section) and
equivalent numbers plated onto uncoated tissue culture plastic and maintained in DMEM
medium supplemented with 10% serum. We examined their morphology over time, and
relief contrast images of the fibroblasts were taken (Figure 3.1A).

Using immunoblots as described in the Methods section, we then determined
whether the primary wt and sdc-1 null fibroblasts have similar expression of activation
markers aSMA, B1, a5, and av integrins as a function of time after plating and with or
without addition of TGFB1. Data are presented in Figure 3.1B and quantitated in 3.1C.
We observed increased expression of aSMA in both wt and null fibroblasts as a function
of time with levels increasing at each time point from day 1 to day 4; from day 4 to day 5,
aSMA levels remained high and did not increase significantly; there was no difference in
either the timing of the increase or in the amount of aSMA produced by the wt and the
sdc-1 null fibroblasts. Likewise, for both genotypes, fibroblasts treated with TGFp1 at

day 3 showed no significant change in the expression of aSMA at day 5.

Expression of B1, av, and a5 integrins, in wt and null primary fibroblasts was

below detectable at day 1. At day 2 in wt cells, B1- and av- integrins increased,
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Figure3.1. Primary cell cultures of sdc-1 null fibroblasts show transient up-
regulation of total integrin expression compared to wt fibroblasts.

A. Relief contrast images of primary fibroblasts taken after the indicated number of days
in culture showed that wt and sdc-1 null fibroblasts reach confluence between days 3 and
5.Bar =15 pm. B. Immunoblot analyses of aSMA, as well as 1, av, and a5 integrins
with actin levels serving as loading controls. C. Quantification of the data presented in B
using NIH-Image. A minimum of 3 different sets of fibroblasts were used for each
protein quantified. Asterisks in C indicate data found to be significant at p <0.05 by
Student’s t test.
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with expression of both peaking at day 4 at levels 4-8 fold higher than seen at day 2
before dropping slightly at day 5. TGFB1 treatment at day 3 and analysis at day 5 showed
an increase in av integrin, but B1 integrin levels did not vary after TGFB1 treatment in wt
cells. The sdc-1 null fibroblasts expressed higher levels of all three integrins assessed
compared to wt cells at day 2 but these differences were not statistically significant. The
peak level of expression of Bl and av integrins in sdc-1 null cells was at day 3 with
levels 2-5 fold higher than at day 2. Also, compared to wt cells, at day 3 there was
significantly more 1 and av integrin produced by the null fibroblasts, but by days 4 and
5, these differences were no longer observed. When the sdc-1 null fibroblasts were
treated with TGFB1 and integrin expression assessed at day 5, they expressed
significantly higher levels of B1 integrin compared to treated wt cells. By contrast,
TGFp1 -treated wt fibroblasts increased expression only of av integrin. In wt and sdc-1
null cells, a5 integrin was expressed similarly and showed an expression pattern distinct
from those of B1 and av integrins. It peaked at day 2 and remained at the same level
regardless of genotype, time point or TGFB1 treatment. Since we see similar levels of
expression of aSMA, it appears that sdc-1 null fibroblasts are activated similar to wt
fibroblasts. However, the fact that the sdc-1 null cells upregulate both families of
integrins after TGFB1 treatment suggests important differences in cell signaling between

the two genotypes.

Sdc-1 null fibroblasts migrate faster and have altered TGFp1-mediated

migration compared with wt fibroblasts.
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In Figure 3.1 we show that as dermal fibroblasts adapt to cell culture, they
dramatically upregulate their expression of integrins. By day 3 the sdc-1 null cells
expressed more av- and Pl-family integrins relative to wt cells, and while TGFp1
treatment increased only av integrin expression in wt cells, it increased both av- and B1-
family integrins in sdc-1 null cells. Based on the hypothesis that TGFB1 regulates
fibroblast migration by enhancing integrin expression and function more in the sdc-
1 null cells than in the wt cells, we wanted to determine if these differences in integrin
expression and TGFPB1 responsiveness impact the ability of the cells to migrate
spontaneously in cell culture, time lapse studies (as described in the Methods section) of
randomly migrating wt and sdc-1 null fibroblasts were conducted. Shown in Figure 3.2A,
the tracks traveled (in red) by the null fibroblasts were longer and the average velocities,
shown in Figure 3.2B, were greater at days 2 and 4 than those of wt fibroblasts.

We showed previously in keratinocytes that TGFB1 treatment altered cell
proliferation and migration rates and enhanced total and surface integrin expression and
cell migration rates (Stepp et al., 2007). When we assessed fibroblast proliferation using
BrdU in untreated as well as TGFPB1 treated cells at the same time points that cell
migration was assessed, we found that the proliferation index in untreated sdc-1 null
fibroblasts was significantly higher than in wt fibroblasts and TGFB1 reduced the
proliferation index of both wt and sdc-1 null dermal fibroblasts (Figure 3.2C). However,
the sdc-1 null cells proliferated faster than the wt cells both before and after TGFf1
treatment. 24 hours after treatment of day 4 cells with 10 ng/ml TGFf1, the migration
rates for sdc-1 null fibroblasts increased by 1.3 fold, from 0.62 to 0.78 um/m; the

increase in wt fibroblasts was only 1 fold, from 0.54 to 0.58 um/m (Figure 3.2B).
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Figure 3.2. Primary sdc-1 null fibroblasts migrate faster than wt cells.

A. Time lapse studies of wt and sdc-1 null fibroblasts. The tracks (indicated in red) for
the null fibroblasts were longer than those for the wt fibroblasts suggesting that the null
cells were migrating faster. Bar = 10 pm B. The sdc-1 null cells migrate faster at days 2
and 4 as well as after TGFB1 treatment; wt cells had similar velocities regardless of time
point or TGFB1 treatment. C. Proliferation indices showed that at day 4, the sdc-1 null
fibroblasts proliferated faster than wt cells. Both genotypes responded to addition of
TGFB1 by reducing their proliferation rate. D. Antagonizing TGFfB1 activity using a
TGFB1 neutralizing antibody (NA) inhibited null cell migration but had the opposite
affect on wt cells. Data in B-D indicate mean values +/- SEMs for a minimum of 60
individual cells for each variable investigated; asterisks show data that were significantly

different with p < 0.05 as determined using the student’s t test.
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Although both of these increases in cell migration were significant, the larger increase
seen in the sdc-1 null cells suggests that cells without sdc-1 were more responsive to the

cytokine.

The ability of cells to respond to exogenous, active TGFB1 helps assess one
aspect of TGFB1-mediated signaling. Other important events known to mediate signal
transduction include activation of latent, endogenously produced TGF1 at cell surfaces
and binding of the activated growth factor to its receptor. To determine whether there are
differences in endogenous TGFB1-mediated cell migration between wt and sdc-1 null
fibroblasts, we added a well characterized TGFp1-neutralizing antibody to cultured cells
at day 3 and 24 h later assessed cell migration rates; controls included fibroblasts
incubated with a control antibody as well as untreated fibroblasts (Figure 3.2D).
Neutralizing TGFB1 activity in wt fibroblasts caused a significant increase in cell
velocity of 1.2 folds; however the same treatment had the opposite effect in sdc-1 null
fibroblasts decreasing null cell velocity by 1.5 fold to levels that were similar to untreated

wt fibroblasts.

The increase in sdc-1 dermal fibroblast cell migration persists after replating

cells onto uncoated or FN-coated tissue culture plastic but not onto VN.

As seen in Figure 3.2B, a significant drop in cell migration rate was seen between
days 2 and 4 in the sdc-1 null fibroblasts. This drop could be due to accumulation of
matrix component(s) that slow their velocity or differences in expression and activation
of integrins in sdc-1 null fibroblasts. We next performed cell adhesion and spreading

assays on day 3 fibroblasts. Similar adhesion of wt and sdc-1 null fibroblasts to several
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Figure 3.3. Replating wt and sdc-1 null cells revealed differences in spreading, cell
migration rates, and focal adhesions.

A. Cell spreading assay on cells replated on uncoated surfaces showed that by 120 min
the wt fibroblasts were significantly more spread than the null fibroblasts. For each
variable, the area of a minimum of 200 cells were measured after fixing and staining cells
with an antibody against actin. B. Average velocities of both wt and sdc-1 null cells
increased proportionately after replating onto uncoated tissue culture plastic. However,
the sdc-1 null fibroblasts migrated faster than the wt cells except when replated on VN.
Data in A and B show mean +/- SEMs; asterisks show data that are significantly different
with p < 0.05 as determined using the Student’s t test in A and Mann Whitney test in B.
C. Cells were replated on the indicated substrates and allowed to spread for 4 h and
stained with phalloidin for F-actin or with the indicated antibodies. Arrows in the
merged images indicate margins of cells where vinculin and av-integrin containing focal

adhesions form. Bar =10 pm.
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different matrix ligands including collagen types I and IV, FN, and VN (data not shown)
was observed. We then looked specifically at cell spreading from 20 to 120 m after
replating. While both genotypes of fibroblasts spread at similar rates over the first 60 m,
by 120 m, the wt fibroblasts were 1.8x more spread than were the null fibroblasts (Figure

3.3A).

We then did time lapse studies after replating equal numbers of day 3 wt and sdc-
1 null fibroblasts onto either tissue culture plastic or onto dishes that had been coated
with 10 pg/ml FN or VN. Replating cells onto high concentrations of FN induces cells to
use their fibronectin receptors, a5B1 integrin primarily in dermal fibroblasts, for their
initial adhesion and migration whereas replating cells onto VN causes cells to use their
VN receptors, primarily avp3 and avp5 integrins. As shown in Appendix Figure 3.3B,
wt fibroblasts migrated faster after replating on either uncoated tissue culture plastic or
FN coated dishes than they did after 4 days of continuous culture (compare data in Figure
3.3B to velocities in Figure 3.2B) and they migrated even faster on VN. Likewise, the
sdc-1 null cells migrated faster after replating on tissue culture plastic compared to
continuous culture but, unlike wt cells, they migrate slower on FN and even slower on

VN. On VN, both genotypes migrated at the same rate.

When cells are placed in suspension during replating, they become spherical and
the well-ordered filaments that make up their cytoskeleton partially disassemble. Since
replating cells induces rapid cytoskeletal reassembly, the slower rate of cell spreading
seen for the null cells in Figure 3.3A suggested differences in the ability of wt and sdc-1
null cells to reassemble their cytoskeleton after replating. Cells were allowed to spread

for 4 or 16 h after replating on uncoated, FN, or VN coated surfaces as described in B.6.
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After fixing, the cells were labeled for either F-actin (phalloidin) and focal adhesions
(vinculin) or for one of the two components of a fibronectin receptor a5 integrin) and
vitronectin receptors (av integrin). Data are presented in Figure 3C for cells 4 h after

replating and in Figure 4 for cells 16 h after replating.

After 4 h (Figure 3.3C), dermal fibroblasts have spread and their actin
cytoskeleton has partially reassembled. Compared with cells spreading on VN and FN,
cytoskeletal reassembly was delayed on uncoated surfaces for both wt and sdc-1 null
cells. Although the sdc-1 null cells spread slowly on uncoated surfaces, consistent with
the data presented in Figure 3.3A, their actin cytoskeleton was better assembled and more
vinculin was recruited to cell margins than seen in the wt cells. On VN and FN, for both
wt and sdc-1 null cells, F-actin was localized to well-organized actin filaments occupying
the space around the nucleus and occasionally inserted into vinculin-containing focal
adhesion complexes at cell margins. In both wt and sdc-1 null cells, a5 integrin was
distributed throughout the cytoplasm at 4 h after replating onto uncoated surfaces but av
integrin was recruited to focal adhesions at the cell periphery in both cell genotypes.
Vinculin accumulated within focal adhesions in both wt and sdc-1 null cells after 4 h on
VN and FN but av integrin was sparse at cell margins in the wt cells on VN but not in the
sdc-1 null cells (white arrows, Figure 3.3C). On wt cells replated onto uncoated surfaces,
which contain low concentrations of VN and FN adsorbed from serum, av integrin was
assembled into larger focal adhesions compared to cells replated onto surfaces coated
with high concentrations of VN. By contrast, sdc-1 null cells assembled large focal
adhesions when replated on both uncoated surfaces and on surfaces coated with high

concentrations of VN. Results for localization of o5 and av integrin on FN-coated
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surfaces after 4 h were similar to those on uncoated surfaces with av integrin prominent

at focal adhesions (data not shown).

Shown in Figure 3.4 are cells stained for F-actin and vinculin after plating on
uncoated, FN, and VN coated surfaces for 16 h. In order to minimize variability and to
facilitate comparisons, we focused on cells having well-developed lamellopodia (white
asterisks, Figure 3.4) with nuclei displaced towards their rear. Both the wt and sdc-1 null
cells had elaborate F-actin networks on all three surfaces but there were differences in
their assembly of focal adhesions which were substrate specific. For wt cells, focal
adhesions were less well developed when cells were plated on VN compared to FN and
uncoated surfaces (white arrows, Figure 3.4). For sdc-1 null cells, focal adhesions were
more poorly developed in cells plated on FN, better developed on uncoated surfaces, and

most developed on VN.

On VN coated surfaces, in wt cells, a5 integrin was diffusely localized within the
extended lamellopodium all the way out to the leading edge; in sdc-1 null cells, a5
integrin was more filamentous within the lamellopodium and accumulated at the tip of
the leading edge. As expected, av integrin was detected in focal accumulations at the
cell margins suggesting its presence in focal adhesions. Co-labeling of cells plated on VN
for 16 h for vinculin and av integrin showed colocalization of these proteins confirming

that the sites of av integrin localization are focal adhesions.
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Figure 3.4. 16 hr after replating, vinculin and av integrin containing focal
adhesions were larger in sdc-1 null cells replated on VN.

Cells were replated on the indicated substrates and allowed to spread for 16 h prior to
fixation and staining with phalloidin for F-actin or with the indicated antibodies.
Asterisks in the merged images indicate leading edge lamellopodia. Note that when
dermal fibroblasts are replated onto VN, focal adhesions are larger for the sdc-1 null cells

compared to the wt cells (white arrows). Bar =10 um
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These results indicate that sdc-1 null cells assembled av integrin-containing focal
adhesions when replated on VN as early as 4 h and they did so at least as fast or faster
than wt cells. The sdc-1 null cells migrated slower on surfaces coated with high
concentrations of VN than they did on uncoated or FN coated surfaces; matrix-dependent
slower migration correlated with larger focal adhesions. Wt cells migrated fastest on
surfaces coated with high concentrations of VN; these more rapidly migrating cells had
smaller focal adhesions. Despite the similarity between the velocities of wt and sdc-1
null cells replated onto VN coated surfaces (Figure 3.3B), their organization of av-

integrin and vinculin within focal adhesions was distinctly different.

Antagonizing the functions of both av and 31 integrins in wt and sdc-1 null

cells revealed differences in the ability of their integrins to mediate cell migration.

At day 3 when sdc-1 cells migrated faster than wt cells, expression of both (1-
and av-integrin were enhanced in sdc-1 null fibroblasts. To determine if the activity of
integrins at the cell surface was also altered, wt and sdc-1 null fibroblasts were treated at
day 3 with 25 pg/ml of two different integrin neutralizing antibodies (9EG7 against 1
and RMV-7 against av) alone and in combination and migration rates were assessed 24
hr later. Both the av- and B1-integrin targeted antibodies bind to integrin heterodimers
on cell surfaces in their inactive and active conformations. The antibody antagonists
affect only integrins on media-exposed plasma membrane. They cannot access integrins
at the basal surface where integrins are bound to their underlying matrix and are
transiently protected from the antagonist. However, cells are in constant motion in cell

culture and basal membrane domains exchange rapidly with apical domains. Since
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antibody:integrin complexes are quickly internalized and sent to lysosomes for
degradation, adding integrin blocking antibodies to adherent cells growing in culture does
not cause cell detachment but instead reduces the amount of a given integrin at the cell
surface. Addition of the integrin antibodies can have several different effects on cells. If
either the total number of integrin heterodimers and/or the activity of those integrins is
above the optimal level required for supporting cell migration prior to addition of the
antagonist, then adding the blocking antibodies would cause cells to migrate faster. If the
activity and/or amount of the integrins is below the optimal level, cells would migrate
slower after treatment with an antagonist. Finally, if the activity and/or number of
integrins targeted were in the optimal range for supporting cell migration, the blocking

antibody would have no impact or only a slight effect on migration rates.

Data presented in Figure 3.5A show that compared to control IgG, wt fibroblasts
treated with awv, B1, or both integrin blocking antibodies increased their cell migration
rate. This result suggests that, in wt cells, both classes of integrins are expressed and
functioning at levels above those optimal for cell migration thus rendering the cells too
adhesive. When levels of av, B1, or both integrin families are reduced, cells were less
adhesive and they migrate faster. Another way of assessing the roles of integrins in
mediating cell migration is to evaluate the persistence index (PI) rather than the cell
velocity. PI values assess net cell displacement/total cell displacement, thus giving a
measure of the cell directionality, or processivity, and several recent studies show that PI
is regulated primarily by B1 integrins via small GTPases, particularly Rac. Calculations

of PI values for the migration of wt and sdc-1 null cells after replating on uncoated tissue
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Figure 3.5. Integrin activation at cell surfaces is reduced in sdc-1 null cells
compared to wt cells despite surface integrin expression being similar.

A. Addition of Bl and/or av integrin function blocking antibodies alone or in
combination to wt fibroblasts at day 2 in culture resulted in increased wt cell migration
rates compared to IgG treated controls. Addition of B1 blocking antibodies alone
increased null cell migration whereas addition of the av blocking antibodies had no
affect. Adding both antibodies to the sdc-1 null cells significantly reduced their
migration rate. The processive indices (PlIs) of control wt and sdc-1 null cells were the
same. However, the PI values for both wt and sdc-1 null cells dropped after addition of
the B1 and/or av integrin function blocking antibodies either alone or in combination.
Data show mean velocities or mean PI values +/— SEMs; asterisks indicate data that were
significant at the p < 0.05 levels using the Mann Whitney test. B. Biotinylated wt and
sdc-1 null cells were normalized by protein level and their biotinylation efficiencies
determined by running equal aliquots of total biotinylated cell extracts onto gels. There
was no difference in the biotinylation efficiency of the wt and sdc-1 null fibroblasts. C.
Equal aliquots of biotinylated cell extracts were immunoprecipitated using the antibodies
against the indicated integrin subunits. Since biotin does not incorporate uniformly in the
different integrin protein subunits, the o and [ subunits that make up the integrin
heterodimers are not apparent in each immunoprecipitation. Data were quantitated in D.
Three independent sets of fibroblasts were used for these studies and experiments were
repeated three times. Only o231 and a3p1 are expressed at elevated levels in the sdc-1

null cells.
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culture plastic in the presence of control IgG showed no significant differences (Figure
3.5B). In the wt cells, blocking integrin function using either av- or B1- antibodies
reduced PI values and using both inhibitors had a cumulative affect on PI values. In cells
lacking sdc-1, av- and B1- integrin blocking also reduced PI values but when both
integrin blocking antibodies were added together, the reduction in PI was not cumulative

as it was for the wt cells but identical to that seen with either inhibitor alone.

Despite the reduced activity of the av-containing integrins on the sdc-1 null

cells, their expression at the cell surface was equal to that in wt cells.

Analyses of surface expression of mouse fibroblasts by flow cytometry would
limit the integrin subunits analyzed to those for which extracellular domain directed
antibodies recognizing specific mouse integrins exist. To study differences in integrin
expression on fibroblast surfaces, we then used an approach successfully used for
analysis of keratinocyte surface integrin expression (Stepp et al., 2007). Day 3 wt and
sdc-1 null fibroblast surfaces were biotinylated, proteins extracted, samples normalized
based on protein content and biotinylation efficiency. Equivalent amounts of wt and sdc-
1 null biotin-labeled cell extracts were immunoprecipitated using antibodies against o2,
a3, a5, Bl, av, B3 and B5. Immunoprecipitated proteins ran onto gels, were transferred
to nitrocellulose, and the surface labeled proteins were be visualized with HRP-

conjugated strepavidin (described in details in the methods section). Data are presented in
Figure 3.5B and show that although the levels of 21 and o331 integrins on the surface

of sdc-1 null cells were ~3-fold higher than those of wt cells, the levels of avp3, avps,
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and the major B1-family integrin on fibroblasts, a581, were the same on the wt and sdc-1
null cells. Despite having higher levels of total integrins, the majority of integrins on sdc-
1 null cell surfaces were similar. The reduced integrin activity in sdc-1 null cells was not

due to reduced expression of integrins at the cell surface.

Summary of Results Part I:

We have shown that primary dermal fibroblasts derived from sdc-1 deficient mice
migrate faster and have altered av integrin function Syndecan-1 null primary dermal
fibroblasts, like wt fibroblasts, proliferate well in culture and increase their expression of
aSMA and integrins with similar kinetics in 10% serum. However, they show
differences in migration, TGFB1 responsiveness, and integrin expression and activity
compared to wt cells. Exogenous TGFB1 treatment increased owv-family integrin
expression but enhanced the difference between wt and sdc-1 null cell migration rates.
The reduced integrin activity in sdc-1 null cells was not caused by reduced expression of
integrins at the cell surface and suggests that sdc-1 functions to mediate the conversion of
av-containing integrins from a less to a more active state on the surface of cells

expressing them.
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Chapter 4

Results part 11

In the quiescent state, cultured dermal wt and sdc-1 null fibroblasts have

similar phenotypes

Introduction to Chapter 4

After studying in chapter 3 the activated fibroblasts grown in media with 10%
serum, we then set out to evaluate the cell’s quiescent state by putting them under low
serum (1% serum). Under these conditions, cells partially simulate the unwounded state.
Despite their delayed response to injury, the unwounded dermis and corneal stroma of
sdc-1 null mice were indistinguishable from those of wt mice. Shown in Figure 4.1, the
dermis and epidermis of the sdc-1 mouse skin appeared identical to those of wt mouse
skin. If sdc-1 null cells migrated and proliferated faster in vivo as we had shown in
Chapter 3, for cells in vitro, we would have expected differences in the appearance of the
fibroblasts in dermis in the sdc-1 null skin. Because the sdc-1 null dermis appeared
normal under homeostatic conditions, the differences we observed in cultured cells
maintained in 10% serum could be due to differential activation of the sdc-1 null cells by
serum. We hypothesized that if we induced cells to enter a quiescent state to simulate the
normal dermis and then added serum and growth factors back to the media, we could
assess the impact of serum-induced activation of wt and sdc-1 null cells and in so doing,
determine whether the sdc-1 null cells migrated faster in vitro in serum containing media

as a result of enhanced activation.
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Figure 4.1: Histological sections of normal back skin show no differences between
wt and sdc-1 null mice.

H & E sections from normal skin of wt +/+ (A,B) and sdc-1 null -/- (C, D) mice showed
that both dermal and epidermal layers are morphologically similar. Images were taken at

10x magnification. Bar in D=10p for (A-D).
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Therefore, we looked at the transition of fibroblasts from quiescence to the
activated state by shifting them from media with 1% serum to media with 10% serum.
The low serum conditions mimic quiescent dermal fibroblasts which are exposed to low
serum levels from diffusion from capillaries within the stroma. Adding back serum
simulated a wound situation where quiescent cells are suddenly exposed to serum as a
consequence of capillary injury or profuse extravasation into the stroma and the wound
bed. This in vitro model provided us with an environment which is easy to control by
adding or removing growth factors and cytokines to look at the responses of the dermal
fibroblasts in quiescent and activated states.

Data in chapter 3 demonstrated that sdc-1 plays a key role in mediating activated
fibroblast migration by altering integrin expression and function. Syndecan-1 null
primary dermal fibroblasts, show differences in migration, TGFB1 responsiveness, and
integrin expression and activity compared to wt cells. Therefore, our next hypothesis was
that in the quiescent state, cultured dermal wt and sdc-1 null fibroblasts have
similar phenotypes and that re-exposure to serum and TGFp1 induces profound

differences in migration, downstream signaling, integrin expression and activation.

Results part II:

Quiescence was induced by putting dermal fibroblasts in 1% serum but wt
cells were more susceptible to starvation induced cell death compared to sdc-1 null

cells.
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Equal numbers of wt and sdc-1 null cells were plated out and the next day
switched to either 1% serum containing media, 10% serum containing media, or were
maintained in 1% serum containing media from days 1-3 and then switched to media with
10% serum and allowed to grow until day 5. At 3 and 5 days, relative cell counts per
well were determined using a crystal violet-dye binding assay. Data in Figure 4-2 show
that wt and sdc-1 null cells maintained in 1% serum had lower relative cell counts than
cells maintained in 10% serum; at both day 3 and at day 5, the relative cell counts did not
increase. In fact, for wt cells, the relative cell count at 5 days was less than that at 3 days
indicating that a portion of the wt cells were undergoing apoptosis. In cells that had been
shifted from 1% serum to 10% serum at day 3 and assessed at day 5, there were
substantially more sdc-1 null cells than wt cells indicating that the proliferative response
to serum was greater for the sdc-1 null cells. The wt cells shifted to 10% serum had 1.8
times as many cells as they had after 3 days of starvation and the sdc-1 null cells had 3.0
times as many cells as at 3 days. These results confirmed that we can induce wt and sdc-
1 null cells to assume a quiescent state using low serum containing media, that the cells
proliferate similarly when in the quiescent state for 3 days but that wt cells undergo
enhanced starvation-induced apoptosis after 5 days of starvation, and this supports our
hypothesis that quiescent sdc-1 null cells are more robust then wt cells and undergo

enhanced activation in response to serum stimulation.
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Figure 4.2: Shifting cells from 1% to 10% serum induces a larger proliferative
response in sdc-1 null cells compared to wt cells. Under starvation conditions, at day 3,
both +/+ and -/- primary fibroblasts have identical cell counts; differences arise after
prolonged starvation, at day 5 or by addition of 10 % serum. These data show mean
values of relative cell counts to day 1, plus SEM, of no fewer than 9 different sets of
fibroblasts with the cells counted using a crystal violet assay as described in the Methods

section.
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Syndecan-1 null fibroblasts migrated faster when maintained in 10% serum
but migrated with one same velocity as wt cells when maintained in 1% serum.

We went on to determine whether low-serum induced quiescence affected cell
migration rate. Data are presented in Figure 4-3A; quiescent wt and sdc-1 null cells
migrated at the same rate after 3 days and 5 days of quiescence although the overall
migration rate after 5 days of quiescence was lower for both genotypes. When cell
migration rates of wt and sdc-1 null cells in 1% serum were compared to those of cells
maintained in 10% serum at 3 days, we found that wt cells migrated 1.4-fold faster
compared to cells in 1% serum whereas sdc-1 null cells migrated 2.0 times faster in 10%
serum compared to cells in 1% serum. At 5 days, the difference between the two
genotypes was greater with wt cells migrating 1.6 fold faster in 10% serum compared
with cells in 1% serum whereas sdc-1 null cells migrated 2.7 fold faster in 10% serum

compared to cells in1% serum.

Syndecan-1 null fibroblasts had altered responses to TGFS1 in 10% serum as
well as 1% serum.

In a separate experiment, as shown in Figure 4-3B, serum was added back to
quiescent cells and found to hyper-stimulate wt and sdc-1 null cell migration. The wt
cells that were shifted from 1% to 10% serum migrated 2.0 fold faster than quiescent
cells whereas similarly treated sdc-1 null cells migrated 2.7 fold faster. Thus, activation
induced by shifting cells from quiescence to 10% serum, stimulated migration in sdc-1

null cells more then in the wt cells.
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Figure 4.3: The loss of sdc-1 enhances the ability of fibroblasts to migrate in
response to TGFB1 both under starvation (1% serum) and fed (10% serum)
condiitons. Time lapse studies were conducted as indicated in the Methods section.

A. Average velocities at day 3 and day 5 in media supplemented with 1% or 10% serum:
The average velocities for the wt and sdc-1 null fibroblasts are identical under starvation
conditions of 1% serum at day 3 and at day 5. The average velocity of the sdc-1 null
fibroblasts is significantly greater than that of the wt fibroblasts at both days 3 and 5 in
10% serum.

B. Average velocities at day 5 upon fibroblast activation with serum or TGFf1:

Adding 10% serum to starved cells with or without TGF1 enhances cell migration rates
for both wt and sdc-1 null fibroblasts but the increase for the wt fibroblasts is larger.

C. Effect of neutralizing endogenous TGFB1 or of addition of exogenous TGFf1 on the
average velocities at day 5 of quiescent cells:

Neutralizing endogenous TGFB1 had no effect on either cell types.

Quiescent wt cells don’t respond to addition of TGFB1 while quiescent sdc-1 null cells do
( *=p<0.001 by ANOVA).

D. Time lapse studies of wt and sdc-1 null fibroblasts. The tracks (indicated in red) for
the null fibroblasts were longer than those for the wt fibroblasts in 10 % seum suggesting
that the null cells were migrating faster while they are similar and shorter for both

genotypes in 1%serum. Bar = 10 um
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We showed previously in Chapter 3 that adding TGFB1 to cells maintained in
10% serum did not increase the rate of migration rate of wt fibroblasts but did increase
the migration rate of sdc-1 null fibroblasts. To assess how quiescent wt and sdc-1 null
cells respond to TGFB1, we added 10 ng/ml TGFB1 to 10% serum containing media and
found that, similar to results presented in Chapter 3, sdc-1 null cell migration was more
responsive compared to wt cells with a 2.9 fold increase compared to 2.5 fold for wt
cells. However, if instead we look at the difference between switching cells from
quiescence to media with TGFf1 compared to media without TGFB1, it is clear that
serum with TGFB1 increased the migration rate of wt cells more than it increased the
migration rate of sdc-1 null cells. The migration rate was 2.0 fold greater for quiescent wt
cells when switched to 10% serum alone and 2.5 fold when serum contained TGF1; for
quiescent sdc-1 null cells, the migration rate was 2.7 fold greater for sdc-1 null cells
switched to 10% serum alone and 2.9 fold when serum contained TGFB1. These data
showed that while quiescent sdc-1 null cells became more activated after serum-
stimulation compared to wt cells, the addition of TGFfB1 attenuated this difference
leaving wt cells migrating at 1.0 um/min and sdc-1 nulls cells migrating only slightly
faster at 1.15 pm/min.

The data presented above suggest that under starvation, wt cells may become
more responsive to TGFB1 compared to sdc-1 null cells. To test this possibility, we added
10ng/ml TGF1 to quiescent cells and looked at their migration 24 hrs later. We also
used a TGFB1 neutralizing antibody (TGFB1NA) to determine whether reducing TGFf1
signaling would affect the basal-migration rates seen in quiescent cells. Control cells

were incubated in the same concentration of a control IgG. Data in Figure 4-3C showed

104



that the TGFBINA slightly decreased the basal migration rates of wt and sdc-1 null
dermal fibroblasts but adding TGFB1 to quiescent cells significantly increased only the
sdc-1 null cell migration rate. These data show that TGFB1 was not a factor in
suppressing migration in quiescent cells and that quiescent sdc-1 null cells can respond to
TGFB1 alone but wt cells can not. The increased responsiveness of the wt cells to 10%
serum plus TGFB1 shown in Figure 4-3B must require growth factors from that serum in

addition to TGFI1.

Differences in integrin activation in quiescent and activated states affected
cell migration.

In Chapter 3 we showed that differences in integrin function, in sdec-1 null cells,
were a factor that contributed to the altered cell migration rate when cells were
maintained in 10% serum. The data showing integrin function differences in Chapter 3
were obtained using function blocking antibodies that reduce the surface expression of
integrins but can also have other effects on cell behavior. The antibodies internalize and
accumulate within endosomes and lysosomes. The impact this additional endosomal
cargo could have on the differences in integrin activation seen using integrin ectodomain-
targeted antibodies is not known. Integrin activation can also be readily assessed in
cultured cells after adding MnCl, to the cell cultures. MnCl, chemically activates integrin
ligand binding (Tadokoro et al., 2003; Vinogradova et al., 2002).

To look at whether integrin activation differences exist in wt and sdc-1 null cells
in quiescence as well as under serum-fed conditions, we next added MnCl, at

concentrations from 0.1 to 1 mM to wt and sdc-1 null cells and assessed cell migration
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rates. For quiescent cells, concentrations of MnCl, above 0.1mM Kkilled the cells but
serum fed cells showed no toxic effects for concentrations of MnCl, between 0.1 and 1
mM. Data are presented in Figure 4-4. Adding 0.1mM MnCl; to quiescent cells increased
both wt and sdc-1 null cell migration rates but sdc-1 null cell migration was increased
more at 1.5 fold over quiescence than wt cells at 1.3 fold over quiescence; even in 1%
serum, 0.1 mM MnCl, treated sdc-1 null cells migrated faster than wt cells. Adding
MnCl; to cells migrating in 10% serum had the opposite effect; it decreased cell
migration rates to a larger extent in sdc-1 null cells compared to wt cells. For cells
treated with 0.5mM MnCl,, sdc-1 null cells migrated at 0.67-fold the rate of sdc-1 null
cells in 10% serum whereas wt cells treated with the same concentration of MnCl,
migrated at a rate 0.83-fold the rate of wt cells in 10% serum with the lower (0.1 mM)
and higher (1 mM) concentrations of MnCl, having no significant affect on wt cell
migration rates compared to wt cells in 10% serum alone. For sdc-1 null cells, there was a
progressive decrease in cell migration rates with increasing MnCl, concentration. These
data showed that both quiescent and serum-activated sdc-1 null cells demonstrate
differences in integrin activation compared to control cells and suggest that integrin
activation and/or expression are regulated differently in quiescent compared to activated

wt and sdc-1 null cells.
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Figure 4.4 : The loss of sdc-1 alters fibroblast integrin activation both in the
quiescent and in the activated state at day3. Time lapse studies were conducted as
indicated in the methods section. Integrin activation by manganese addition enhances
migration of quiescent cells but decreases migration of serum fed cells. Quiescent wt and

sdc-1 null cells incubated in manganese chloride above 0.ImM were not viable.
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Although differences in aSMA expression and pattern were not seen, a
significant decrease in integrin expression is observed upon starvation that
correlates with the drop in migration rates observed and the response to TGF1.

To look at the regulation of integrin expression, we next performed immunoblots
on wt and sdc-1 null cells maintained in quiescence or in 10% serum for 2 days or 48 hr.
Data was presented in Figure 4-5 and show that quiescence does not alter the expression
of aSMA in wt or sdc-1 null cells but does result in a global decrease in integrin
expression as seen by the drop in levels of both the 1 and av integrins in wt and sdc-1
null cells. All of the integrin heterodimers on fibroblasts contain either the B1 subunit or
the ov subunit or both. The down regulation of integrin expression was significantly
greater for a5 integrin in quiescent sdc-1 null cells compared to wt cells. Because a5 and
av integrin expression were greater on sdc-1 null cells in 10% serum compared to wt
cells, the decrease in integrin expression levels due to quiescence was greater for sdc-1
nulls cells. For a5 integrin, the quiescent wt cells express 33% less integrin than serum-
fed cells whereas the quiescent sdc-1 null cells express 68% less a5 integrin. For av
integrin, the quiescent wt cells expressed 49% less integrin than serum-fed cells whereas
the quiescent sdc-1 null cells expressed 69% less av integrin. These data showed that in
the quiescent state, sdc-1 null cells expressed lower a5 integrin levels compared to wt
cells despite the fact that the basal-level of cell migration was similar for both wt and sdc-
I null cells under these conditions. Furthermore, they point out to o5 integrin as the

integrin that mediated the rapid rate of sdc-1 null cell migration.
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Figure 4.5 : Starvation for 48 hours induces a overall downregulation of integrin
expression. Cultured primary fibroblasts down-regulate total integrin expression upon
starvation yet express similar levels of a-smooth muscle actin (adSMA). Equal pg total
of protein extracts from primary fibroblasts at day3, maintained in 1% serum for 48 hr or
in 10% serum, were loaded onto gels and proteins transferred for immunoblot analysis of
aSMA, B1, av, and a5 integrin ( in A.) and B. shows quantitation of these data as
indicated in the Materials and Methods. A minimum of 3 different sets of fibroblasts was

used for each protein quantitated. Asterisks in B indicate data found to be significant at p

<0.001 by ANOVA.
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When cells were maintained under quiescent conditions for 4 days and 10 ng/ml
TGFB1 was added for the final 24 hr and integrin expression further assessed as shown in
Figure 4-6, we observed that primary wt and sdc-1 null fibroblasts were capable of
increasing integrin expression despite starvation conditions. After 4 days of starvation,
there were no longer any significant differences between integrin expression in serum-fed
or quiescent wt and sdc-1 null cells or between genotypes of quiescent cells treated with
TGFB1. When serum-fed cells were maintained until they are confluent, integrin
expression levels were no longer different between wt and sdc-1 cells.

While not statistically significant, there appeared to be an increase in the
expression of aSMA under quiescent conditions. To determine whether we could see any
difference in the localization of aSMA, we performed immunofluorescence studies to
look at the localization of aSMA in quiescent cells compared to serum fed cells at 3 days
in culture. Data in Figure 4-7 show that aSMA is well organized into filaments in both
wt and sdc-1 null cells and no differences in localization were apparent despite the fact
that the sdc-1 null cells under serum fed conditions were migrating faster than the wt

cells.
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Figure 4.6: Prolonged starvation for 96 hours with or without addition of TGFp1
eliminates differences in total integrin levels. Cultured primary fibroblasts upregulate
total integrin expression upon starvation for 96 hr. Similar levels of a-smooth muscle
actin (aSMA) are still maintained. Equal pg total of protein extracts from primary
fibroblasts at day 5, maintained in 1% serum for 96 hours with or without addition of
TGFp1 after 24 hr or in 10% serum, were loaded onto gels and proteins transferred for
immunoblot analysis of aSMA, B1, av, and a5 integrin and quantitation of these data

performed as indicated in the Materials and Methods. A minimum of 3 different sets of

fibroblasts was used for each protein quantitated.

114



++ oSMA/DAPI —/—

S--
C--

Day 3

115



Figure 4.7: Localization and pattern of aSMA in wt and sdc-1 null cells are similar
under starvation (S) and activation (C=control). Cells were fixed and processed for
immunofluorescence as described in the Methods section. Images were taken with a 20x

objective; Mag Bar = 10p
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Sdc-1 ectodomains associated with cell surfaces to modulate migration rates
but only on cells lacking sdc-1.

Thus far we have shown that quiescent sdc-1 null cells behave similarly to wt
cells with respect to their relative cell proliferation and migration rates thus confirming
our hypothesis that quiescent sdc-1 null cells did not behave significantly different than
wt cells. We had also shown that quiescence induces downregulation of integrins in
culture. Despite their similarities, the quiescent sdc-1 nulls retained differences in
integrin activation and enhanced responsiveness to the migration inducing effects of
TGFB1. To further probe how sdc-1 could mediate these differences in integrin activation
and cell migration, we added the same amounts of GST-peptides containing the sdc-1
ectodomain or the sdc-4 ectodomain; we also used a GST-control peptide to make sure
that the GST-proteins were not non-specifically altering cell migration (Beauvais et al.,
2004). Data were presented in Figure 4-8 and showed that addition of the sdc-1 or sdc-4
ectodomains had no affect on wt cell migration but reduced the migration rate of the sdc-
1 null cells. However, the sdc-1 peptide was significantly more effective at reducing sdc-
1 null cell migration than the sdc-4 peptide. Since these peptides are synthesized in
prokaryotic hosts, they lack GAG side chains. These studies showed that sdc-1
ectodomains associate with cell surfaces to modulate migration rates but only on cells
lacking sdc-1. We hypothesized that sdc-1 ectodomains associate with inactive
conformations of integrins on the surfaces of cells and that these associations activate the

integrins resulting in altered cell migration rates.
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Figure 4.8: Addition of Sdc-1 or sdc-4 ectodomain peptides lacking heparan sulfate
side chains (GST-peptides) lead to a decrease in the average velocity of the sdc-1
null cells.

An attempt to revert the sdc-1 null fibroblast phenotype by adding the sdc-1 ectodomain
to the sdc-1 null fibroblasts in culture and conduct time lapse migration studies to asses
velocity changes. The recombinant GST-fused mS1ED (GST-mS1ED) and S4ED (GST-
mS4ED) proteins were added and time lapse studies were conducted. * significant at p

<0.001 by ANOVA.
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Summary of Results Part II:

We had previously shown in chapter 3 that the loss of sdc-1 in dermal fibroblasts
altered their proliferation, motility and integrin expression in media containing 10%
serum. The objective in this chapter was to determine whether those data extend to
dermal fibroblasts maintained under conditions that induce quiescence, and then shift
them from a quiescent to a proliferative phenotype. In media containing 1% serum, while
both genotypes proliferate slowly, the serum-starved sdc-1 null fibroblasts proliferate
significantly faster compared to wt cells. Shifting quiescent cells to media supplemented
with 10% serum, predictably increased proliferation rates of wt cells by 2.0 folds and null
cells by 2.8 folds compared to starved cells. In timelapse migration studies, both
genotypes maintained in a quiescent state slow their migration rates and migrated at the
same average velocity. Since sdc-1 null cells maintained in media with 10% serum
migrated faster than wt cells, starvation had a larger impact on the migration rate of the
sdc-1 null cells. When quiescent wt and sdc-1 null cells were shifted to media with 10%
serum, the migration rates for both genotypes increase to rates significantly higher than
those seen for cells maintained continuously in media with 10% serum. Addition of
TGFp further increased the velocity of both wt and sdc-1 null cells. Whereas a5, 1, and
av integrins were all elevated in the more rapidly migrating sdc-1 null cells maintained in
media containing 10% serum, in the quiescent wt and sdc-1 null cells all integrin levels
were lower, however, the levels decreased more for sdc-1 null quiescent cells which
express significantly less a5 integrin.

In conclusion, whereas sdc-1 null fibroblasts maintained in media with 1% serum

move at rates similar to wt cells, they express less a5 integrins, proliferate faster and

120



respond to TGFB1 by increasing their migration rates. Upon re-exposure to serum
containing media, sdc-1 null cells show enhanced responses compared to wt cells with

elevated cell migration rates.
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Chapter 5:

Results part I11:

Transformed keratinocytes and pro-inflammatory cytokine production have

an effect on the activated fibroblasts in the tumor stroma

Introduction for Chapter 5:

Animal models constitute very important tools to better understand the
development and progression of epithelial neoplasm. In general, these models are
induced by the use of chemicals or carcinogens. Classical studies by Weinberg and others
showed that non-melanoma skin cancer could be induced in mice using a 2-stage model
involving application of a carcinogen followed by chronic promotion of skin cell
proliferation, usually by treating skin with phorbol esters. These studies showed an
important role for the small GTP-binding protein Ras in epithelial tumors. The direct
introduction of a mutant viral ras™ gene in mouse primary keratinocytes to produced
papillomas and SCCs upon grafting onto the back of nude mice (Lichti et al., 2008).
Grafting experiments using oncogenic ras are still being conducted for a better
understanding of the interaction between ras-transfected keratinocytes and the stromal
fibroblasts to shed the light on the dermal-epidermal contribution to tumor formation in
the mouse.

In grafting experiments conducted at the NCI, at Dr. Yuspa’s laboratory, a slurry
of primary ras™ transfected keratinocyte and primary fibroblasts from the two genotypes

(wt and sdc-1 null) were grafted onto the back of nude mice (Dlugosz et al., 1997). These
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reconstituted skin grafts were then followed over time to measure tumor growth and size.
Data show that sdc-1 null fibroblasts enhanced tumor size and their presence was
correlated with larger tumor size (Figure 5.1) (Stepp et al., unpublished).

Do the fibroblasts in the dermis of the sdc-1 null mice fail to become cancer
activated fibroblasts with the same frequency as they do in wt mice? Or are they simply
better able to survive the harsh conditions that exist within the graft as the nude mouse
heal? We have looked into fibroblast activation extensively in chapters 3 and 4. In vitro
models are essential to further understand the molecular mechanisms involved in
inflammation as well as in the progression toward malignancy and solid tumor formation.
Therefore, in chapter 5, we describe the development of an in vitro model to study the
effects of oncogenic ras™ activated keratinocytes on the behavior of wt and sdc-1 null
fibroblasts. Our main hypothesis was that transformed Keratinocytes and pro-
inflammatory cytokine production have an effect on the activated fibroblasts in the
tumor stroma. Therefore, data described in chapter 5 were aimed at understanding how
the dermal fibroblasts respond to keratinocyte conditioned media (CM) and to the CM of
ras-transfected keratinocyte, what components of that CM vary between the 2 genotypes,

and how do these component affect cell migration.
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Figure 5.1 Grafting Experiments showed that the presence of sdc-1 null fibroblasts
correlates with larger tumor sizes. (Stepp et al. unpublished data)

A. A slurry of of 5-6 x10° primary ras™ transfected keratinocytes and 8x10° primary
fibroblasts from the genotypes mentioned above in the legend (Keratinocyte/fibroblasts
genotypes respectively) were grafted onto the back of nude mice and tumor size was
measured till 7 weeks. Data were expressed as % of tumor growth.B. Larger tumor sizes
developed on the back of nude mice whose grafts originally consisted of ras™ transfected

sdc-1null keratinocytes/sdc-1 null fibroblasts.
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Results Part I11:

Growing wt and sdc-1 null fibroblasts in the same genotype of keratinocyte
conditioned media induced cells to migrate at a similar rate.

The migration and integrin expression during activation of the Sdc-1 null
keratinocytes in vitro had been extensively studied (Stepp et al., 2007). They were found
to be more proliferative, more adherent, and to migrate slower then wt keratinocytes in
culture. TGFB1 signaling was constitutively elevated in Sdc-1 null keratinocytes.
However, the migration rates of Sdc-1 null keratinocytes could be restored to wild-type
levels by replating Sdc-1 null keratinocytes onto tissue culture plates coated with
fibronectin and collagen I, laminin (LN)-332 or onto the matrices produced by wild-type
cells. Migration rates could also be restored by treating sdcl-null keratinocytes with
antibodies that block a6 or av integrin function, or with TGFB1. The restoration of sdc-1
null keratinocyte migration rates after replating was transient, however; slower migration
rates and increased adhesion are inherent properties of sdc-1 null epidermal
keratinocytes.

It is well established that epidermal-dermal interactions are a critical feature of the
skins’ response to insult. Keratinocytes and fibroblasts both secrete factors that regulate
each others’ migration, proliferation and differentiation and even the paracrine secretion
of each other’s regulatory products (Sorrell et al., 2004). Wt and sdc-1 null fibroblasts
maintained in culture for 2 days in 10% serum were treated with wt and sdc-1 null

keratinocyte conditioned media and time lapse analyses were done. Under these
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conditons, fibroblasts were activated and in 10% serum they regulated their migration as
described in Chapter 3. Keratinocytes were usually cultured in LoCal media and
fibroblasts in 10% serum containing DMEM-based media as described in Materials and
Methods. DMEM has a calcium concentration analogus to that of the HiCal media used
for keratinocytes. In order to insure that fibroblast migration was not affected by the
LoCal media, we looked first at there velocity in keratinocyte LoCal media as control.
The differences in migration rate observed in fibroblast media was conserved in the
LoCal media. Sdc-1 null fibroblasts migrated faster then the wt fibroblasts by about 1.6
fold (Figure 5.2). LoCal media contained 8% serum.

When wt and sdc-1 null fibroblasts were placed in the respective genotype’s
keratinocyte conditioned media , wt cell velocity increased by 1.2 fold while the sdc-1
null cell velocity decreased by 1.4 fold. The changes in velocity were more prominent for
the sdc-1 null fibroblasts; both cell types migrated at similar rates of about 0.5um/m. This
average velocity represented a higher velocity compared to the basal velocity of about
0.35um/m seen under quiescence in Chapter 4. These culture conditions represent the
“activated milieu” to which the fibroblasts would be exposed to in the normal skin after
injury. In keratinocyte conditioned media, wt fibroblasts migrated faster and sdc-1 null
cells migrated slower than control; this suggested that keratinocytes secrete protein
factors that inhibit sdc-1 null fibroblast migration, perhaps by activating integrins

whereas wt keratinocytes secrete factors that enhance fibroblast migration.
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Figure 5.2: Addition of Keratinocyte conditioned media alters fibroblasts
migration. Time lapse studies were conducted as indicated in the methods section.

In LoCal , the regular keratinocyte culture media, the velocity difference between wt and
sdc-1 cells was maintained. Addition of keratinocyte conditioned media increased the
velocity of the wt cells and decreased the velocity of the sdc-1 null cells. Cells from both
genotype migrate faster in v-ras™ transfected CM as compared to regular or control

keratinocyte condition media (*=p<0.001 by ANOVA).
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As determined by semiquantitative analyses in the keratinocyte conditioned media
TGFpB1 was about 2000 pg/10° cells and it was similar for wt and sdc-1 null conditioned
media (Figure 5.3A). In fibroblast conditioned media, TGF B1 was found to be more then
5000pg/10° cells and it was similar for wt and sdc-1 null conditioned media. Fibroblasts
produced more TGF[} then keratinocytes. Sdc-1 null fibroblasts were more responsive to
TGFp1 as seen in chapters 3 and 4. However, the lower amount of this cytokine present
in the keratinocyte conditioned media would not account for the slower velocity of the

fibroblasts in that milieu since the fibroblasts would produce a large amount of it.

The abundant GMCSF in the ras-transfected keratinocyte conditioned media
inhibited the sdc-1 null fibroblast migration.

Wt and sdc-1 null keratinocytes were ras transfected and conditioned media from
the transfected cells was obtained as described in the Materials and Methods section.
That conditioned media was then added to fibroblasts in culture and time lapse studies
were performed. This experiment was meant to assess the effect of the transfected
keratinocyte conditioned media on fibroblast migration rates. Fibroblasts were the main
stromal component in several tumors (Li et al., 2007; Samoszuk et al., 2005). Fibroblasts
incubated in ras'™ keratinocyte conditioned media showed an increase in average velocity
of 1.2 fold. The velocity of both wt and sdc-1 null cells was approximately 0.5pm/m in
control keratinocyte conditioned media and increased to approximately 0.6um/m in the
ras'*-transfected keratinocyte conditioned media and was similar for both genotypes of
fibroblasts. However, with respect to the average velocity in LoCal, the sdc-1 null

fibroblasts slightly increased their velocity whereas the wt fibroblasts velocity increased
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by 1.4 folds. Therefore, the increase in velocity was more for the wt cells as compared to
control (Figure 5.2).

It was likely that the keratinocytes are producing a factor or several factors that
influence the velocity of fibroblasts. Performing Searchlight data analysis of that CM, we
looked at the levels of TGF(B1, IFNy, MIP2, RANTES, MIP1a, GMCSF and IL12p40.
Among all the above cytokines studied, only the levels of TGFB1 and GMCSF in the
conditioned media varied significantly (Figure 5.3 B). More GMCSF was present in both
the ras-transfected wt and sdc-1 null keratinocyte conditioned media while it was almost
undetectable in the control keratinocyte conditioned media. The amount of TGF1 was
similar in both keratinocyte condition media at a range that varied between 1500-2000
pg/10° cell, which was significantly lower than the amount found in the fibroblast
condition media (Figure 5.3 A and B).

GMCSF was produced by keratinocytes only when they were activated either by
cytokines (IL-1, TNFa), TPA or wounding (Mann et al., 2001; Sorrell et al., 2004).
GMSCF had been shown to stimulate migration of activated fibroblasts (Brem et al.,
2008). Therefore, we decided to look at the impact of the excess keratinocyte-derived
GMCSF on the fibroblast migration by neutralizing GMCSF in the conditioned media.
After addition of either 10ng/ml of GMCSF neutralizing antibody and/or 10ng/ml of
TGFB1 neutralizing antibody, we looked at the migration of fibroblasts in control
conditioned media first. We used 10 ng/ml of IgG antibody as control. The migration
rates of fibroblasts in control keratinocyte conditioned media were not affected by the

neutralization of either GMCSF, TGFB1 or both cytokines since the average velocity was
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Figure 5.3: Quantitative analysis of cytokines present in the conditioned media of
fibroblasts, keratinocytes and ras" transfected keratinocytes:

A. More TGFp1 is present in wt and sdc-1 null fibroblast conditioned media then
keratinocyte condition media.

B. Both wt and sdc-1 null keratinocyte conditioned media (CM) have a similar
concentrations of TGFB1. ras™ -transfected keratinocytes produce GMCSF and it is

found in their conditioned media in abundance while non-transfected keratinocytes

produce very low or no GMCSF (*=p<0.001 by ANOVA).
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not statistically significantly different from cells in control keratinocyte condition media
(Figure 5.4A). However, blocking GMCSF in the cells incubated in the ras™ transfected
keratinocyte conditioned media, lead to an increase in the average velocity of the sdc-1
null fibroblasts by 1.3 fold from around 0.6pm/m to 0.8um/m. This suggests that the
abundant GMCSF in the ras-transfected CM inhibits the sdc-1 null fibroblast
migration. However, blocking endogenous TGFB1 and GMCSF at the same time in a
double blocking experiment, reduced the average velocity of both wt and sdc-1 null
fibroblasts by 1.5 fold, from around 0.6um/m to 0.4um/m and the velocity of both cell

types became similar to the velocity of wt fibroblasts in LoCal.

Summary of Results Part I11:

Effectively, epidermal-dermal interactions play a critical role in the skin response
to insult. The activated wt and sdc-1 null fibroblasts placed in the respective genotype’s
keratinocyte CM started migrating at similar rates; wt fibroblasts migrated faster and sdc-
I null cells migrated slower than control. This suggested that keratinocytes secrete
protein factors that inhibit sdc-1 null fibroblast migration, by integrin activation maybe,
whereas wt keratinocytes secrete factors that enhance fibroblast migration. In our in vitro
model, the abundant GMCSF in the ras™ transfected keratinocyte conditioned media
could be one of the factors inhibiting the sdc-1 null fibroblast migration. GMCSF alone
blocked migration while GMCSF and TGFp1 together favored migration of the
fibroblasts lacking sdc-1 in ras'™ transfected keratinocyte CM. The role that these
cytokines are playing is complex and more studies need to be conducted in the future in

order to further investigate their effect on fibroblast migration in the absence of sdc-1.
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Figure 5.4: Addition of neutralizing antibodies to ras™® transfected Keratinocyte
conditioned media (CM) modifies fibroblasts ability to migrate. Time lapse studies
were conducted as indicated in the methods section.

A. Addition of TGFB1 and/or GMCSF neutralizing antibodies (NA) to fibroblasts in
regular, non-transfected control keratinocyte conditioned media has no effect on the
average velocity.

B. Addition of TGFB1 and/or GMCSF neutralizing antibodies (NA) to fibroblasts in ras-
transfected keratinocyte conditioned media had an effect on the average velocity.
GMCSF NA increased the velocity of the sdc-1 null fibroblasts while both GMCSF NA
and TGFB1 NA decreased the velocity of both wt and sdc-1 null fibroblasts (*=p<0.001
by ANOVA).

136



Chapter 6

Discussion

Outline

A. Introduction

B. Syndecan-1 and cell migration

C. Integrin function

D. Integrin function in cells lacking sdc-1 varies with time in culture

E. The role of av and B1-family integrins in the absence of sdc-1

F. Fibroblast activation

G. Quiescent fibroblasts

H. Viability of sdc-1 null fibroblasts

1. Fibroblasts re-activation

J. Epithelial mesenchymal interaction in wound healing and in tumor initiation

K. Mouse multistage tumor model

L. Conlusion

137



A. Introduction

The wound healing process varies within different tissues but the similarities are
numerous. Skin has always been considered a prototype for studies of the mechanisms
regulating the healing process (Monaco & Lawrence, 2003). In the skin, under
homeostatic conditions, the stromal fibroblasts are present in the dermis in a quiescent
state. Upon wounding or disruption of the epidermis by chemicals or other insults,
fibroblasts become exposed to infiltrating inflammatory cells and plasma within a
microenvironment that becomes rich in a variety of pro-inflammatory cytokines leading
to the activation of these fibroblasts and their conversion into myofibroblasts in a wound
model or the cancer associated fibroblasts in a cancer model. Activated fibroblasts
proliferate, migrate, and produce ECM. They constitute an important mechanism by
which the skin responds to an insult, whether a full-thickness wound or a carcinogen in
the case of a cancer model. Our cell culture model allowed us to look closely at the
activated fibroblasts and their properties including proliferation, migration, integrin
expression, activation, as well as their response to ras-transfected keratinocyte

conditioned media.

B. Syndecan-1 and cell migration

The exact function of syndecan-1 in relation to fibroblast adhesion and migration
remain poorly understood compared to syndecans-2 and -4. Sdc-4 has been extensively
studied in mesenchymal cells where it localizes to focal adhesions and mediates
directional cell migration via modulation of Racl and promotion of 1 integrin-

dependent adhesion (Alexopoulou et al., 2007; Tkachenko et al., 2005; Whiteford et al.,
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2007). Peptides derived from syndecan-2 promote 1 integrin dependent adhesion in
fibroblasts (L. Chen et al., 2004), even though, like sdc-1, sdc-2 is not present within
focal adhesions. Chen and colleagues have also shown that sdc-2 can bind to TGFp1
receptors and affect TGFB1 signaling in renal fibroblasts, a finding consistent with a
close relationship between syndecans and TGFB1 signaling (Munesue et al., 2007). In
addition, syndecan-1 has been shown in epithelial cells to be transcriptionally activated
after treatment of cells with TGFB1 via a mechanism that involves protein kinase Ca

(Hayashida et al., 2006).

Previous in vivo results from our group indicate that corneal and skin healing are
delayed in sdc-1 null mice (Stepp et al., 2002). In addition, in vitro data using cultured
keratinocytes (Stepp et al., 2007) and here using fibroblasts show that cell migration rates
are altered when sdc-1 is absent. Since sdc-1 does not localize within focal adhesions in
fibroblasts or to the basal aspect of epithelial cells at the basement membrane junction
during quiescence or reepithelialization (Stepp et al., 2002), the migration defects

reported in sdc-1 null mice cells derived from them are exerted indirectly.

C. Integrin function

Integrins are present either in an active or an inactive state. Activation of integrins
involves a conformational change that increases ligand binding affinity thus increasing
cell adhesion to the ECM. The amount of integrin present at the cell surface, integrin
activation, and the quality of the extracellular matrix present combine to regulate cell
adhesion and migration (Felding-Habermann, 2003; Harburger & Calderwood, 2009).

When integrin function is in the sub-optimal range, a further increase in function often
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leads to an increase in velocity. When integrin function reaches an optimal level, cell
velocity reaches a maximum. Further increases in integrin function, referred to as supra-
optimal activation or function, lead to a decrease in the cell’s velocity. This is most likely
due to the fact that the cell becomes too adherent to the underlying matrix. The overall
function of integrins on cells depends on integrin activation, integrin expression, and the
quality of the matrix the cells are interacting with (Figure 6.1. Integrin function
curvethat has 3 phases: sub-optimal, optimal, supra-optimal.) We hypothesize that a
difference in integrin activation in the wt and sdc-1 null cells exists and that these

differences impact cell migration rates.

D. Integrin function in cells lacking sdc-1 varies with time in culture

Integrin function in cells lacking sdc-1 at day5

The primary dermal fibroblasts derived from sdc-1 deficient mice migrate faster
and have an altered av integrin function. Syndecan-1 null primary dermal fibroblasts,
like wt fibroblasts, proliferate well in culture with 10% serum and increase their
expression of aSMA and integrins with similar kinetics. However, they show differences
in migration, TGFB1 responsiveness, and integrin expression and activity compared to wt
cells. Exogenous TGFB1 treatment increases av-family integrin expression and enhances
the difference between wt and sdc-1 null cell migration rates. The reduced integrin
activity in sdc-1 null cells is not caused by reduced expression of integrins at the cell
surface and these data suggests that sdc-1 functions to mediate the conversion of av-
containing integrins from a less to a more active state on the surface of cells expressing

them. These data on the cells, obtained after 5 days in culture in 10% serum, are
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Figure 6.1. Integrin function curve.

When integrin function is low or in the sub-optimal range, an increase in function leads to
an increase in velocity until integrin function reaches its optimal levels and the velocity
reaches its highest levels. Any further increase in integrin function, referred to as supra-
optima activation, leads to a decrease in the cell’s velocity as cells become very adherent

to the underlying matrix.
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summarized in the model presented in Figure 6.2A and 6.2B. Sdc-1 null fibroblasts at day
5 have integrin function in the sub-optimal level while wt fibroblasts have an optimal
integrin function. In sdc-1 null cells, addition of TGFB1 causes a shift of the activation

curve to the right and integrin antagonists cause a shift of the curve to the left (Fig. 6.2C).

Integrin function in cells lacking sdc-1 at day3

However, on cells at day 3 in culture, the pattern of integrin function varies. The
integrins are activated by adding the divalent cation MnCl, to cells in culture and which
increases integrin function. The wt cells in 10% serum have integrins with optimal
functions on their surfaces since integrin activation by MnCl, does not alter their velocity
(Figure 6.3B). However, integrin activation causes a decrease in the velocity of the sdc-1
null cells in a dose dependent manner. This further confirms that integrins in the absence
of sdc-1 are not optimally functional in 10% serum. Since further activation leads to a
decrease in the cell’s migration rate, using the model we propose, their integrins are
present at a supra-optimal level. At day 3, sdc-1 null cells express more av and 1
integrin than cells. While the addition of MnCl, had no effect on wt cell migration rates,
it reduced sdc-1 null cell migration rate when cells were in 10% serum but increased both
wt and sdc-1 null migration rates when cells were in 1% serum. MnCl, is not known to
alter overall expression of integrins. The increase in velocity after MnCl, was added is
more prominent for the sdc-1 null quiescent cells. These data indicate that integrin
function is sub-optimal under quiescence and that integrin activation under these

conditions leads to an increase in integrin function and cell motility (Fig. 6.3A).
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Figure 6.2. Model schematizing the differences in integrin activation on wt and sdc-
1 null cells at day 5.

A. Data suggest that sdc-1 interacts either directly or indirectly with av- containing
integrins to increase their activation at the surface of fibroblasts.

B. wt and sdc-1 null fibroblasts have similar surface localization of the major
fibroblast integrins including aS5B1 as well as avBf3 and avp5. Treating
fibroblasts with TGFB1 increased av-integrin expression in wt cells and enhanced
migration rates by only 7% but in sdc-1 null fibroblasts, increased both av- and
B1- integrin expression and enhanced cell migration rates by 26%. In sdc-1 null
cells, TGFB1 increased overall expression of integrins but did not alter their
activation state and cells migrated faster. Adding both av- and B1- integrin
antagonists reduces expression of integrins at the cell surface and caused wt cells
to migrate faster by 43% and sdc-1 null cells to migrate 47% slower.

C. Sdc-1 null fibroblasts at day 5 have integrin function in the sub-optimal level
(lower curve) while wt fibroblasts appear to have an optimal to supra-optimal
integrin function (upper curve) . Addition of TGFB1 causes a shift of the function

curve to the right and integrin antagonists cause a shift of the curve to the left.
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Figure 6.3 : The loss of sdc-1 alters fibroblasts integrin activation both in the
quiescent and in the activated state at day 3.
A. Total integrin function is sub-optimal in quiescent cells at day 3; additon of
MnCl; increase integrin activity and causes a shift of the curve to the right.
B. Total integrin function is optimal in wt cells while it is supra-optimal in sdc-1 null
cells in 10% serum at day 3; additon of MnCl; also causes a shift of the curves to

the right like in A.
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The mechanism used by sdc-1 to activate integrins was futher investigated by
looking at whether recombinant sdc-1 ectodomain could reverse the integrin-mediated
defects in activation seen in sdc-1 null fibroblasts. Reversion of the sdc-1 null fibroblast
phenotype is partially achieved by adding the sdc-1 ectodomain (Beauvais et al., 2004) to
the sdc-1 null fibroblasts in culture and then assessing cell velocity. Adding the sdc-1 or
the sdc-4 ectodomain has no effect on wt fibroblast velocity. However, the sdc-1 null
fibroblasts show a statistically significant decrease in velocity upon addition of the
recombinant ectodomain, similar to the effect noticed upon integrin activation by use of
MnCl,. The sdc-1 ectodomain peptides used here lack HS side chains; they likely are
activating the awv-containing integrins in sdc-1 null cells leading to a decreased velocity
of these cells.

Total integrin function in the cells lacking sdc-1 is never optimal. Their
integrin function is less then optimal when initially placed in culture under 10% serum
conditions, and as aSMA expression increases with time, the integrin function curve
shifts from sub-optimal towards supra-optimal, decreasing velocity and increasing
adhesiveness of these cells. In cells with normal integrin function, the higher integrin
concentration would have made the cells more adherent and the velocity lower. However,
lack of sdc-1 leads to defects in regulating the activation of integrins resulting in a higher
velocity and reduced adhesiveness to the ECM. This leads us to consider individually the
different integrin families involved in fibroblast migration and look at their function in

the absence of sdc-1 as they are maintained through time in culture.
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E. The role of av and B1-family integrins in the absence of sdc-1

Our results show that integrin expression and activation play an important role in
fibroblast migration. Before wounding, fibroblasts are quiescent and have a sub-optimal
level of integrin expression. Upregulation of integrin receptors that bind fibronectin and
other matrix components in the granulation tissue that makes up the provisional wound
matrix is vital to permit fibroblast migration within the wound bed. The main fibronectin
receptor in fibroblast is a5B1 and the main vitronectin receptor is av35. TGFB1 present
in the granulation tissue upregulate the expression of these integrins and, consequently,
promotes migration of these cells during wound repair and cancer (Borrirukwanit et al.,

2007; Gailit, Welch, & Clark, 1994).

To investigate the role played by sdc-1 on integrin function, we have studied cell
migration rates and integrin expression under a variety of experimental conditions. The
relationship between integrin expression, determined as the sum of the av and 1 family
integrins expressed on fibroblasts, and cell migration rates can be summarized as shown
in Figure 6.4. The migration rate of cells with sdc-1 was more stable and resistant to
change compared with cells lacking sdc-1. The wt cells express less integrin overall and
migrate slower than sdc-1 null cells. They do not change their migration rate significantly
between day 2 and 5 despite their acclimation to culture. Only conditioned media from
control and ras transfected keratinocytes enhanced their migration rate, and starvation-
induced quiescence reduced their migration rate. The addition of MnCl,, a reagent that
induces conformation changes in integrin extracellular domains and activates them, did
not change the speed of migration of wt cells when they were in 10% serum but did

increase their migration rate in 1% serum. The ability to maintain their velocity despite
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Figure 6.4. Model schematizing the differences in velocities in wt and sdc-1 null
cells in 10% serum as a function of integrin concentration at day 3 and day S. Cells
lacking sdc-1 have a higher velocity and express more integrins.

A. The velocity of cells with sdc-1 is decreased by starvation and increased by
integrin antagonists or blocking antibodies and by keratinocyte conditioned
media. All other treatments do not affect the average velocity. The migration rate
of the wt cells is more stable then the sdc-1 null cells.

B. The velocity of cells lacking sdc-1 is decreased by multiple factors that affect
integrin expression or activity in these cells. Starvation, integrin and TGFp1
antagonists, manganese, acclimation in culture and keratinocyte conditioned
media decrease their average velocity while only treatment with TGFB1 increases
it. The migration rate of sdc-1 null cells is meta-stable and readily altered by

minor variations in cell culture conditions.
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changes in integrin expression, actin cytoskeleton, and matrix deposition over time,
indicates that integrin function in wt fibroblasts is in the optimal range.

Fibroblasts lacking sdc-1 behave very differently than cells that have sdc-1. As
soon as they can be assessed in vitro, sdc-1 null fibroblasts express more of the three
integrins assessed (av, a5, and 1) than wt cells and they migrate significantly faster at
all time points assessed. However, their rapid migration rate is meta-stable. Whereas wt
cells decrease their migration rate only when placed under starvation conditions, sdc-1
null cells in 10% serum between days 3 and 5 decrease their migration rate in response to
MnCl,, TGFB1 neutralizing antibodies, conditioned media from control and ras
transfected keratinocytes, as well as sdc-1 ectodomain peptides. Only TGFB1 was able to
further increase their migration rate above the level seen at day 5 (Figure 6.4). TGFp1
also increased their av integrin expression suggesting that the high expression of av
integrin underlies their ability to migrate quickly. Yet, changes in integrin expression
alone cannot account for the changes in cell migration rate seen in the sdc-1 null
fibroblasts. The sdc-1 null cells migrate faster at day 3 when their expression of integrins
is lower than at day 4 when integrin expression is higher. Integrin antibodies that are
known to bind to surface epitopes and induce internalization of integrins also decrease

the migration rate of sdc-1 null cells.

Our time lapse studies using integrin antibodies to assess the effects of specific
integrins on cell migration at day 5 in culture show that the role played by av integrins in
mediating wt and sdc-1 null fibroblast migration is complex. In wt cells, av integrins are
present on cell surfaces at high levels and are active in mediating cell migration; adding

the av-blocking antibody interferes with av-integrin expression and enhances their
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migration. The same is not true in the sdc-1 null cells. Reducing the expression of av-
family integrins has no affect on sdc-1 null cell migration rates unless av- and B1-family
integrin levels are reduced simultaneously and even then, the impact of these reductions
on cell migration rates are opposite to those seen in wt cells since the sdc-1 null cells
migrated slower.

In this study, two integrin antibodies are used; they affect entire classes of
integrins. Fibroblasts express several different B1 family integrins including olfl,
a2B11, a3p1, a5p1, alOB1, and al1P1 but the dominant B1-containing integrin on
primary mouse dermal fibroblasts is a5B1 (Whiteford et al., 2007). Dermal fibroblasts
also express at least two different av containing integrin heterodimers including avf33
and avp5. On both wt and sdc-1 null fibroblasts, avp5 is the major av integrin present
on the fibroblast surface (Figure 3.5C). Antagonizing av- and/or B1- integrin function,

will therefore affect the overall profile of integrins expressed on the cell surface.

The av-family integrins have been reported to be expressed constitutively
activated and a5B1 integrins use transdominant inhibition to interfere with av-integrin
function (Ly, Zazzali, & Corbett, 2003). Also, it has been reported that av-integrin could
mediate trans-dominant inhibition of a5f1 (Calderwood, Tai, Di Paolo, De Camilli, &
Ginsberg, 2004). While overexpression of o5B1 integrins can inhibit cell migration,
overexpression of av integrins has been correlated with rapid cell migration. Therefore,
differences we observe as a result of addition of MnCl, at day3 are due to activation of

B1-family integrins. Since MnCl, reduced the migration rate of sdc-1 null cells at that
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time point in culture, B1-family integrins are not fully active in sdc-1 null cells and do not

suppress av integrin function efficiently permitting rapid cell migration.

In the quiescent state, less a5 is expressed in the sdc-1 null fibroblasts with no
differences between wt and sdc-1 null cells in the levels of 1 (Fig. 4.5). Therefore, 1
associates with another o chain such as al, a2 ,a3 ,a10 or al1 and the functions known
for these integrins all involve making cells more adhesive. Upon fibroblast activation in
culture more a5 and B1 are expressed in the sdc-1 null cells. Therefore, the a5B1 integrin
is likely mediating the rapid cell migration in the sdc-1 null myofibroblasts at day 3.
a5B1 switches between relaxed and tensioned states in response to myosin II-generated
cytoskeletal force. After undergoing this force-dependent conformational transition, in
this activated state, it interacts with fibronectin and generates downstream signals
(Friedland, Lee, & Boettiger, 2009). Optimal migration speed during wound healing
depends on the proper balance between adhesion and detachment (Moissoglu &
Schwartz, 2006; Moissoglu, Slepchenko, Meller, Horwitz, & Schwartz, 2006). Adhesion
assays show that sdc-1 can mediate cell adhesion via avp3 and avp5 integrins and sdc-1
ectodomain peptides can interfere with this association via heparan sulfate independent
mechanisms (Beauvais et al., 2004; McQuade et al., 2006). The av-family integrins,
especially avB5 and avf6, can mediate binding and activation of latent forms of TGF31
(Sheppard, 2005). One of the mechanisms that can activate latent TGFB1 involves
binding of a latency associated protein to heparan sulfate side chains (Q. Chen et al.,
2007); our studies indicate that sdc-1 association with av-containing integrins activates
those integrins at day 5. In a recent study by Beauvais et al. (2009), syndecan was shown

to associate with avPB3 and/or avB5 integrin to form a complex, most likely via
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interactions of their extracellular domains which lead to their clustering (Beauvais, Ell,
Mc Whorter, & Rapraeger, 2009). In the absence of sdc-1, the fibroblasts are not capable
of optimally activating their av-containing integrins. Our data suggest that o5p1 is
upregulated to compensate for the inactivated state of the av integrin at day 3; av
integrin upregulation by day 5 begins to supress the activity of a5B1 at day 5 (Figure
6.5). The lack of proper trans-dominant inhibition keeps the velocity ranges elevated and
meta-stable in cells lacking sdc-1.

In wt keratinocytes that express a6B4, neutralizing 1 integrins reduces
dramatically migration rates (Stepp et al., 2007). We report here that in wt fibroblasts at
day 5, blocking B1 integrin increases cell migration rates by 1.5 folds of control values
and further enhances sdc-1 null cell migration by 0.2 fold of control values. Blocking 1-
integrin in wt and sdc-1 null fibroblasts dramatically reduce processivity from ~0.23 for
both wt and null fibroblasts to 0.15 and 0.13 for wt and sdc-1 null fibroblasts,
respectively. This result is consistent with what is known about the important role played
by B1 integrins in mediating directional migration in fibroblasts (Moissoglu & Schwartz,
2006; Moissoglu et al., 2006)and demonstrates that sdc-1 null fibroblasts regulate their
processivity mainly via Bl integrin. In addition, antagonizing the av-integrin also
reduced both wt and sdc-1 null cell processivity. These results provide the first evidence
suggesting that av33 and/or avp5 integrin activity can regulate processive cell migration
and that in the absence of sdc-1, a5B1 plays a major role in the regulation of cell

migration and processivity at day 5 in 10% serum.

We propose that in the intact dermis, 1 integrin function is the same as seen in

the wt dermis. However, over time in culture, the regulation of B1 family integrin is lost
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drop in sdc-1 null cells; data support the hypothesis that altered 1 function occurs in
response to factors present in the 10% serum containing media. The more active a5p1
functions early when av integrin levels are low to permit the sdc-1 null cells to migrate
fast at day3 (Figure 6.5). In wt cells, sdc-1 expression maintains o5B1 integrin in an
active state so it partially inhibits av integrin mediated migration keeping the cells
migrating at a lower rate. By day 5, in sdc-1 null cells, a5B81 does not inhibit cv-
mediated migration efficiently due to its lower activity and cells migrate faster (Figure
6.5). MnCl,-mediated activation of sdc-1 null a5B1 increases suppression of av-
mediated migration and cells migrate slower. Adding MnCl, to quiescent sdc-1 null cells
would also increase a5B1 activity and lead to suppression of av integrin function which
would result in a reduction of cell migration. Since the opposite occurs and MnCl,
increases the migration rate of sdc-1 null cells, B1-family integrins in quiescent sdc-1 null
cells are more active than in fully fed sdc-1 null cells and have activities similar to those
in wt cells. Quiescent cells are placed in 1% serum containing media after only 1 day in
culture and under these conditions they retain their function. These data further support
the hypothesis that 31-family integrins have normal activity within the unwounded sdc-1
null dermis and that the reduction in integrin function occurs in vitro in response to
serum. This also supports the hypothesis that the av-family integrins have low activity
within the sdc-1 null dermis and that the alterations we see (increased ov function;

decreased a5 integrin function) occur in vitro in response to serum over time.
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Figure 6.5. av and B1 activation varies over time in the absence of sdc-1 when cells
are in 10% serum.

A. In the presence of sdc-1, av and B1 integrin activities are optimal. A mutual trans-
dominant inhibition occurs between the av family and 1 integrin families which
stabilizes migration rates.

B. In the absence of sdc-1, at Day 3, av integrin activity is sub-optimal and 1
integrin activity is supra-optimal. The opposite is true at day 5 as cells are

maintained in 10% serum.
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F. Fibroblast activation

It is well known that the wound healing process is largely regulated by an ordered
and well coordinated production of cytokines. When cells are lost or damaged upon
injury, fibroblasts are recruited to the wound site after becoming activated. Repopulation
of the wound bed occurs as a result of fibroblast migration from nearby locations and
proliferation of the cells within the wounded area (Monaco & Lawrence, 2003). These
activated fibroblasts in vivo are called myofibroblasts. They are aSMA positive and play
a major role in matrix formation and wound contraction (Moulin et al., 2004).

The fibroblasts in cell culture are myofibroblasts; 24 hours after being plated
on tissue culture plastic or glass they become aSMA positive, inducing quiescence after
that point does not down regulate aSMA in these cells. In studies conducted in 1993,
Desmouliere and co-workers (Desmouliere, Geinoz, Gabbiani, & Gabbiani, 1993)
cultured fibroblasts and 24 hours after plating, media was removed and either TGFB1 (10
ng/ml) or reagents that inhibited TGF3 were added and their effects on aSMA expression
studied. These studies showed that another cytokine, GMCSF, increased aSMA
production in vitro. In the absence of TGFf, however, GMCSF has no direct effect on
aSMA production, so its mechanism of action is indirect (Desmouliere et al., 1993;
Shephard, Martin et al., 2004) .

TGFP1 levels are increased in acute wounds (Barrientos et al., 2008) and TGFf1
plays a major role early on in the differentiation process of fibroblasts (Desmouliere et
al., 2005). However, TGFB1 stops having an effect on a SMA expression once these cells
are activated and fully expressing it as we have shown by the immunoblot data in

Chapters 3 and 4. However, we report here that other activation hallmarks known to be
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enhanced directly or indirectly by TGFB1 include proliferation, migration and induction
of integrin expression (Khalil et al., 2005; Masur et al., 1996; Singer & Clark, 1999) are
also increased in sdc-1 null fibroblasts. Sdc-1 null fibroblasts are also more responsive to
TGFB1 than the wt fibroblasts, especially under starvation conditions.

Placing wt quiescent fibroblasts from the unwounded dermis in culture in the
presence of serum causes a rapid 4-8 fold increase in integrin expression over a 5 day
period. At day 3, more of total integrin is expressed and these integrins are optimally
functional integrins. As these myofibroblasts become more and more activated as
indicated by their increase in aSMA expression over time (Fig. 3.1), the amount of
integrin produced increases but the optimal activity of the av and B1 integrin families
appears to persist as indicated by the tight control of cell migration rate seen in these
cells. As shown in Figure 6.2, at day 5, integrin function in the wt cells is close to
optimal. Therefore, and increased fibroblast activation correlates with an increased
level of integrin expression coupled with persistence of total optimal integrin
function.

Placing sdc-1 quiescent fibroblasts from the unwounded dermis in culture in the
presence of serum causes a rapid 4-8 fold increase in integrin expression over a 5 day
period as well. However, at day 3, more of total integrin is expressed by the sdc-1 null
fibroblasts but integrin function is not optimal for either the av and B1 integrin families
(high PBIl-family function and low av-family function). As these sdc-1 null
myofibroblasts become more and more activated, the amount of integrin produced
becomes similar although optimal integrin function is never achieved. As shown in

Figure 6.2, at day 5, integrin function in the sdc-1 null cells becomes sub-optimal due
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primarily to the reduced function of the Pl-family integrin releaving transdominant
inhibition of the av-family integrins which allows the av-family function to increase.
Therefore, increased fibroblast activation correlates with an increased level of
integrin expression but never permits optimal total integrin function for fibroblasts

lacking sdc-1.

G. Quiescent fibroblasts

In the quiescent state, cultured dermal wt and sdc-1 null fibroblasts have similar
phenotypes and re-exposure to serum and TGFB1 induces profound differences in
migration, downstream signaling, integrin expression, and integrin activation. The
similarities between wt and sdc-1 null fibroblasts under quiescence could explain the
normal skin morphology in the two genotypes. Both genotypes showed a slow increase in
cell count, comparable velocities, and integrin function. Both wt and sdc-1 null quiescent
cells proliferate less, migrate more slowly, had a sub-optimal total integrin function with
a lower expression of av, a5 and B1 integrins than in the activated state. Quiescence
decreased integrin expression at the beginning of starvation but over time integrin
expression was restored as cells remained in culture with 1%serum.

Addition of TGFB1 to quiescent cells didn’t affect wt cell migration but increased
sdc-1 null cell velocity. Blocking endogenous TGFP1 activity using a neutralizing
antibody didn’t affect the velocity of either genotype (Fig. 4.3.C). We can conclude that
quiescent cells in the skin do not respond to high concentrations of TGFf1 by increasing
their migration rate. Cells lacking sdc-1, however, are responsive to high concentrations

of TGFB1 from the surrounding environment even in the unwounded skin. Any
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wounding causes an increase in the amount of serum within the stroma and results in an
activation of these cells. Re-activation of quiescent cells from both genotypes in vitro
induces differences in migration rates and responses to factors and cytokines from the
serum. These differences could be among the factors that underlie the variation in wound

responses seen between wt and sdc-1 null mice.

H. Viability of sdc-1 null fibroblasts

Wt fibroblasts begin to be lost from tissue culture dishes when cells were
maintained for 5 days in culture under starvation conditions of 1% serum; no loss of cells
was seen in the sdc-1 null fibroblasts treated similarly. This result suggests that sdc-1 null
cells are more robust and resist cues that normally induce apoptosis in cells stressed by
harsh environmental conditions. Further support for this interpretation comes from the
experiments in which we treated cells after 3 days of starvation in 1% serum containing
media with varying concentrations of MnCl; ranging from 0.1 to ImM. Concentrations of
MnCl; above 0.1mM killed the quiescent wt fibroblasts but had no impact on the viability
of sdc-1 null fibroblasts. Wt fibroblasts in 10% serum were viable after treatment with all
three MnCl, concentrations. Increased viability of sdc-1 null fibroblasts would be a
positive factor in the early phases of wound healing allowing for a rapid closure of
wounds and re-synthesis of damaged matrix. However, at later stages of healing when
myofibroblasts must undergo apoptosis and/or differentiation back into quiescent
fibroblasts, sdc-1 null cells may resist the appropriate signals and remain viable; this

situation could result in increased scarring. In a cancer model, sdc-1 null fibroblasts may
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resist apoptosis induced by cytokines secreted by immune cells, increasing the number of

CAF present within the tumor stroma and supporting further tumor progression.

1. Fibroblast re-activation

Reactivation of quiescent cells by adding back 10% serum increases the velocity
of the fibroblasts, allowes differences between wt and sdc-1 null cells to re-emerge.
Addition of TGFB1 to media at re-activation attenuates the difference between the two
genotypes. The wt fibroblasts are more responsive to TGFB1 upon re-activation. The
combination of serum and TGFP1 increases maximally the activation velocity in vitro
(Fig. 4.3.B). In brief, under quiescence, the sdc-1 null fibroblasts are more responsive to
TGFB1 (Fig. 4.3.C) and serum alone can re-activate them and increase maximally the
activation velocity (Fig. 4.3.B). Serum triggers the differences in functionality between
the av and B1 integrin families, favoring lower activity for the 1 integrins, and, due to

reduced transdominant inhibition, to high activity of the av integrins over time.

J. Epithelial mesenchymal interaction in wound healing and in tumor initiation

Normal wound healing involves interactions between epithelial and mesenchymal
cells (Chong et al., 2009). The interactions are mediated by integrins on their surface as
well as by stromal extracellular matrix. Epithelial cell proliferation, migration and
differentiation must be coordinated with stromal cells recruitment, proliferation and
differentiation (Horowitz & Thannickal, 2006). The extracellular matrix serves a
structural function and provides a reservoir for the storage and regulated release of

cytokines, important for wound healing. Sdc-1 expression has been shown to be
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upregulated in epithelia and stromal cells during wound healing via TGFp1-induced
PKCa activity (Hayashida et al., 2006). Dermal fibroblasts expressing sdc-1 regulate
their migration differently than cells lacking sdc-1 and they do so in part by altering av-
integrin activation and expression. As healing progresses, or fails to do so, in the mid-and
late phases, interaction between keratinocytes and fibroblasts becomes dominant (Kubo
& Kuroyanagi, 2005; Werner et al., 2007). Epidermal cells regulate the activation of
dermal fibroblasts, as is evident from the effect of keratinocyte conditioned media on the

fibroblast (Garner, 1998).

Ras proteins play an important role in malignant transformation as well as in
several disorders. They activate several pathways within cells primarily the RAF-MAPK,
PI3K and PLCe pathways (Denayer, de Ravel, & Legius, 2008; Kemp, 2005). Primary
mouse keratinocytes expressing the v- ras’™ oncogene give rise to papillomas and SCC
when grafted unto nude mice (Yuspa, 1998). The properties of v- ras'™® transfected
keratinocytes have been extensively studied in an effort to understand the etiology of
carcinogenesis after papilloma initiation. However, the exact role played by the
transfected keratinocytes on the surrounding stroma is not yet fully investigated. Grafting
studies using keratinocytes and fibroblasts from both genotypes of mice have suggested
an important role for the sdc-1 null fibroblasts in favoring papilloma growth (Stepp et al.,

unpublished).

v-ras™® transfected keratinocytes are activated cells that produce TGFB1, GMCSF
and other cytokines. Their conditioned media was added to the aSMA positive
myofibroblasts which were extensively studied and characterized in Chapters 3 and 4.

The sdc-1 null cells expressed more av, a5 and Bl integrins but in a non-optimal
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functional state while the wt cells expressed less of these integrins which had an optimal
integrin activity (Figs. 3.1, 4.5 and 6.3). Myofibroblasts are found in the SCC stroma,
mainly at the invasive front and TGF B1 is thought to play a main role in quiescent
fibroblast transformation to CAF (Lewis et al., 2004). GMCSF stimulates tumor cell
migration (Mueller & Fusenig, 1999) and has an a SMA suppressing effect on fibroblasts

stimulated with TGF B1 (Shephard, Martin et al., 2004).

TGFB1 has a dual role in influencing tumor progression (Padua & Massague,
2009). It shows a biphasic action during multistage skin carcinogenesis. In the early
stages, it acts as a tumor suppressor while at the later stages it enhances the malignant
phenotype (Cui et al., 1996). One way Ras alters the EMT (epithelial to mesenchymal
transition) response to TGFp is by disabling the tumor-suppressor activity of the Smad4-
tropomyosin pathway (Safina et al., 2009).

In chapter 5 we show that the abundant GMCSF in the ras'*-transfected CM
inhibits the sdc-1 null fibroblast migration. By decreasing the cell’s capacity to migrate,
GMCSF could be interfering with the normal response of the cells at the tumor initiation
stage and favoring less stromal resistance to tumor progression. Excess GMCSF favors
CAF differentiation since it increase aSMA production in vivo. In the absence of TGFf1
however, GMCSF has no effect on aSMA production so its mechanism of action is

indirect and likely via TGFB1 (Desmouliere et al., 1993; Shephard et al., 2004).

Both TGFB1 addition and GMCSF neutralization lead to a decrease in the wt
myofibroblast velocity. This implies that both of these factors have a role in the increased

migration of the wt fibroblasts in the ras"-transfected keratinocyte CM and that their
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affect is not interdependent since neutralizing one without neutralizing the other did not
alter the migration rate of these cells. They contributed together to the increased overall
migration rate of the wt cells (Figure 5.4).

It seems that both GMCSF and TGF1 also have an affect on of migration of
fibroblasts lacking sdc-1 in the the ras™-transfected keratinocyte CM but via different
mechanisms that are not interdependent. The GMCSF-mediated inhibition of sdc-1 null
fibroblast cell migration is significant for cells lacking sdc-1 as indicated by the increase
in cell migration when GMCSF is neutralized. Neutralizing TGFB1 alone does not affect
sdc-1 null cell migration, but neutralizing both cytokines leads to a decrease in migration
which further points out to a correlation between these factors (Figure 5.4). GMCSF
alone block migration while GMCSF and TGFP1 together favor migration of the
fibroblasts lacking sdc-1 in ras-transfected CM. A GMCSF/Smad intracellular signaling
is suggested by Postiglione et al. in activated fibroblasts (Postiglione et al., 2005) and
may be involved in the response of sdc-1 null cells to activated keratinocytes during

tumor initiation.

K. Mouse multistage tumor model

Multistep skin cancer in mice is commonly used as a model to study the evolution
of tumor cells and it has been well characterized. However, several limitations exist
within that model. Actually, cancer in mice and humans can have different causes and the
progression is affected by differences in tissue organization, telomere length and ability
of cells to senesce (Kemp, 2005). However, many similarities do exist many involving

the genes of interest underlying multistage tumor development. These in vivo models
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lead us to establish the in vitro model presented here hoping to get a closer look at the
cellular mechanisms involved in fibroblast activation and response in the tumor initiation

environment.

L. Conlusion

Syndecan-1 is expressed in various human cancers and upregulated in infections,
wound healing and injury (Fears & Woods, 2006). The soluble sdc-1 ectodomain is shed
and it is present in the serum of cancer patients (Sanderson & Yang, 2008).We show
here, for the first time, important roles for sdc-1 in controlling migration and integrin
activation in fibroblasts. However, more work must be done before a full understanding
of how this proteoglycan functions to mediate proper wound healing. While we identify a
role for sdc-1 in integrin activation in dermal fibroblasts during wound healing and tumor
initiation, additional studies are required to fully understand the mechanism used in sdc-1

null cells to regulate fibroblast activation.
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