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Constitutively activating mutations in the Sonic Hedgehog pathway are the 

drivers of basal cell carcinoma (BCC). However, while these mutations may be the initial 

driver of tumor formation it has more recently been established that without Wnt/β-

catenin signaling the Shh mutations cannot lead to tumor formation. The transcription 

factor Sox9 is a target of both Shh and Wnt signaling and has been implicated in 

progression and aggressiveness in many different types of tumors. BCC tumors and hair 

follicles express many of the same genes, including Sox9, and are therefore thought to 

follow similar developmental pathways. Sox9, in particular, is necessary for the 

development of the hair follicle stem cell niche and maintenance of hair growth, without 

it the pool of proliferative cells is exhausted and the hair follicle can no longer grow. 

Though critical for hair follicle stem cells, Sox9 has not been studied in BCC. Therefore, 

both primary hair follicle outer root sheath (ORS) keratinocytes and BCC cells were used 

to study the role and regulation of Sox9 to better understand their differences and 

potentially find new therapeutic targets. Using RNAi knockdown techniques, Sox9 was 

found to be a key regulator of proliferation and self-renewal in both ORS-derived 

keratinocytes and BCC cells. The regulation of Sox9 by β-catenin, however, was reversed 

in the two cell types. β-catenin positively regulated Sox9 in the BCC cells whereas 

activation of &beta;-catenin nuclear translocation caused a loss of Sox9 expression in the 

ORS keratinocytes. Fhit, a known &beta;-catenin nuclear repressor, was found to 

partially mediate the down-regulation of Sox9 in the ORS cells. Chromatin 

immunoprecipitation (ChIP) showed that upon inhibition of GSK-3β, Fhit was enriched 

at the transcription start site of Sox9 along with &beta;-catenin in ORS cells. Similarly, 

knockdown of Fhit in BCC cells resulted in increased Sox9 expression indicating that 



ii 
 

Fhit acts as a repressor of β-catenin mediated Sox9 expression in BCC cells. 

Furthermore, Fhit knockdown increased the invasiveness of BCC cells through a Matrigel 

invasion chamber, indicating that a loss of Fhit may be a biomarker of infiltrative BCC. 

Notch1 was also found to positively regulate Sox9 in the ORS but negatively 

regulated Sox9 in the BCC cells. In the ORS cells, GSK-3β inhibition led to the loss of 

Notch1 DNA binding upstream of Sox9 and decreased Sox9 expression. I conclude that 

Notch1 drives Sox9 expression in ORS keratinocytes and activation of β-catenin disrupts 

Notch and recruits Fhit to repress Sox9 expression. In BCC, activation of β-catenin drives 

Sox9 though unknown mediators, and through a loss of Fhit. 

In parallel with the hair follicle and BCC work, I generated biomaterials using silk 

fibroin to modulate macrophage differentiation both in vitro and in vivo. Macrophages 

are involved in many diseases ranging from metabolic disease to atherosclerosis and 

cancer. In each disease, and during normal wound healing, macrophages are represented 

as either of two general phenotypes: M1, inflammatory macrophages or M2 tissue-

regenerative macrophages. Silk biomaterials were chosen to deliver cytokines to 

macrophages to force them to polarize into either M1 or M2 depending on the desired 

outcome. To this end, silk films were created with varying thicknesses and crystallization 

times to optimize the release profiles of IFN-γ or IL-4 for M1 or M2 macrophage 

polarization, respectively. Low molecular weight silk films, with minimal crystallization 

showed the best release profile and were able to polarize the THP-1 derived macrophage. 

In vivo, silk films containing IL-4 had the largest effect but did not polarize all 

macrophage strictly to M2 as there were many M1 macrophage as well, indicating that 

more work needs to be done to optimize the films for in vivo studies. 
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Chapter 1: The Role and Regulation of Sox9 in Hair and Basal Cell Carcinoma 

 

Introduction 

 

Sox9 is a transcription factor that is necessary for development and maintenance 

of the hair follicle stem cell niche. Loss of Sox9 in embryonic mouse skin results in 

normally differentiated hair follicles that do not establish a long-term label-retaining stem 

cell population and eventually the hair follicle stops growing due to the depletion 

proliferative cells without a stem cell source of renewal (Nowak et al., 2008a; Vidal et 

al., 2005). If Sox9 is conditionally deleted from hair follicles after development and full 

maturation of the follicle the hair will continue its growth for a while but the stem cell 

population is lost and the hair is blocked from entering a new cycle of regrowth (Kadaja 

et al., 2014). Those studies implicate Sox9 as a crucial factor for hair follicle stem cell 

maintenance and long-term growth. 

 Basal cell carcinoma (BCC) is a skin tumor thought to be derived from either the 

hair follicle (Wang et al., 2011) or basal layer of the interfollicular epidermis (IFE) 

(Youssef et al., 2012). Regardless of origin, the tumors expresses many of the same genes 

as a developing hair follicle (Colmont et al., 2013; Markey et al., 1992; Yang et al., 2008; 

Youssef et al., 2012), including Sox9 (Krahl and Sellheyer, 2010a). The role of Sox9 in 

BCC is not known, though it is upregulated in a large number of other cancers, such as 

gliomas (Wang et al., 2012), ovarian (Raspaglio et al., 2014), breast (Riemenschnitter et 

al., 2013), esophageal (Song et al., 2013), hepatocellular (Guo et al., 2012c), and 

pancreatic carcinomas (Camaj et al., 2014) where it is indicative of poor prognosis. Sox9 

is also associated with increased proliferation in prostate and colorectal cancers (Matheu 
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et al., 2012; Thomsen et al., 2010). Understanding the regulation of this important stem 

cell transcription factor in normal hair follicle and BCC may shed light on possible new 

treatments for BCC and other cancers that express Sox9. 

BCC tumors are driven by mutations in the Sonic Hedgehog (Shh) pathway that 

leads to the expression of hair follicle specific genes. Inhibition of Shh signaling with the 

FDA approved drug vismotegib has shown good results clinically, though tumors can 

become resistant to vismotegib treatment (Metcalfe and Sauvage, 2011) therefore finding 

downstream mediators of tumor progression is important. Loss of β-catenin, the mediator 

of Wnt signaling, completely prevents BCC tumorigenesis even in the presence of 

constitutively activating Shh mutations, implicating β-catenin as a necessary downstream 

mediator of BCC pathogenesis (Youssef et al., 2012). Furthermore, the Wnt signaling 

pathway is activated by Shh mutations in mice and is found to be activated in human 

superficial BCC tumors as well (Yang et al., 2008). Wnt/β-catenin has been shown in 

various systems to regulate Sox9 expression both positively and negatively. Importantly, 

Wnt signaling is one of the earliest signals necessary for the development of the hair 

follicle and is necessary for early Sox9 expression but in later development β-catenin is 

necessary for the differentiation and loss of Sox9. A better understanding of how Wnt/β-

catenin signaling controls Sox9 expression in both the hair follicle and BCC may 

therefore be of clinical relevance. 

 

Stem Cells in Adult Regenerative Tissues and Cancers 

Tissue-specific stem cells reside in all continuously renewing adult tissues 

(Joseph and Morrison, 2005; Rando, 2006). These stem cells are capable of self-renewal, 
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can give rise to all the lineages of the tissue, and often proliferate more slowly than their 

differentiating progeny. The slow proliferation rate of many stem cells allows them to 

retain fluorescently labeled nucleotides, such as BrdU, for long periods of time. The more 

rapidly dividing cells will dilute out the fluorescent label over time allowing for the 

identification and selection of stem cells from their niche. Many cancers contain a subset 

of cells with an expression profile similar to the stem cells found in the tissue of origin 

and that are also slower to proliferate than the other cells of the tumor. The slow 

proliferating cancer-stem cells are not as easily killed by radiotherapy or 

chemotherapeutics that instead target the rapidly dividing cells, potentially explaining the 

high rate of recurrence for many types of cancers after radiotherapy or chemotherapy 

(Othman et al., 2014; Packer et al., 2013; Ramaswamy et al., 2013). Furthermore, cells 

isolated from tumors that express the stem cell markers are able to initiate the tumor with 

far fewer cells (as little as one cell) and recapitulate the tumor morphology more 

effectively than those tumor cells with a differentiated expression profile. 

These findings have given rise to the hypothesis that many cancers are derived 

from a stem cell population within a tissue. For example, there is evidence that hairy cell 

leukemia originates from hematopoietic stem cells (HSC) of bone marrow that also 

contain the BRAFV600E mutation (Chung et al., 2014). When HSCs containing the 

BRAFV600E mutation are transplanted into irradiated mice that are immune 

compromised the HSCs are able to repopulate the entire normal immune system, as well 

as leading to humanized hairy cell leukemia in the mice. 

There is also evidence that carcinogenic mutations can lead to the acquisition of a 

tumor stem cell phenotype. An example of such a cancer is pancreatic ductal 
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adenocarcinomas that express the pancreatic stem cell marker Sox9 and are 

morphologically similar to the ductal cells where the normal pancreatic stem cells reside 

(Kopp et al., 2012). However, lineage tracing studies in mouse models showed that the 

Sox9 positive cancer cells are most often derived from the acinar cells, which are fully 

differentiated cells with exocrine function, rather than from the ductal cells of the 

pancreas (Kopp et al., 2012). This demonstrates that the cancer-stem cells do not 

necessarily originate from the resident stem cells of a tissue but instead can acquire a 

stem cell-like state and expression profile.  

Regardless of the origin of a tumor cell, understanding the molecular pathways 

that regulate the proliferation and differentiation of the cells within a tumor will provide 

insights into new ways to treat the cancer. Furthermore, understanding the differences 

between normal tissue stem cells and cancer stem cells may lead to treatments that will 

have a minimal effect on normal tissue while halting the tumor in more effective ways. 

BCC is thought to arise from uncontrolled growth of stem cells that originate in either the 

hair follicle or the basal layer of the epidermis (Wang et al., 2011; Youssef et al., 2012). 

Regardless of origin, the gene expression profile of the hair follicle stem cell niche is 

very similar to that of most BCC tumors. Markers of interfollicular epidermis, such as 

keratin 1 or 10 (Hutchin et al., 2005), are not typically found in BCC whereas keratin 17 

(K17) (Langbein et al., 2010) and K19 (Michel et al., 1996), which are found in the hair 

follicle ORS, are also commonly found in BCC tumors (Markey et al., 1992; Yoshikawa 

et al., 1998). Sox9 is an important transcription factor expressed in both the hair follicle 

stem cells and all BCC tumors, but not (or at much lower levels) in the interfollicular 

epidermis. Several studies have shown that Sox9 is necessary for the establishment of the 
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hair follicle stem cells, but not for the initial development or differentiation of the hair 

follicle (Nowak et al., 2008a; Vidal et al., 2005), nor for later stages of follicular growth 

(Kadaja et al., 2014). The necessity for Sox9 in establishment and maintenance of hair 

follicle stem cells is apparent, but its role in BCC has not been defined. These studies 

have all concluded that BCC can be derived from the basal cells of the epidermis or the 

hair follicle but their expression profile resembles that of the hair follicle more than the 

epidermis. Furthermore, Sox9 is an important regulator of stem cells in the hair follicle 

and is broadly expressed in BCC tumors, indicating a potential therapeutic target. 

 

Development and Anatomy of Skin and Hair Follicle  

Skin is a large and continuously self-renewing organ that acts as a barrier from the 

outside world, including protection from pathogens and UV light, as well as prevention 

of water loss from the body. The skin is composed of three primary layers: the epidermis, 

which is the outermost layer, the dermis, and the adipose, or subcutaneous fat, layer. The 

interfollicular epidermis (IFE), epidermis that surrounds or does not contain hair follicles, 

has four basic layers representing four consecutive levels of differentiation and 

stratification. Touching the dermis and lining the basement membrane is the basal layer 

of cells that are the stem cells of the IFE. Basal cells are capable of self-renewal and can 

develop into the other layers of the epidermis. Basal cells occasionally divide 

asymmetrically, one cell becoming an early member of the spinous layer just above the 

basal layer. Those cells continue to proliferate forming the thickest living portion of the 

epidermis. The suprabasal layer is composed of two levels of differentiation: the spinous 

layer and granular layer. The elongated cells of the spinous layer begin to keratinize and 
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will eventually form the tough outer layer of the skin. Above the spinous layer is the 

granular layer, which is composed of cells with many keratohyalin granules that aid in 

the keratinization of the cells. Finally there is the corneal layer of dead and flattened cells 

that are highly keratinized and have a high concentration of covalently linked ceramides, 

along with cholesterol, providing an impermeable barrier to water (Fuchs, 1990; 

Wikramanayake et al., 2014). 

 

Two important appendages of the skin are the sweat glands and the pilosebaceous 

units. Sweat glands are important mainly for temperature regulation of the body and for 

preventing the skin from drying out. A pilosebaceous unit consists of a hair follicle and a 

sebaceous gland, which grows out from the hair follicle during development and 

Illustration 1.1. Anatomy of the Interfollicular Epidermis. Basal cells adhere to the 
basement membrane that separates the dermis from the epidermis. These cells are the stem 
cells of the IFE and undergo differentiation into the suprabasal cells of the spinous layer. The 
suprabasal cells continue differentiation by forming granules of keratohyalin to aid in 
keratinization. Eventually, the nuclei are degraded and the Stratum Corneum is formed, 
which is highly keratinized and consists of cholesterol and covalently linked ceramides that 
forms a water barrier. 
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produces waxy oils that lubricate the skin, prevent dehydration, and provide some anti-

bacterial action. A small muscle attaches to the hair follicle underneath the sebaceous 

gland, called the arrector pili muscle, which lifts the hair. Some mammals use this to 

make them look larger as a defense mechanism, but the arrector pili muscle has no known 

function in humans. The arrector pili muscle attaches to the hair follicle at the bulge, 

which is also the stem cell compartment of the hair follicle. Nerves that can detect 

movement of the hair shaft also surround the hair follicle and add tactile sensitivity. The 

hair follicle of course produces a hair shaft, which in numbers provides warmth for many 

mammals, but is mostly aesthetic in humans.  Hair follicles also contain a reserve of stem 

cells that are activated during wound healing to help repopulate the epidermis. 

Early development of the human hair follicle starts around 9 weeks of gestation 

with the formation of an epithelial placode, which is a dense cluster of cells within the 

epidermis (Holbrook and Minami, 1991). Concurrently, mesenchymal cells near the 

placode start to migrate together toward the base of the placode and contract the 

surrounding tissue to form a dermal condensate that will later become the dermal papilla. 

As the placode grows further down into the dermis forming the hair peg it begins to form 

a matrix of tightly compacted cells that contact the dermal condensate. Eventually the 

tightly compacted cells engulf the dermal condensate, from then on called the dermal 

papilla (DP), and align perpendicularly to the engulfed DP. These aligned cells that 

surround the DP are called the matrix. The matrix cells are rapidly dividing cells that 

migrate upwards within the follicle and differentiate into the different layers of the hair 

follicle and hair shaft. By 20 weeks of gestation the hair follicle and dermal papilla have 

fully formed and a hair is produced. The hair follicle grows through all three layers of the 
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skin stopping growth deep within the adipose tissue. These first embryonic hairs, called 

lanugo hairs, are small, without pigment, and typically shed by 35 weeks of gestation in 

the womb.  

 

Illustration 1.2. Development of the hair follicle. The first morphological evidence of hair 
follicle development begins around 9 weeks of gestation and is called the epithelial placode. 
The epithelium forms a dense cluster of cells in the basal layer and the dermis condenses 
around the placode as the mesenchymal cells in the dermis migrate in and cluster around the 
placode. The epithelial cells closest to dermal condensation rapidly divide and eventually 
become the small dense cells of the matrix. As the epithelial cells continue to divide and grow 
further into the dermis they begin to surround the dermal condensate, at which point it is 
called the hair peg. The sebaceous gland also begins to develop during the hair peg stage (not 
illustrated). Eventually the dermal condensate is completely enveloped becoming the dermal 
papilla and the hair follicle then starts to produce hair. 
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The mature, fully developed, hair follicle is composed of several layers of cells 

that form concentric rings around the hair shaft. The lowest tear drop shaped portion of 

the follicle is the bulb, a cluster of densely packed cells that encompasses the DP. As in 

the developing follicle, the Matrix cells surround the DP and are highly proliferative. 

Outside the matrix the inner root sheath (IRS) is formed that migrates up along with the 

developing hair shaft and contains two morphologically distinct layers: Henle’s and 

Huxley’s Layers. Directly above the DP and the matrix is the precortex that contains 

precursor cells that will develop the three layers of the hair shaft: the cuticle, cortex, and 

medulla, which are all composed of highly keratinized and dead cells. Above the bulb the 

hair follicle is composed of three layers, the IRS as mentioned, the companion layer, and 

the outer root sheath. The outer root sheath (ORS) contains the least differentiated cells 

including the stem cell population that is capable of repopulating the entire hair follicle as 

well as the epidermis after wounding. Between the ORS and the IRS is a thin layer of 

cells with an unknown function, called the companion layer (Winter et al., 1998). 
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Just before the lanugo hairs are shed the hair follicles undergo a transformation in 

three phases to regenerate a new follicle: regression (catagen), resting (telogen), and 

regrowth (anagen) (Alonso and Fuchs, 2006). These same three phases of hair growth 

will cycle throughout the rest of life. Initially the hair follicle keratinocytes will stop 

Illustration 1.3. Diagram of the Layers the Hair Follicle and its Growth Cycle. A 
fully developed hair follicle in the anagen phase (A) has several layers: the ORS (green) that 
contains the stem cell niche, the IRS (blue) that helps the hair shaft migrate out of the skin, the 
matrix (red) that surrounds the mesenchymal DP (purple) and the precortex (yellow) that 
differentiates into the different layers of the hair shaft. The sebaceous gland (grey) protrudes 
from the upper middle portion of the hair follicle. Hair cyclically grows and regresses many 
times throughout life. There are three phases of the hair cycle (B), Anagen, Catagen, and 
Telogen. During the Anagen phase the hair is growing and producing a hair shaft. Eventually, 
the hair stops growing, the ORS undergoes apoptosis, and the lower follicle regresses back up 
to the bulge stem cell niche. The DP begins to migrate back up to the bulge as well. Once the 
DP reaches the secondary hair germ near the bulge the Telogen phase begins where the follicle 
rests in a state of relative quiescence for several months. After Telogen, the DP signals to start 
a new growth cycle and a secondary hair germ starts proliferating and the follicle starts to 
grow down into the dermis again, entering another Anagen phase. One of the signals 
necessary for progression from telogen to anagen is Wnt/β-catenin, represented a red gradient. 
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proliferating and undergo apoptosis and migration of cells up towards the dermis, 

regressing the follicle out of the adipose layer. This regression is called the catagen 

phase, which will only last a few days. During this time the dermal papilla also migrates 

back up within the dermis until it reaches the lower permanent portion of the hair follicle 

where the epithelial regression ended. After the catagen phase, the remaining follicle and 

DP rest, without significant morphological changes. The resting period is called telogen 

and can last several weeks. Finally, in the anagen phase a set of signals from the DP 

triggers the activation of the secondary hair germ to begin proliferating and the hair 

follicle grows back down into the adipose layer where it engulfs the DP again forming a 

new follicle (Chi et al., 2013; Rompolas et al., 2012). The anagen phase can be broken 

down further into two phases: early anagen when the follicle is growing back down into 

the adipose tissue, and late anagen when the follicle has stopped the down-growth and 

starts producing a hair shaft. The length of hair is determined by the length of time spent 

in anagen. In humans, the anagen phase can last from 4-7 years or longer on the scalp 

(Saitoh et al., 1970) or for as little as 20 days on the extremities (Seago and Ebling, 

1985). 

The sebaceous gland grows from the upper portion of the hair follicle and is 

connected by a duct at a region called the isthmus. Sebum, the primary product of the 

sebaceous gland, is a waxy secretion composed of squalene, fatty acid esters, free fatty 

acids, cholesterol, and triglycerides that help keep the skin hydrated and have 

antibacterial properties as well (Niemann and Horsley, 2012). Development occurs at the 

same time as the embryonic hair follicle, first emerging from the mid-follicle between the 

13th and 16th week of gestation. Sebum is produced by the destruction and secretion of the 
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lipid containing cells, called holocrine secretion. Small cells along the basement 

membrane of the sebaceous gland have self-renewal capacity and will also differentiate 

into the sebocytes that accumulate lipids and undergo holocrine disintegration. Above the 

sebaceous gland, and connected to the interfollicular epidermis is the infundibular region 

of the hair follicle where the sebaceous duct flows through. The infundibulum is the 

upper-most segment of the hair follicle and is continuous with the IFE epidermis. The 

infundibulum has an ORS that is continuous with the basal layer of the IFE and an IRS 

that is continuous with the stratum corneum of the epidermis but is not itself cornified. 

 

Development and Origin of Basal Cell Carcinoma  

Basal cell carcinoma (BCC) is a skin cancer and the most common form of cancer 

world-wide, with more than 1,600,000 new cases annually in the US alone (Rogers et al., 

2010). Though the tumors are not typically metastatic, and therefore there is a low 

mortality rate, they can be highly invasive and cause severe damage to surrounding 

tissues including muscle and bone. The origin of the tumorigenic cells is thought to 

derive from either the basal layer of the epidermis or the hair follicle depending on the 

type of mutation (Grachtchouk et al., 2011; Hutchin et al., 2005; Wang et al., 2011; 

Youssef et al., 2012). K14, K15, K17, CD200, LHX2 and Sox9 are all markers of ORS 

that are also expressed in BCC (Colmont et al., 2013; Krahl and Sellheyer, 2010a; 

Markey et al., 1992; Youssef et al., 2012). Furthermore the IRS marker K28 is not 

expressed in BCC indicating that the tumors are less differentiated. However, all subtypes 

of BCC show strong β-catenin and LEF1 expression, which is indicative of the rapidly 

dividing cells in the matrix (Kriegl et al., 2009). Epithelial Cell Adhesion Molecule 
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(EpCAM) is highly expressed in BCC tumors but only detected in the hair follicle during 

embryonic development or in the secondary hair germ just before the initiation of a new 

hair growth cycle (Sellheyer and Krahl, 2008). The expression of EpCAM is not detected 

in the ORS or any of the more differentiated structures of the hair follicle. Furthermore, 

BCC derived from the epidermis follows a similar developmental progression as the 

embryonic hair follicle: epithelial placode formation and down-growth into the dermis in 

response to signals such as Wnt and Eda (Yang et al., 2008; Zhang et al., 2009). The 

expression profile of BCCs indicates that they represent a basal hair follicle progenitor 

cell more than the interfollicular epidermis or the differentiated compartments of a hair 

follicle.  

A cell may acquire a mutation that primes it for cancer but without further 

mutations or activation from the environment the cell will remain dormant or otherwise 

benign. Environmental signals, such as growth factor stimulation or direct cell-cell 

interactions, can lead to the activation of a these dormant cancer cells. In this case the 

tumorigenic cell that harbors a mutation undergoes normal proliferation and 

differentiation, or is otherwise quiescent, unless a separate signal activates the aberrant 

growth of the cell into a tumor. BCC is an example of a cancer where an initial mutation 

in a particular pathway primes a cell for cancer, but subsequent extracellular signals or 

additional mutations in other genes are required before uncontrolled growth ensues (Yang 

et al., 2008). The initial mutation found in nearly all BCC tumors is an activating 

mutation within the Sonic Hedgehog (Shh) pathway (Hutchin et al., 2005; Taipale and 

Beachy, 2001). Shh is a secreted growth factor involved in many developmental 

processes, including appendage formation. The most common genetic mutations in BCC 
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are found in the Shh receptor, Patched1 (Dahmane et al., 1997), which leads to activation 

of Smoothened (Smo), a seven-pass transmembrane protein that is bound to unliganded 

Patched1. Upon Shh ligand binding to Patched, Smo is released and can then activate the 

Gli transcription factors, which are the canonical downstream mediators of the Shh 

pathway. Transgenic mice containing a constitutively active form of Smo (SmoM2) 

develop BCC (Youssef et al., 2012) or basaloid follicular hamartomas (Grachtchouk et 

al., 2003). In the SmoM2 mice, overexpression of Dkk1, an extracellular inhibitor of Wnt 

signaling, completely prevents tumor formation (Yang et al., 2008). However, 

hyperactivation of Shh signaling, as marked by staining of K17, a Shh target gene, was 

not prevented by Dkk1 expression. Furthermore, in mouse epidermis with conditionally 

knocked-out β-catenin, BCC does not develop even with constitutively active Shh 

signaling (Youssef et al., 2012). These in vivo mouse experiments demonstrate that the 

SmoM2 mutation primes the skin for cancer but a second activator, namely Wnt/β-

Catenin, is still required for aberrant growth. 

There are three main classifications of BCC tumors: superficial, nodular, and 

infiltrative (see review (Crowson, 2006a)). There are several subgroups of each of these 

classifications as well. Nodular BCC forms a tight cluster of basaloid cells that develop in 

the papillary or reticular dermis and are commonly surrounded by dilated capillaries. At 

the periphery of the nodules are palisading cells that distinguish the tumor type as non-

invasive. These tumors appear as small, elevated, papules that often have a red 

coloration. Nodular BCC is the most common form of BCC, but in more than a third of 

cases multiple forms of BCC are present (Sexton et al., 1990). Most nodular BCC can be 

removed with a simple surgical excision, however micronodular BCC is more invasive 
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and often more widespread throughout the dermis and can be more difficult to completely 

remove. 

Superficial BCC first appears as a pink patch of scaly skin, often in areas that are 

more exposed to sunlight. Basal cells from the interfollicular epidermis or the hair follicle 

form irregular growths in the surrounding dermis. The tumor cells can colonize the hair 

follicle and, less often, eccrine glands. The superficial BCC growths also have palisading 

cells at their periphery, like nodular BCC, that indicate a non-invasive form that can be 

easily excised. Superficial BCC can also be effectively treated with topical drugs such as 

5-fluorouracil or imiquimod (Micali et al., 2014).  

Nevoid BCC is an inherited disease arising most commonly from autosomal 

dominant mutations in the Patched1 gene (Hahn et al., 1996; Johnson et al., 1996). The 

syndrome manifests in early adulthood, though children as young as two years old can 

display tumors (Crowson, 2006b). Nevoid BCC tumors are typically pigmented and most 

often represent the nodular or superficial forms of BCC (Crowson, 2006b). Many BCC 

tumors and cysts will form across large areas of the skin, and odontogenic cysts also 

commonly develop in the jaw as well. Skeletal abnormalities are common, including rib 

and spinal deformities, as well as ossification of the skull. Occasionally, 

Medulloblastoma, another cancer associated with Patched1 and other Shh pathway 

mutations (Reifenberger et al., 1998; Taylor et al., 2002), also develops along with 

nevoid BCC (Korczak et al., 1997). 

Infiltrative BCC, as the name suggests, are more invasive and potentially 

dangerous than nodular or superficial BCC. There are four main types of infiltrative 

BCC, micronodular, as mentioned, morpheaform, infiltrative, and metatypical (Crowson, 
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2006a). Morpheaform tumors form a scar-like lesion on the skin composed of tumor cells 

that penetrate deep into the dermis and subcutaneous fat. The cells are barely clustered 

form groups of one or two cells spreading throughout the dermis. Infiltrative BCC is 

similar in that a scar-like lesion forms that invades deep into the dermis and subcutis, but 

these tumors form larger clusters of cells and are irregularly shaped. The infiltrative 

tumors do not have palisading cells on their periphery. Metatypical BCC, or 

basosquamous cell carcinoma, are tumors with both basal and squamous cell carcinoma 

characteristics. Metatypical BCC, like other aggressive BCC, does not have palisading 

cells at the periphery. All of these aggressive BCC forms can invade into muscle, bone, 

cartilage, and even the brain where they cause severe damage to the organ. Very 

infrequently (0.0028%-0.55% of all BCC) these tumors have been observed to 

metastasize into the lymph nodes, bone, lung or liver. Metastasis indicates a very poor 

prognosis with life expectancy of a few months or years depending on the route of 

metastasis—either through the lymphatic system (years) or blood (months) (McCusker et 

al., 2014). 

 

The Sox9 Transcription Factor 

Sox9 (Sry Box 9) is a high mobility group (HMG) transcription factor that 

contains a DNA binding domain similar to Sry (Sex-determining Region Y) and a C-

terminal transactivation domain. Phosphorylation of Sox9 at several sites including two 

prominent sites, S181 (Liu et al., 2013) and S211 (Huang et al., 2000), has been shown to 

induce nuclear localization (Malki et al., 2005) and enhance DNA binding affinity 

(Huang et al., 2000). Several mutations in Sox9 cause the disease campomelic dysplasia 
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that is characterized skeletal deformations due to defective chondrogenesis as well as 

male-to-female autosomal sex-reversal (Wagner et al., 1994). 

Mutations far upstream of Sox9 are also known to cause hypertrichosis 

(Fantauzzo et al., 2012; Sun et al., 2009), skeletal abnormalities and impaired 

chondrogenesis (Foster et al., 1994; Wirth et al., 1996), and sex organ diseases such as 

male sex reversal (Wagner et al., 1994) and female 46,XX disorders of sex development 

(46,XX DSD) (Benko et al., 2011). These disease causing mutations (including 

duplications, deletions, inversions, and point mutations) at various loci up to 3 Mb 

upstream of the SOX9 gene indicate that the Sox9 regulatory region spans a very large 

portion of Chromosome from 17q24.2-24.3 (Gordon et al., 2009). Microdeletions and an 

inverted duplication event that cause hypertrichosis were found to reside 1-2.5 Mb 

upstream of SOX9 (Sun et al., 2009).  

Further evidence for the role of Sox9 in human hair growth disorders can be 

gleaned from Trichorhinophalangeal syndrome type I (TRPSI), which is caused by 

deletion, position effects, (Fantauzzo et al., 2008a, 2012; Wheeler, 2010) or loss of 

function mutations (Waheed et al., 2012) of the TRPS1 gene. TRPSI is a disease 

characterized by sparse hair growth, skeletal abnormalities, and short stature. Hair 

follicles in TRPSI patients have aberrant and high levels of Sox9 expression indicating 

that a lack of differentiation within the follicle may be the cause of reduced hair growth 

(Fantauzzo et al., 2012). Overexpression of TRPS1 in mice, or duplication of the TRPS1 

locus in humans, leads to a decrease of Sox9 expression in the hair follicle and 

hypertrichosis (Fantauzzo et al., 2012). This data indicates that differentiation and stem 

cell activation through the inhibition of Sox9 may be a major influencing factor in 
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hypertrichosis. In fact, TRPS1 was shown to directly bind several locations upstream of 

Sox9, where it was shown to act as a direct repressor (Fantauzzo et al., 2012). 

Sox9 is also considered a master regulator of chondrocyte differentiation. Wnt 

signaling prevents the differentiation of chondrocytes and instead directs precursor cells 

towards the osteoblast fate (Hill et al., 2005). Similarly, increased levels of β-catenin due 

Wnt signaling leads to inhibition of Sox9 expression and leads to hypertrophic 

chondrocytes (Dong et al., 2006). However, a mechanism for how β-catenin represses 

Sox9 expression in chondrocytes has not been determined. 

Sox9 expression marks several ectoderm-derived stem cell niches. Intestinal 

crypts, bile ducts of the liver, and exocrine ducts of the pancreas are all interconnected 

stem cell niches that express Sox9. Lineage tracing shows that the Sox9 positive cells 

contribute to all differentiation fates of the liver, pancreas, and intestine and are able to 

self-renew indefinitely (Furuyama et al., 2011). Most colon carcinomas also express Sox9 

as do all cell lines derived from colon carcinomas (Blache et al., 2004). Mammary stem 

cells have been defined by expression of Sox9 and Slug, and when both are 

overexpressed it leads to breast cancer and metastasis in mice. High levels of Sox9 and 

Slug in patients with breast cancer indicate a poor prognosis (Guo et al., 2012a). 

Similarly, in the mouse prostate, Sox9 is necessary for the self-renewal of the prostate 

progenitor cells. Loss of Sox9 prevents normal development of the prostate, though Sox9 

is not necessary for the maintenance of the fully developed mature prostate (Huang et al., 

2012). As in breast cancer, prostate cancers with higher levels of Sox9 expression 

indicate a worse prognosis (Huang et al., 2012; Thomsen et al., 2010). High levels of 

Sox9 in the prostate tumors also displayed more ki67 staining, indicating more 
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proliferation, and when Sox9 was overexpressed in mouse prostate epithelia, the 

proliferation rate also increased.  

 

The Role of Sox9 in the Hair Follicle 

Development and maintenance of the hair follicle stem cell niche is dependent on 

the transcription factor Sox9 (Nowak et al., 2008b; Vidal et al., 2005). Though Sox9 is 

not necessary for normal differentiation and development of the hair follicle as a whole, it 

is essential for the establishment of the label-retaining stem cell niche. As such, knockout 

of Sox9 in mouse embryonic skin does not disrupt development of the hair appendage but 

prevents formation of the label retaining stem cell niche and eventually leads to growth 

arrest of the follicle after the pool of proliferative cells is exhausted (Nowak et al., 

2008b). Sox9 is also expressed in the mature, adult, hair follicle stem cell niche in 

humans and mice, where it plays a similar role in maintaining the stem cell niche (Kadaja 

et al., 2014). In humans, however, expression is detected in a broader region throughout 

the entire ORS (Krahl and Sellheyer, 2010a, 2010b). Knockout of Sox9 in the mature 

murine follicle again leads to growth arrest of the follicle after depletion of the stem cell 

compartment similar to embryonic knockout. However, when Sox9 is knocked out in the 

bulge of the mature follicle the stem cells aberrantly express markers of IFE and cells 

migrate up towards the IFE. Though loss of Sox9 does not prevent hair follicle lineage 

commitment it does suggest that without Sox9 the stem cells are more prone to 

differentiate towards IFE. 

Several downstream targets of Sox9 in the hair follicle stem cells were found 

using RNA-seq and ChIP-seq studies to compare wild-type and Sox9 knockout mice. A 
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large number of the genes found encoded for secreted and extracellular proteins. Several 

genes known to play a role in the Activin/TGF-β pathway were markedly down regulated 

after Sox9 knockout, and furthermore ChIP-seq experiments confirmed that several of 

these genes were directly regulated by Sox9. In fact, injection of Activin B partially 

prevented the aberrant differentiation of IFE from HF stem cell niche after loss of Sox9. 

This indicates that Sox9 regulates secreted proteins necessary for maintaining the stem 

cell niche and preventing spontaneous IFE differentiation, but is not itself necessary for 

the commitment of hair follicle differentiation.  

The initial expression of Sox9 in embryonic skin occurs during the formation of 

the epithelial placode and is dependent on β-catenin nuclear localization (Nowak et al., 

2008b; Vidal et al., 2005). However, Sox9 is expressed in the suprabasal layer of the 

placode initially, in cells that do not have strong nuclear β-catenin. As the follicle 

continues to develop this separation of Sox9 positive cells and the cells that have high 

levels of cytoplasmic and nuclear β-catenin becomes more evident (Krahl and Sellheyer, 

2010a). During the hair peg stage the group of cells closest to the DP has high 

cytoplasmic and nuclear β-catenin expression and is distinctly Sox9 negative. This same 

group of cells with nuclear β-catenin and a lack of Sox9 later defines the matrix of the 

mature hair precursors of the hair follicle. 

Shh signaling is also required for the initial expression of Sox9. In fact, Shh 

expression is downstream of epithelial placode formation indicating that, in terms of 

Sox9 transcriptional activation, Wnt signaling may simply be necessary for the activation 

of Shh signaling (Nowak et al., 2008a). Cytoplasmic accumulation of β-catenin can 

stabilize Gli1 mRNA (Noubissi et al., 2014), which may be necessary for mediating the 
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Shh signal and activating Sox9. However, Sox9 is not expressed in SmoM2-Dkk1 mice 

that have constitutively active Shh signaling but that also overexpress the Wnt inhibitor 

Dkk1, which prevents β-catenin signaling. In the SmoM2-Dkk1 mice, where Wnt/β-

catenin signaling is repressed, Shh signaling is constitutively active as determined by 

K17 expression, a known Shh/Gli target gene. Those studies show that there is a complex 

requirement for both Wnt and Shh signaling to initiate Sox9 expression in the skin and 

hair. Although Wnt signaling is necessary for the initial expression of Sox9 and 

development of the epithelial placode, eventually Sox9 is turned off in anagen hair 

follicles in the regions of highest β-catenin expression. Sox9 is never turned off in BCC, 

even with high β-catenin expression and nuclear localization. The continued expression 

of Sox9 in BCC, in combination with stabilized β-catenin, may be a primary reason for 

aberrant proliferation. 

In mature mouse and human hair follicles, Shh is expression is polarized to one 

side of the bulb within the matrix (Gat et al., 1998). Shh is also secreted at the nerve 

endings that are attached above the bulge stem cell niche, which activates Gli1 in that 

region (Brownell et al., 2011). Gli1 positive cells above the bulge, in mice, are also Sox9 

negative, which would indicate that Sox9 is not likely downstream of Shh signaling in the 

bulge stem cells. Gli2 and Gli3 are the canonical mediators of HH signaling and their 

activation leads to expression of Gli1. Gli2 is expressed throughout the hair follicle 

Bulge, ORS, and Matrix at all phases of the hair growth cycle, so all cells are poised for 

activation by Shh. Gli3 is mainly expressed in the DP (Brownell et al., 2011). 

 

 



22 
 

Wnt Signaling in the Hair Follicle and BCC 

In the mature hair follicle, β-catenin nuclear localization and TCF/LEF1 

activation mark the differentiating cells of the matrix, precortex, cortex, and medulla 

(DasGupta and Fuchs, 1999a) where Sox9 expression is lost in human follicles. 

Furthermore, Lef1 contributes to nuclear localization of β-Catenin and leads to 

differentiation of bulge derived keratinocytes (Zhang et al., 2013). This indicates that 

there may be a dual function for β-catenin during development of the hair follicle; first, 

β-catenin initiates the formation of the epithelial placode followed by Sox9 expression, 

potentially through downstream Shh/Gli signaling (Bien-Willner et al., 2007), and later to 

differentiate the cortex and hair shaft partially by downregulating Sox9. 

The canonical Wnt signaling pathway functions by meditating the stabilization 

and nuclear translocation of β-catenin. In the absence of a Wnt ligand, β-catenin is 

phosphorylated by a destruction complex composed of several proteins including Axin, 

APC, CK1, and GSK-3. Phosphorylated β-catenin is then ubiquitinated and degraded by 

the proteasome. Serine/Threonine phosphorylation by CK1 primes β-catenin for 

phosphorylation GSK-3β of two N-terminal serines that mark it for ubiquitination by the 

β-TrCP ubiquitin ligase. Ubiquitination causes β-catenin to be degraded by the 

proteasome. Upon Wnt ligand binding to one of the Frizzled (Fzd) receptors and the 

LRP5/6 co-receptors the β-catenin destruction complex is disrupted and GSK-3β is 

inhibited. The disruption and inhibition of the destruction complex is accomplished by 

recruitment of the repressor protein Dishevelled (Dsh) to the cytoplasmic tail of Fzd 

where it binds Axin and becomes phosphorylated, which then allows it to directly inhibit 

GSK-3β. When the destruction complex is disrupted, β-catenin is no longer degraded and 
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can accumulate in the cytoplasm and translocate to the nucleus where it binds the 

TCF/LEF1 transcription factors to become a transcriptional activator. In the absence of β-

catenin the TCF transcription factors can also act as transcriptional repressors. 

BCC tumors derived from SmoM2 mice, as well as many human tumors, express 

high levels of β-catenin and show nuclear localization (Kriegl et al., 2009; Yang et al., 

2008; Youssef et al., 2012). As mentioned previously, these tumors also express many of 

the markers of the stem and precursor cells of the hair follicle. However, in hair follicle 

stem cells and ORS there is no sign of canonical Wnt signaling (DasGupta and Fuchs, 

1999a), and only cytoplasmic membrane localization of β-catenin is detected by 

immunohistochemistry (Krahl and Sellheyer, 2010a). This is an important distinction 

because it shows a regulatory difference in an integral molecular pathway between BCC 

and the developing hair follicle stem cells: primarily that β-catenin nuclear localization 

leads to differentiation of the hair follicle and a loss of stem cell specific expression, 

whereas in BCC β-catenin nuclear localization does not appear to decrease the markers of 

hair follicle stem cell and may in fact promote the stem cell-like fate.  

Though expression of constitutively active β-catenin increases proliferation in the 

follicle (Van Mater et al., 2003), β-catenin is not necessary for the proliferation of bulge 

or secondary hair germ cells during or at the initiation of anagen (Lien et al., 2014). 

Knockout of β-catenin leads to the halt of hair follicle formation but proliferation is still 

observed in the bulge and secondary hair germ, as detected by Edu incorporation into 

DNA. Furthermore, in these β-catenin knockout mice Sox9 expression is not lost in the 

bulge stem cells, but activation of follicular downgrowth and formation of a new matrix 

is completely halted. Normally, during the early stages telogen there is no detectable Wnt 
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signaling or β-catenin stabilization in either the bulge or secondary hair germ (Lien et al., 

2014). However, as the follicle transitions from telogen to anagen, nuclear β-catenin 

staining becomes apparent in the secondary hair germ where Sox9 is lost (Kadaja et al., 

2014; Lien et al., 2014). Thus, growth and differentiation of the follicle cannot occur 

without β-catenin, but proliferation and maintenance of the stem cell niche can still be 

maintained, at least partially by Sox9, in the absence of β-catenin. 

 

Notch Signaling in the Hair Follicle and BCC 

There are four Notch receptors (Notch1-4) in mammals and five Notch ligands 

(Jagged1, 2, and Delta-like ligand1-3). When a Jagged or Delta-like ligand binds a Notch 

receptor it induces a conformation change in the Notch receptor that exposes a cleavage 

site that the γ-secretase protease will cleave releasing the C-terminal intracellular domain 

of the Notch receptor. The Notch Intracellular Domain (NICD) then translocates to the 

nucleus and binds the transcription factor RBP-J to mediate transcription. 

During early development of the hair follicle in mice, Notch1 expression is found 

in the inner most cells of the hair peg, which connects continuously with the Notch-

positive cells of the suprabasal layer within the IFE (Blanpain et al., 2006). These same 

subset of inner hair peg cells are also the cells that initially express Sox9 (Nowak et al., 

2008a; Vidal et al., 2005). As mentioned, the first expression of Sox9 in the epidermis is 

seen at the hair placode stage in the suprabasal cells that do not have strong nuclear β-

catenin expression. The coexpression of Notch1 and Sox9 correlates with a potential 

regulatory mechanism as Sox9 has been shown to be a target of Notch1 in other tissues. 

In liver bile ducts (Zong et al., 2009) and esophageal adenocarcinoma (Song et al., 2013), 
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for example, Sox9 is a direct target of the Notch1-ICD. In the mature hair follicle, Notch1 

is expressed at varying levels in all the different compartments of the follicle, though it is 

most strongly expressed in the matrix (Cai et al., 2009; Vooijs et al., 2007). NICD is 

detected in the secondary hair germ during telogen and at the initiation of anagen (Kadaja 

et al., 2014). Interestingly, Notch activation is primarily seen in the cells that are not in 

direct contact with the DP in both the secondary germ and the matrix of an anagen hair 

follicle (Lin and Kopan, 2003). Though the DP does express Delta-like ligand1 (Estrach 

et al., 2008; Favier et al., 2000), none of the Notch receptors are expressed strongly in the 

cells directly contacting the DP (Watt et al., 2008). 

Conditional knockout of Notch1 in mouse embryonic epidermis does not affect 

the development of hair follicles, though hairs are finer, shorter, and wavy (Pan et al., 

2004; Vauclair et al., 2005). Similar to the Sox9 knockout, though less severe, the 

Notch1-knockout follicles develop normally but cannot enter a second anagen phase and 

instead adopt an epidermal fate. Loss of both Notch1 and Notch2, or Notch1 and Notch3, 

as well as a loss of all Notch signaling by knockout of γ-secretase or RBP-J, results in 

epidermal cysts and aberrant interfollicular differentiation (Demehri and Kopan, 2009; 

Estrach et al., 2006; Hu et al., 2010; Kopan and Weintraub, 1993; Vauclair et al., 2005; 

Yamamoto et al., 2003). Loss of Notch signaling, through Notch1 (Lee et al., 2007) or 

RBP-J (Demehri and Kopan, 2009) knockout, in K15 bulge stem cells of mice leads to an 

epidermal, rather than follicular, fate decision. Many of the bulge stem cells lacking 

RBP-J migrate upwards into the isthmus, infundibulum, and IFE and express K10, a 

marker of the IFE. The epidermal fate phenotype seen in RBP-J-/- mice is, again, very 

similar to the phenotype seen after the loss of Sox9 (Kadaja et al., 2014; Vidal et al., 
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2005). However, loss of Sox9 does not disrupt Notch1 signaling in the secondary germ, 

indicating that either Sox9 is downstream of Notch signaling or that Sox9 and Notch 

signaling are independently necessary for similar follicular fate decisions. 

β-catenin directly binds the Notch Intracellular Domain (NICD), which can 

stabilize β-catenin at the cell membrane (Kwon et al., 2011). This interaction prevents β-

catenin nuclear translocalization and thus inhibits Wnt/β-catenin signaling. Competition 

between Notch and Wnt signaling was also demonstrated during neural development in 

Drosophila where the levels of Wnt and Notch activation compete to form either 

epidermal (more Notch activation) or neural linages (more Wnt activation). However, β-

catenin can also form a complex with the NICD and RBP-J in the nucleus at RBP-J DNA 

binding sites where it can potentiate Notch activity (Yamamizu et al., 2010). These data 

indicate that there are multiple interactions between Wnt and Notch signaling pathways 

that can either inhibit or potentiate one another. 

 

Specific Aims: Sox9 in Hair Follicle Keratinocytes 

The expression of Sox9 in the ORS of the hair follicle is well established. 

Similarly, increased β-catenin and nuclear translocation in the matrix and bulb of the 

follicle where Sox9 is absent has been reported. However, it remains to be seen if β-

catenin is directly responsible for the decrease in Sox9 expression in the hair follicle. 

There is precedence for the direct down-regulation of Sox9 by β-catenin in development 

of the ovaries and testes where a stabilization of β-catenin through Wnt4/Rspondin-1 

signaling leads to a loss of Sox9 expression and conversion of male to female (Maatouk 

et al., 2008). Wnt/β-catenin was shown to reduce Sox9 expression by disrupting Sry and 
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Steroidogenic Factor-1 mediated expression of Sox9 at the testis specific enhancer 

(Bernard et al., 2012). Conversely, aberrant expression of Sox9 also leads to 46, XX 

female-to-male sex disorders. Over-expression of Sox9 in the 46, XX female-to-male is 

due to duplication events of Chromosome 17 that either encompass the Sox9 gene locus 

or the upstream regulatory region (Cox et al., 2011).  

There is evidence that TRPS1, a GATA-like transcription factor, is a direct 

repressor of Sox9, and is expressed highly in the bulb of the follicle (Fantauzzo et al., 

2012). TRPS1 provides one potential mechanism for the downregulation Sox9 in the hair 

follicle. However, strong TRPS1 nuclear localization is also detected in the ORS co-

localized with Sox9 (Fantauzzo et al., 2008b). This indicates that TRPS1 may not be the 

primary cause of Sox9 suppression. Another potential repressor is the Fragile histidine 

triad (Fhit), a tumor suppressor that has been demonstrated to bind and repress β-catenin 

transcriptional activity (Weiske et al., 2007), though it has not been studied in relation to 

Sox9 expression. 

These studies led to the working hypothesis that β-catenin directly suppresses 

Sox9 expression in the hair follicle by either disrupting positive regulators of Sox9, such 

as SF-1 or Notch1, or by recruiting a repressor complex other than TRPS1, such as Fhit. 

To study the regulation of Sox9 primary cell cultures of ORS derived keratinocytes were 

used because they naturally express high levels of Sox9, unlike neonatal foreskin 

keratinocytes. Overexpression of Sox9 in keratinocytes was previously shown to increase 

their colony forming ability (Shi et al., 2011), however the loss of Sox9 has not been 

studied. Therefore, Sox9 was thus hypothesized to be important for proliferation and 

colony formation of the ORS-derived keratinocytes and loss of Sox9 would decrease both 
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proliferation and colony formation. To determine the role of Sox9 in ORS keratinocyte 

proliferation and colony forming ability shRNAs targeting Sox9 were expressed through 

lentiviral infection. To study the regulation of Sox9 in the ORS keratinocytes several 

siRNAs were used to knockdown various genes and look at the effect on Sox9 

expression. Alternatively, small molecule inhibitors of GSK-3β and γ-secretase were 

employed to activate β-catenin or inhibit Notch signaling, respectively. 

 

Results 

Role and Regulation of Sox9 in ORS-Derived Keratinocytes 

Expression of Sox9 and β-catenin in the Human Anagen Hair Follicle 

To look in detail at expression and localization of Sox9 and β-catenin in the 

human hair follicle, sections of normal human scalp tissue were stained with 

immunofluorescence reagents. Nuclear Sox9 was found to be expressed throughout the 

entire ORS, the basal layer of the infundibulum and isthmus, as well as throughout the 

sebaceous gland (Fig. 1.1A). There was no apparent staining of Sox9 in the bulb of the 

follicle, including the matrix, precortex, cortex, or medulla, where cytoplasmic and 

nuclear β-catenin staining was strongest. Furthermore, there was no Sox9 staining in the 

IRS within the bulb, however a subset of cells within the IRS along the entire hair shaft 

above the bulb did stain positively for Sox9, which may be non-specific staining. The 

ORS stains weakly for β-catenin where it was localized primarily to the cytoplasmic 

membrane (Fig. 1.1B). The bulb of the follicle stains very strongly for β-catenin, where 

cytoplasmic membrane staining is apparent as is cytoplasmic accumulation and nuclear 

staining (Fig. 1.1B). 
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Cells cultured from the ORS Represent Early HF Progenitors 

Hair follicles pulled out from scalp skin after dispase digestion were placed on 

tissue culture plastic in DMEM:F12 1:1 media containing 20 ng/mL bFGF and 10 ng/mL 

EGF and the neuronal growth supplement B27 (1:50). Plucked follicles have the bulb 

removed and the upper 1/5th removed so as to contain only the mid portion of the follicle 

that contains the ORS (Fig. 1.2A). After 7-14 days large colonies of keratinocytes grow 

out from the explanted follicles (Fig. 1.2A). At this point, the cells are trypsinized and 

seeded into low calcium keratinocyte media (EpiLife supplemented with HKGS and 20 

ng/mL bFGF). 

The ORS derived keratinocytes (ORS cells) stain positive for nuclear Sox9 and 

Kertin 15 (K15), both markers of the outer root sheath (Fig. 1.2B). To look more broadly 

at what these cultured keratinocytes might represent in vivo an array of hair follicle 

markers was analyzed by semi-quantitative-PCR. Values of the threshold cycle (Ct) was 

used for quantitation and the minimum Ct value of 40 was used to normalize the results 

(assuming 100% efficiency of the primers). The ORS keratinocytes express very high 

levels of ORS-specific keratins, K14, K15, K17, as well as other markers of the ORS 

such as S100A6, Sox9, SFRP1, YAP1 (Zhang et al., 2011), and LHX2 (Rhee et al., 

Figure 1.1. Expression of Sox9 and β-catenin in the Human Hair Follicle. (A) Sox9 
(green) expression was detected throughout the outer root sheath of the hair follicle including 
the isthmus and infundibulum (arrows). The sebaceous glad (SG) contained Sox9 positive 
cells as well. There was no Sox9 detected in the bulb of the follicle. β-catenin (red) was 
detected throughout the entire follicle but was strongest in bulb of the follicle. Scale bar = 
50µm. (B) β-catenin expression is detected throughout the hair follicle but is localized 
primarily to the cytoplasmic membrane in the ORS, whereas in the bulb β-catenin is much 
more strongly expressed and cytoplasmic and nuclear localization is apparent. 
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2006). The high levels of S100A6 expression is consistent with a bulge or ORS 

phenotype and suggests that these cells do not represent the secondary germ where 

S100A6 expression is decreased (Ito et al., 2004). Expression of Epithelial Cell Adhesion 

Molecule (EpCam) was also detected, which is a marker of early embryonic hair follicles 

as well as the secondary germ cells during telogen (Garza et al., 2011; Sellheyer and 

Krahl, 2008). Furthermore, P-Cadherin was expressed, which is normally expressed in 

the ORS and matrix of an anagen follicle and primarily in the hair germ of a telogen 

follicle (Müller-Röver et al., 1999). CD200, a marker of human hair follicle stem cells 

was detected but it was not highly expressed. Both LGR5 and LGR6 were detected 

indicating that the keratinocytes likely represent multiple different cell populations (Jaks 

et al., 2008; Snippert et al., 2010). IRS keratins, K25, 27, and 28 were only detected at 

very low levels, excluding an IRS phenotype from the population. The medullary keratin, 

K35 had very low expression as well. Strangely, expression of K85, which is a medullary 

keratin and is also expressed in the companion layer (Langbein et al., 2001), was 

expressed at surprisingly high levels. Jagged1 and Notch1 were also very highly 

expressed, indicating either a matrix phenotype or early developmental hair follicle. 

Finally, Lrig1, a marker of the sebaceous gland was not expressed in the ORS 

keratinocytes. 
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Loss of Sox9 Decreases Proliferation of ORS Cells as well as Colony Forming Ability 

Sox9 has been demonstrated to be necessary for the development of the hair 

follicle stem cell niche, and lead to decreased proliferation in the matrix cells after 

knockout (Kadaja et al., 2014; Nowak et al., 2008a; Vidal et al., 2005). Furthermore, 

increased expression of Sox9 leads to increased proliferation (Shi et al., 2013) and higher 

Figure 1.2. Culture of ORS Derived Keratinocytes. (A) The follicle is cut 1/5th from the top 
and bottom leaving only the middle portion containing the ORS. The mid-portion of the 
follicle is then placed in minimal DMEM:F12 with B27 media to keep it wet overnight. 7-10 
days after plating, large outgrowths will come from the follicle. At that point cell can be 
trypsinized seeded into serum free keratinocyte media. (B) The keratinocytes stain positive for 
Sox9 and K15, indicators of the ORS. (C) Expression of several hair follicle differentiation 
markers normalized to the minimum Ct threshold value of 40 cycles (log10 plot). The melt 
curve for all genes showed a single peak indicating only one PCR product.  
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colony forming capability of keratinocytes infected with Sox9 (Shi et al., 2011). In order 

to test what loss of Sox9 does to human keratinocytes I decided to use short hairpin 

oligos expressed from lentiviruses to knockdown Sox9 expression and look at 

proliferation and colony forming capability.  

ORS cells were grown to 90% confluency and infected with lentiviruses that 

express either shSox9 or shGFP (control) to measure the effects of Sox9 knockdown. 

After infection all infected cells were selected for with puromycin for two days then 

passaged for the tests. The cells infected with shSox9 virus were dramatically less 

proliferative, as measured by 8 hours Edu incorporation into DNA followed by 

conjugating Alexafluor488 using Click-It chemistry. After 8 hours, a little over 20% of 

the control cells had incorporated Edu, whereas only 2.7% of the shSox9 cells had 

incorporated Edu (Fig. 1.3A). Similarly, knockdown of Sox9 prevented colony formation 

when ORS cells were seeded at clonal density and cultured for two weeks (Fig. 1.3B). 

Colony formation is commonly used to show that single cells are capable of self-renewal, 

and clonal growth of the shControl cells shows that the ORS cells are capable of self-

renewal. Thus, the lack of growth after Sox9 knockdown suggests that proliferation 

depends on active Sox9. 
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Inhibition of GSK-3β Rapidly Downregulates Sox9 

ORS cells were treated with BIO, a small molecule inhibitor of GSK-3β, to 

induce β-catenin nuclear localization. A dose response of 0-1.0 µM BIO showed that β-

catenin nuclear localization after 1 hour was most evident between 0.5 and 1.0 µM (Fig. 

4A). A dose of 1.25 µM BIO was found to induce nuclear beta-catenin as well, while 

doses above 1.5 µM were toxic to the cells and caused cell death (data not shown). The 

morphology of the ORS cells changes from a small and cobble-stone geometry to larger, 

elongated cells that are similar to the elongated cells of the cortex (Fig. 4C). Protein 

Figure 1.3. Sox9 is Necessary for Proliferation and Colony Forming Ability. (A) ORS 
cells were infected with either shGFP (control) or shSox9 lentiviruses, after 2 days selction 
with Puromycin the cells were split into 6-well plates and fed Edu for 8 hours. Click-It 
chemistry added Alexafluor 488 to the Edu incorporated in the DNA and the cells were then 
analysied by FACS. Efficacy of Sox9 knockdown with lentiviruses was assayed by qPCR 
(right). Student’s t-test. p-vaue on chart. (B) 1000 cells from infected control or shSox9 cells 
were seeded into 6-well plates. After 14 days the cells were fixed and stained with crystal 
violet. 
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levels of Sox9 in the nucleus rapidly decline after only an hour of 1.25 µM BIO treatment 

and are completely gone by 48 hours. Similarly, after an hour of treatment with 1.25 µM 

BIO, mRNA levels of Sox9 were strongly decreased and by 48 hours Sox9 mRNA was 

completely absent (Fig. 4B). To show that BIO treatment reduced Sox9 levels through 

the stabilization of β-catenin and not off target effects of GSK-3β inhibition, lentiviral 

vectors were used to infect ORS cells and express either wild type β-catenin (WT-β-

Catenin), or the constitutively active form ∆N90-β-catenin with a truncated N-terminus 

missing the GSK-3β phosphorylation sites necessary for its proteasomal degradation. 

WT-β-catenin reduced Sox9 expression only slightly, but ∆N90-β-catenin significantly 

reduced Sox9 levels, though not to the same extent as 1.25 µM BIO (Fig. 4D). The Sox9 

gene has been shown to be upregulated by β-catenin in several other cell types, so it was 

important to determine if low levels of β-catenin in the ORS cells could activate Sox9, 

while higher levels could shut it off.  To explore this, β-catenin was knocked down 

siRNAs rather than lentiviral infection.  Since β-catenin knockdown had no effect on the 

expression of Sox9, it appears that β-catenin does not activate transcription of Sox9 in 

ORS cells, but that increased levels of nuclear β-catenin can repress Sox9 expression. 
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Fhit and β-catenin bind the Sox9 Promoter to Suppress Transcription 

Fragile Histidine Triad (Fhit) is a diadenosine triphosphate hydrolase that is 

involved in purine synthesis. The FHIT locus encompasses the fragile site of 

chromosome 3 (FRA3B) that is commonly found with translocation mutations that leads 

to loss of Fhit expression. Furthermore, Fhit is often found suppressed in cancers through 

epigenetic methylation (Goldberg et al., 2006). Fhit was found to be a tumor suppressor 

that is downregulated or lost in most cancers (Huebner and Croce, 2001a).  More 

recently, nuclear Fhit was found to bind β-catenin and represses its transcriptional 

activity (Weiske et al., 2007). The repression mechanism was shown to work through 

binding β-catenin and recruiting the Reptin and Pontin corepressors (Sozzi et al., 1998; 

Weiske et al., 2007) as well as HDAC1 and Groucho (Olson et al., 2006) to form a large 

repressor complex at β-catenin target genes.  

To investigate if Fhit was involved in β-catenin mediated suppression of Sox9, I 

again used siRNAs to knockdown Fhit while in conjunction with inhibiting GSK-3β 

using LiCl. Lithium is a commonly used inhibitor of GSK-3β similar to BIO but not as 

Figure 1.4. GSK-3β Inhibition Suppresses Sox9 through β-catenin. (A) A dose response of 
the GSK-3β specific inhibitor, BIO, was conducted between 0.01 and 1.25 µM. After 1 hr a 
concentration between 1.0 and 1.25µM BIO was found to induce β-catenin nuclear 
localization the strongest. (B, top) A time course using 1.25 µM BIO was then performed over 
the course of 48 hours to see the correlation between nuclear β-catenin and Sox9 expression 
(TBP = Tata Binding Protein). Sox9 protein levels were very rapidly, within one hour, 
reduced after BIO treatment and were completely gone by 48 hrs. (B, lower) Sox9 mRNA 
levels correlate well with the decrease in protein levels over time. ANOVA, F(6,14)=67.01, 
p<0.0001.(C) The ORS cells morphologically change from the cobblestone appearance to 
become elongated after 24 hrs of BIO treatment. (D) Overexpression of the constitutively 
active ∆N90-β-Catenin leads to a decrease in Sox9 expression. (E) Chromatin 
Immunopreciptiation at the Sox transcription start site is enriched after BIO treatment, when 
compared to a far upstream genomic site. (F) Loss of β-catenin, using siRNAs, does not 
statistically change Sox9 expression. (G) Knockdown of β-catenin does reduce the effect of 
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specific. In the cultured ORS cells, LiCl, like BIO significantly reduced Sox9 expression. 

Knockdown of Fhit on its own did not alter Sox9 expression, however when Fhit 

knockdown is combined with LiCl then the repressive effect of β-catenin stabilization is 

reduced (Fig. 1.5A).  

The decreased effect of LiCl mediated repression of Sox9 after Fhit knockdown 

signifies that Fhit may be a direct repressor. To determine if Fhit was in fact directly 

regulating Sox9 after GSK-3β inhibition I performed ChIP using antibodies against Fhit 

and β-catenin and examined the promoter sites of Sox9 and Axin2, known β-catenin 

target genes (Fig. 1.5B). I found that both Fhit and β-catenin bind near the TSS of Sox9 

after BIO treatment. However, even without BIO treatment I found β-catenin was highly 

enriched at the Sox9 promoter (1.2% of input), which indicates either high background or 

constant regulation at the Sox9 promoter. At the Axin2 promoter β-catenin was enriched 

after BIO treatment as well, whereas Fhit binding was actually found to decrease, which 

is consistent with an increase in Axin2 expression due to a loss of repression. 
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Figure 1.5. Fhit and β-Catenin Bind Directly Downregulate Sox9. (A) Knockdown of Fhit 
with siRNAs shows it has no effect on Sox9 alone but loss of Fhit prevents some of the LiCl 
mediated suppression of Sox9. Fhit knockdown efficiency was >80%. (B) ChIP using β-
catenin or Fhit antibodies shows enrichment at the Sox9 promoter after BIO treatment. The 
Axin2 promoter shows increased enrichment with the β-catenin antibody but decreased 
enrichment Fhit antibody, corresponding to a loss of repression, or increased expression. 



40 
 

HDAC Inhibition Increases BIO Mediated Suppression of Sox9 

Fhit was shown to recruit HDAC1 as a repressor in other tissue systems (Olson et 

al., 2006), so I hypothesized that using an HDAC1 inhibitor such as trichostatin A (TSA) 

would prevent β-catenin mediated repression of Sox9. However, treatment with 0.6 µM 

TSA further reduced Sox9 levels after six hours of 1.25 µM BIO treatment (Fig. 1.6C). 

This suggests that direct repression is not via HDAC, but via some other factor that is 

upregulated upon inhibition of GSK-3β. To show that TSA was functioning as expected 

in the ORS cells, expression of Axin2 and Lef1, known β-catenin target genes, were 

evaluated as well after BIO and TSA treatment. With both genes, TSA treatment 

increased expression of the genes more than BIO treatment alone, indicating that the 

repressive effect from HDAC was decreased. I also investigated K14 expression after 

BIO and TSA inhibition and obtained results consistent with the expected direct 

repression by β-catenin. After 1.25 µM BIO treatment, expression of K14 decreased by 

nearly 50%, whereas BIO + TSA treatment completely recovered any loss of K14, 

indicating that inhibition of GSK-3β results in HDAC recruitment to the K14 promoter to 

reduce expression, and that inhibition of HDAC alleviates this repression. Furthermore, 

TSA treatment alone increased K14 expression, which demonstrates the continuous 

regulation of K14 by HDAC.   
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Notch Signaling Directly Regulates Sox9 

The Wnt and Notch signaling pathways have been shown to interact in a number 

of different ways, both synergistically and antagonistically. A direct interaction between 

β-catenin and the Notch1 intracellular domain (NICD) is often the causal link between 

the Wnt and Notch pathways. Sox9 was shown to be a direct target of Notch1 in 

adenocarcinomas (Song et al., 2013) and given my results showing an involvement of β-

catenin in the downregulation of Sox9, I tested if Notch1 was a positive regulator of Sox9 

and if β-catenin could disrupt Notch signaling by binding the NICD and displacing from 

the RBP-J. 

Figure 1.6. Inhibition of HDAC with Trichostatin A Enhances the Effects of BIO. (A) 0.6 
µM Trichostatin A (TSA) treatment of ORS cells augments the repressive effect of 1.25 mM 
BIO treatment on Sox9 expression. (B-C) BIO and TSA treatment both work as expected on 
β-catenin target genes Axin2 and Lef1, by increasing expression. (D) BIO treatment represses 
Kertin14 expression, which is relieved by TSA treatment.  
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To determine if Notch signaling regulates Sox9, I knocked down all three of the 

Notch receptors that are expressed in the ORS cells (Notch1-3). Notch4 was not detected 

in ORS cells via PCR or immunofluorescence (data not shown). Knockdown of Notch1 

showed a significant decrease in Sox9 expression, whereas Notch2 knockdown actually 

increased the expression of Sox9 (Fig. 1.7A). Notch3 knockdown reduced Sox9, though 

it was not statistically significant. A second siRNA against Notch1 gave a similar 

decrease in Sox9, showing it was not due to off target effects (Fig. 1.7A).  

Notch signaling is constitutively active in media with calcium concentrations 

below 260 µM (Dalrymple et al., 2005) so I also tested to see if Notch1 signaling was 

involved in Sox9 regulation in medium with higher (1mM) calcium DMEM:F12 media. 

Again, knockdown of Notch1 resulted in a significant decrease though not to the same 

extent as in the low calcium media (Fig. 1.7A). Both of the Notch1 siRNAs significantly 

reduced Sox9 mRNA though the first siRNA tested, siNotch1(1), produced the greatest 

decrease and was used for all subsequent experiments. 

The small molecule DAPT (N-[N-(3,5-difluorophenacetyl)-l-alanyl]-S-

phenylglycine t-butyl ester) is a potent inhibitor of γ-secretase and thus inhibits all Notch 

signaling by preventing cleavage of the Notch intracellular domain. When the ORS cells 

were treated with DAPT for 48 hours in low calcium media there was no significant 

change in Sox9 expression. However, in high calcium media the ORS cells treated with 

DAPT for 48 hours showed marked reduction in Sox9 mRNA levels and protein levels 

(Fig. 1.7B). This shows that loss of Notch expression through siRNA knockdown and 

inhibition of Notch signaling both reduce Sox9 expression. However the calcium 

concentration plays an unclear role that requires further investigation. 
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To show that Sox9 is a direct target of Notch1, the promoter region (-10,000 bp) 

was searched for consensus RBP-J binding sites (TTCCCA) within highly conserved 

regions using the UCSC Genome Browser. Several sites were found upstream of the 

transcription start site (TSS) but one site in particular was found within a highly 

conserved region at -9350 bp from the TSS. I performed several ChIP assays with an 

anti-Notch1 antibody, which showed enrichment for the Notch binding site. After 1.25 

µM BIO treatment there is a significant reduction in the enrichment of Notch1 at that 

same site in the Sox9 promoter (Fig. 1.7C).  

To determine if BIO treatment disrupts nuclear Notch1, and therefore 

transcriptional activity, I stained ORS cells for NICD before and after 4 hours treatment 

with 1.25 µM BIO. Before BIO treatment, nearly all cells show positive NICD in the 

nucleus. After BIO treatment, a large portion of the cells lose nuclear NICD staining, 

however the loss of staining is inconsistent and in some areas imaged there was still a 

large number of cells that were positive for nuclear Notch1. Three fields of view were 

imaged for each treatment and the total number of nuclei and Notch1 positive nuclei were 

counted. The trend shows a decrease in nuclear Notch1 after 4 hours BIO treatment, but 

the variability was large and thus the decrease was not significant. 
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Figure 1.7. Notch Regulation of Sox9. (A) 48 hr knockdown of Notch1-3 in ORS cells in 
low calcium (60µM) or high calcium (1mM). Two siRNAs targeting Notch1 were tested and 
both showed significant reduction in Sox9 expression. (B) In low calcium media (60µM) 
DAPT did not have an effect on Sox9 levels, however, (C) maintaining ORS cells in 1mM 
Ca++ and treatment with 20 µM DAPT shows a significant reduction in Sox9 expression. 
Protein levels were also measured by western blot as seen below. (D) ChIP using an anti-
Notch1-ICD antibody shows enrichment of Notch1 at the Sox9 promoter in the absence of any 
treatment, however after 1.25 µM BIO the enrichment is significantly reduced. Below the 
chart is a schematic from UCSC Genome Browser showing the location of the Notch1 binding 
site within the conserved region upstream of the Sox9 TSS, arrows represent the primers used. 
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Figure 1.8. Nuclear NICD is Reduced After Treatment with BIO. (A) IF staining of ORS 
cells with a polyclonal Notch1 shows most Notch1 is localized to the nucleus. (B) IF staining 
uing a NICD antibody to stain before and after treatment of ORS cells with 1.25 µM BIO for 4 
hours. The percentage of cells that stained positive for NICD were counted in 3 fields of view 
from control or BIO treatment slides and are represented in the chart to the right. 
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Notch1 expression was evaluated by IF in vivo from scalp biopsies. Very little 

Notch1 could be detected in the ORS of the hair follicle, though there were a few cells 

localized in the ORS that expressed high levels of Notch1 (Fig. 1.9A&B). In the bulb, 

however, stronger Notch1 staining could be seen in the matrix and decreasing into the 

precortex and medulla. Interestingly, there were many Notch1-positive cells found within 

the bulge region of a telogen follicle, which is consistent with results showing expression 

of Notch in the telogen follicle in mice (Estrach et al., 2006; Kadaja et al., 2014). The 

lack of a strong Notch1 signal in the ORS, despite cultured ORS keratinocytes showing 

high expression of Notch1, raises the question of what the ORS keratinocytes represent. 

The cultured keratinocytes may more accurately represent the bulge keratinocytes during 

telogen or an expansion of the few Notch1 positive cells within the ORS. 
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Figure 1.9. Notch1 Expression in Human Hair Follicles. (A) Vellus hair follicle shows very 
low levels of Notch1 staining in some regions of the ORS. (B) Notch1 is nearly non-existent 
in the ORS of an anagen follicle, though there are a few sporadic cells that do express Notch1 
strongly (arrowhead). (C) In the bulb of the follicle, Notch1 is strongly expressed in the matrix 
but still not detected in the ORS or the DP. (D) A telogen follicle was observed to stain 
strongly for Notch1 throughout the inner cells of the bulge region. 
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Neither Nuclear Receptors SF-1 or Dax1, nor the Sonic Hedgehog Pathway Mediators 
Gli1 or Gli2, Contribute to Positive Sox9 Expression in ORS Cells 

It has been known for some time that Sox9 is regulated by the Sry (sex 

determining region of Y) transcription factor and the SF-1 nuclear hormone receptor, 

which act together to activate Sox9 and promote the development of the testis. However, 

Sox9 is expressed in both female and male hair follicles, so Sry cannot be the primary 

regulator of Sox9 in the hair follicle. Dax-1 is another nuclear hormone receptor that 

competes with SF-1 for binding at the Sox9 enhancer and inhibits transcription in the 

testis, though it has been shown to be an activator of transcription in other cell types. 

However, when I knocked down either SF-1 or Dax-1 in ORS cells Sox9 levels did not 

go down, but instead increased slightly. The nuclear hormone receptors were not 

investigated further. 

Shh is one of the first signals involved in development of the hair placode, and 

has been shown to be upstream of Sox9 during the development of the hair follicle 

(Nowak et al., 2008a). The mediators of transcriptional regulation by Shh signaling 

pathway are the Gli proteins (Gli1-3), though in the hair follicle Gli1 and 2 are the 

predominant mediators (Brownell et al., 2011). Therefore, I knocked down Gli1 and Gli2 

to see if they would decrease Sox9 expression. However, I found that decreased 

expression of either Gli1 or 2 did not result in a significant decrease in Sox9 expression 

over the course of 48 hours. This was surprising given the fact that constitutive activation 

of Shh signaling leads to basal cell carcinoma and Sox9 expression in the skin. It is also 

possible that Gli1 and Gli2 are redundant and knockdown of both is required to see an 

effect on Sox9 expression. 
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Figure 1.10. Sox9 is not Regulated by SF-1 or Dax-1, or the Shh Mediators Gli1 or Gli2. 
(A) Knockdown of Dax-1 or SF-1 resulted in a slight increase in Sox9 expression. The 
efficiency of knockdown for either Dax-1 or SF-1 was near 75%. (B) Similarly, knockdown of 
Gli1 and Gli2 was expected to show a decrease in Sox9 but no significant change in Sox9 
levels were observed. 
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Role and Regulation of Sox9 in BCC Cells 

Though Sox9 is well known to be expressed in BCC, and upregulated in many 

other types of cancer, its role in BCC has not been studied. In the hair follicle, Sox9 

expression is a marker of the stem cells. In mice, conditional ablation of Sox9 leads to the 

development of a hair follicle that lacks label-retaining stem cells, and a similar 

phenotype is seen after Sox9 ablation in mature hair follicles. Furthermore, knockdown 

of Sox9 in human pancreatic tumor cells was recently shown to block their growth when 

transplanted in nude mice. Due to the similarities between hair follicle and BCC gene 

expression and developmental growth patterns, I decided to look at the role and 

regulation of Sox9 in cultured BCC cells. I hypothesized that loss of Sox9 in BCC would 

reduce proliferation and colony forming ability. Furthermore, given the necessity of 

Wnt/β-catenin for the initiation of BCC and continued activation of β-catenin signaling in 

advanced tumors I hypothesized that knockdown of β-catenin would negatively regulate 

Sox9. To test these hypotheses I used a primary BCC cell line and the same array of 

RNAi techniques and small molecule inhibitors as used with the ORS keratinocytes. 

 

Loss of Sox9 Decreases Proliferation of BCC Cells and Colony Forming Ability 

Using previously validated lentiviral vectors targeting human Sox9 or GFP as a 

control (Guo et al., 2012b; Sancak et al., 2008), I infected the BCC cells. After 48 hours 

selection in puromycin the BCC cells were split into new plates. The following day, the 

BCC cells were pulsed with Edu for 6 hours. Cells were fixed and alexafluor488 was 

conjugated to the incorporated Edu in order to perform FACS analysis. Sox9 knockdown 

reduced the proliferation rate by 38.5% (Fig. 1.11A), which though significant, was not 
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as great a decrease as was seen in the ORS cells. However, similar to the ORS cells, loss 

of Sox9 resulted in a significant decrease in the colony forming capacity of the BCC 

cells. Though many colonies did form, they were very small and most stopped growing. 

Some colonies were able to continue growing, however, indicating that there is an 

alternative pathway that can compensate for the loss of Sox9. 

 

Figure 1.11. Sox9 Knockdown in BCC Cells. (A) Edu incorporation for 6 hours was used to 
assay the proliferative potential of BCC cells that had been infected with control (shGFP) or 
shSox9 lentiviral vectors. The efficacy of the shSox9 knockdown is shown to the right of the 
proliferation chart. (B) Colony forming assay of BCC cells infected with the Control or 
shSox9 lentiviruses. Very few colonies formed with shSox9 though some larger colonies were 
apparent (arrowhead). 
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β-Catenin Directly and Positively Regulates Sox9 in BCC Cells 

Sox9 was found to be a target of β-catenin regulation in the intestine and breast 

cancer. From my work with ORS cells I found that β-catenin downregulated Sox9, so I 

next probed the role of β-catenin in BCC cells. When I treated the BCC cells with 1.25 

µM BIO, Sox9 expression was actually increased (Fig. 1.12A). Next I used siRNAs to 

knockdown β-catenin in the BCC cells. After 48 hours knockdown the level of Sox9 

mRNA was decreased by nearly 50%. Similarly, Axin2, a β-catenin target gene was 

reduced by 60%, due to the 90% reduction of β-catenin itself (Fig. 1.12B). 

Wnt/β-catenin signaling is typically associated with proliferation and I found that 

a loss of Sox9 reduced the proliferation rate of the BCC cells so I expected the BCC cells 

would have a reduced proliferation rate after β-catenin knockdown. After 48 hours of 

knockdown however, there was only a slight decrease, 13.6%, in the number of 

proliferative BCC cells. After 72 hours of β-catenin knockdown the number of 

proliferative BCC had decreased 27.8% more in line with the rate of proliferation after 

Sox9 knockdown for 48 hours. 

To determine if β-catenin was directly regulating Sox9 I used ChIP to see if β-

catenin was bound to the same TSS site that I found in ORS cells. There is also an 

enhancer, far upstream (250,555 bp) of the Sox9 TSS termed the E3 enhancer, that has 

been associated with β-catenin signaling in neural crest development in mice (Bagheri-

Fam et al., 2006) that I looked at as well.  Both the TSS and the E3 site were enriched 

after β-catenin immunoprecipitation, as compared to a background site within exon 3 of 

the ribosomal protein L30E (RPL30) (Fig. 1.12D). 
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Expression of Sox9 and β-catenin in BCC tumors 

Sox9 has been previously reported to be a general marker of all forms of BCC. β-

catenin on the other hand has mixed reports of expression in BCC tumors. One report 

showed β-catenin localized only to the cytoplasmic membrane in nodular BCC (Krahl 

and Sellheyer, 2010a), while others have shown nuclear and cytoplasmic localization 

Figure 1.12. β-Catenin Regulates Sox9 in BCC. (A) Treatment with 1.25 µM BIO lead to an 
increase in Sox9 expression. (B) Knockdown of β-catenin using siRNA reduces Sox9 as well 
as Axin2. The β-catenin siRNA also efficiently reduced the β-catenin levels by 88%. (C) After 
knockdown of β-catenin for 48 or 72 hours, a 6 hr pulse of Edu was given to the BCC cells 
and they were then fixed and analyzed by FACS to give the percentage of cells that had 
divided. (D) ChIP using anti-β-catenin antibody and qPCR of three locations: E3 a far 
upstream enhancer site associated with β-catenin regulation, the Sox9 TSS, and exon 3 of 
RPL30 as a negative control. (A-C) Student’s t-test, *p<0.05. 
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(Saldanha et al., 2004; Yang et al., 2008). Interestingly, in mice with constitutively active 

smoothened mutations, β-catenin is strongly upregulated and has nucleocytoplasmic 

localization along with Sox9 expression (Yang et al., 2008; Youssef et al., 2012). 

I looked at the co-localization of β-catenin and Sox9 in stage I (less than 2mm) 

and II (>2mm) (Dourmishev et al., 2013) BCCs to define expression profiles of the 

nodular, superficial, and infiltrative forms. In a stage II nodular tumor, β-catenin mainly 

stained the cytoplasmic membrane, though there was some increased cytoplasmic and 

nuclear staining as well, mostly along the periphery of the tumor (Fig. 1.13A). Nuclear 

Sox9 was detected in most cells throughout the tumor. The IFE was easily distinguished 

from the tumor due to the lack of Sox9 staining yet high cytoplasmic membrane staining 

of β-catenin. Perpendicularly aligned, palisading cells were visible at the periphery of the 

nodular tumor (Fig. 1.13A&B). In an early, stage I, superficial BCC tumor, Sox9 staining 

was found throughout the tumor but most strongly expressed along the periphery within 

the palisading cells. Similar to the nodular BCC, β-catenin stained mostly on the 

cytoplasmic membrane, though there was an increase in cytoplasmic localization when 

compared to the nodular tumor. Along the periphery, where Sox9 staining was most 

evident, β-catenin expression is also increased (Fig. 1.14). 
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Figure 1.14. β-Catenin and Sox9 Expression in Stage I Superficial BCC. Sox9 stained 
positively in most cells throughout the superficial BCC tumor. β-Catenin, though mostly 
localized to the cytoplasmic membrane, appears to also accumulate in the cytoplasm and 
nuclei in many cells along the periphery that also strongly express Sox9.  

Figure 1.13. Sox9 and β-catenin Expression in Nodular BCC. (A) Immunofluorescence 
was performed on frozen and formaldehyde fixed tissue sections. Nuclear Sox9 was detected 
throughout the nodular tumor. In some of the nodules cytoplasmic expression was also 
abundant. (B) Increased magnification (20x) of the boxed region in (A) showing a BCC 
nodule just under the surface of the epidermis that can easily be identified by Sox9 expression 
whereas the epidermis above it shows very little Sox9. Arrowhead points to the lack of Sox9 
staining in the IFE. 
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An infiltrative form of BCC was found within the same stage II tissue that 

contained the nodular tumor. One of the identifying features of infiltrative BCC is the 

lack of palisading cells and the periphery of these tumors were highly disorganized and 

spread thin throughout the dermis. The tumor had very high levels of cytoplasmic and 

nuclear β-catenin. Membrane localization of β-catenin was as not distinct as it was in the 

nodular and superficial BCCs, which indicates that β-catenin signaling may be more 

extensive in the infiltrative tumors. Sox9 stained strongly throughout the tumor further 

validating that Sox9 is a general marker of all forms of BCC.   

 

 

Figure 1.15. β-Catenin and Sox9 Expression in Infiltrative BCC. The infiltrative tumors 
did not have palisading cells at the periphery and the tumor itself was loosely organized and 
spread through a large area of the dermis. Sox9 was strongly expressed throughout the tumor. 
Membrane localization of β-catenin is difficult to distinguish between cytoplasmic or nuclear 
staining. β-Catenin was also highly expressed.  
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Fhit and Notch Negatively regulate Sox9 in BCC Cells 

In the ORS keratinocytes, I found that Fhit and β-catenin cooperatively 

downregulated Sox9. However, in BCC cells β-catenin was a positive regulator of Sox9. 

Therefore I examined the effect of knocking down Fhit in BCC cells to see if it would 

increase Sox9 expression further by relieving the repressor function of Fhit. As expected, 

knockdown of Fhit caused a 2-fold increase in Sox9 mRNA expression (Fig. 1.16). 

Interestingly, loss of Fhit also decreased Notch1 expression. The link between loss of 

Fhit and Notch1 may be why some advanced tumors do not express either Fhit or Notch1, 

whereas earlier stage tumors have shown both Fhit and Notch1. 

Knocking down Notch1 also increased Sox9 nearly 2-fold in the BCC cells (Fig. 

1.16B). The increase indicates that Notch acts as a repressor rather than an activator of 

transcription as I saw in ORS keratinocytes. The increase of Sox9 was not completely 

unexpected because mice lacking Notch1 in the skin have been shown to develop BCC-

like tumors, which activate Shh signaling (Nicolas et al., 2003). Decreased Notch1 

expression also lead to a decrease in Fhit expression—again linking the loss of either 

gene during later stage BCC development. Knockdown of each individual Notch receptor 

(Notch1-3) led to a ~2.5-fold increase in Sox9 mRNA (Fig. 1.16C). 

Infiltrative BCC commonly downregulate Notch1 expression, whereas nodular 

and superficial BCC retain expression of Notch1 (Panelos and Massi, 2009). This 

indicates that loss of Notch1 may increase the invasiveness of the tumor. To determine if 

loss of Sox9, Fhit, or Notch1 leads to changes with invasiveness of the BCC cells, I again 

knocked down those genes with siRNAs. 48 hours after siRNA transfection the cells were 
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seeded on Matrigel-coated transwell inserts that contain membranes with 8 µm pores. 

Cells that migrate through the Matrigel and through the pores can then be stained with 

crystal violet after scraping off the cells from the top of the membrane. The number of 

cells that were able to migrate through the pores after siFhit knockdown was striking 

compared to control or siSox9. Notch1 knockdown also increased the amount of invasive 

cells found on the bottom of the transwell membranes but not nearly as much as siFhit. 

The siSox9 group appeared to migrate through the Matrigel at the same frequency as the 

control group so Sox9 may not be involved in invasiveness. 

The Oncomine database contains the expression profiles of 15 BCCs and 4 

normal skin samples. Comparing Fhit expression in normal skin with expression in BCC 

tumors shows that the mean Fhit expression is significantly decreased in primary BCC 

tumors compared with skin (Fig. 1.16E). 
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Figure 1.16. Fhit And Notch Negatively Regulate Sox9 in BCC. (A) Knockdown of Fhit 
with siRNAs caused an increase in Sox9 expression in BCC cells and a decrease in 
Notch1. (B) Knockdown of Notch1 increases Sox9 expression as well, and decreased 
Fhit. (C) Knockdown of Notch1-3 in BCC cells all resulted in an increase in Sox9 
expression. (D) Invasion through matrigel and 8 µm pore invasion chambers was 
measured after siControl, siSox9, siFhit, and siNotch1. Cells that were attached on the 
bottom of the membrane were stained with crystal violet. Three chamber inserts were 
used for each treatment group and the center of each membrane was imaged. (E) 
Comparison of Fhit expression in 4 samples of normal skin and 15 samples of BCC 
from Oncomine. 
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Shh treatment of ORS Cells decreases BIO Mediated Repression of Sox9 

Mutations within the Sonic Hedgehog signaling pathway have been well 

established as the drivers of BCC. To determine if Shh signaling might cause a switch 

from β-catenin-mediated suppression of Sox9 to β-catenin-mediated activation of Sox9, 

such as I found in BCC cells, I treated ORS cells with recombinant Shh followed by BIO 

treatment. There were four experimental groups, Control (DMSO), Shh alone (3µg/mL, 

and DMSO), BIO (0.3µM) alone, and Shh + BIO (0.3µM). All Shh treatment groups 

received the recombinant Shh for 48 hours in total, and the BIO treatment groups 

received BIO for the last 24 hours of the experiment. I found that Shh treatment alone did 

not significantly change the expression of Sox9, however Shh treatment prior to BIO 

treatment prevented BIO-mediated suppression of Sox9 (Fig. 1.18A). 

YAP1 is a mediator of the hippo pathway and was found to be necessary for β-

catenin mediated progression of medulloblastoma (Rosenbluh et al., 2012). Cerebellar 

granule neuron precursors (GCNP), which are thought to be the precursors of 

medulloblastoma, upregulate YAP1 upon treatment with 3µg/mL, indicating that Shh 

may be necessary for β-catenin mediated progression of medulloblastoma (Fernandez-L 

et al., 2009). When I treated the ORS cells with Shh or a combination of Shh and BIO, 

however, I did not see an increase of YAP1, and in fact expression was decreased (Fig. 

1.18B). With Shh treatment Sox9 expression was still maintained after BIO treatment 

however, so there is likely another mechanism distinct from YAP1, governing Sox9 

expression after Shh treatment.  
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Figure. 1.18. Shh Treatment of ORS Cells Inhibits BIO Mediated Suppression of Sox9. 
(A) ORS cells were treated with either 3µg/mL Shh, Shh and 0.3µM BIO combined, 
or a control (DMSO). The groups receiving Shh were fed for 48 hours and those that 
received BIO were treated with it in the last 24 hours only. Sox9 expression was 
decreased after BIO treatment but with Shh the BIO-mediated suppression of Sox9 
was alleviated. (B) The same experimental setup but looking at Sox9 and Yap1. 



63 
 

Discussion and Future Directions 

Sox9 was previously shown to be necessary for the development and maintenance 

of the hair follicle stem cell niche (Vidal et al., 2005; Nowak et al., 2008a; Kadaja et al., 

2014). Knockout of Sox9 prior to hair follicle development does not impede full 

differentiation of the hair follicle, but it does cause a cessation of growth by post-natal 

day 30 (P30) due to the lack of a stem cell niche, and the cells capable of long-term self-

renewal. In culture of human foreskin derived keratinocytes, the overexpression of Sox9 

was demonstrated to improve the colony forming capability of keratinocytes and increase 

their proliferation (Shi et al., 2011). To confirm the role of Sox9 as necessary for self-

renewal of cultured ORS keratinocytes, I used lentiviral constructs that expressed 

shRNAs targeting Sox9 to efficiently reduce Sox9 expression. I found that the rate of 

proliferation and colony forming capability was dramatically reduced, further confirming 

that Sox9 is necessary for the self-renewal of ORS cells. Similarly, in BCC cells Sox9 

knockdown resulted in a reduction of proliferation and a colony forming capability as 

well, demonstrating that Sox9 has a similar role in both the ORS and BCC.  

Given the importance of Sox9 for stem cell maintenance in the hair follicle, as 

well as proliferation and self-renewal of BCC cells, a better understanding of how Sox9 

is regulated is needed in order to find new therapeutic targets for BCC and other Sox9 

positive cancers. Sox9 has been shown to be downstream of Sonic Hedgehog signaling 

during hair follicle development as well as in BCC (Nowak et al., 2008a; Yang et al., 

2008). However, loss of either Gli1 or Gli2 in the ORS keratinocytes did not lead to a 

loss of Sox9, indicating that either one on its own is not likely involved directly with 

Sox9 regulation in the ORS keratinocytes. Furthermore, addition of Shh to the media did 
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not increase the expression of Sox9 in the ORS cells. Knockdown of the Gli mRNAs still 

needs to be performed in BCC cells however, to see if they might play a role in Sox9 

expression during post-tumor development. Along the same line, mice that express 

SmoM2, a constitutively active form of Smoothened, in the epidermis, strongly express 

Sox9 in the tumors that form (Yang et al., 2008). However, tumors do not form and Sox9 

is not expressed when the mouse epidermis also expresses the Wnt inhibitor Dkk1 (Yang 

et al., 2008). In those SmoM2+Dkk1 mice, Shh target genes, such as K17 and Gli1, are 

activated suggesting that the Shh pathway is still active eventhough Sox9 expression is 

absent. This indicates that Sox9 is not directly downstream of Shh but that Wnt signaling 

is necessary for Sox9 expression in the tumors. To investigate if Sox9 is positively 

regulated by Wnt/β-catenin signaling in the BCC cells I knocked down β-catenin with 

siRNAs and found that Sox9 expression was in fact significantly decreased. Furthermore, 

ChIP experiments revealed β-catenin at the promoter site and a far upstream enhancer site 

(E3 enhancer) of Sox9 demonstrating that β-catenin likely regulates Sox9 directly. There 

is also a potential LEF1 binding site upstream of the Sox9 transcription start site (-927 

bp) that should be investigated in the future to determine if β-catenin is also binding the 

canonical LEF/TCF transcriptional mediators in BCC. LEF1 expression is found along 

the periphery of tumors in regions of high β-catenin expression (Kriegl et al., 2009) and 

thus it is likely that β-catenin and LEF1 can contribute to Sox9 regulation. Both Wnt7b 

and LEF1 are upregulated in BCC tumors compared with normal skin (Fig. 1.19A&B), 

though most other canonical Wnts do not show a significant difference in BCC tumors or 

are decreased when compared to normal skin (not shown). 
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BCC tumors express many of the markers of the mature hair follicle ORS 

(Markey et al., 1992; Youssef et al., 2012; Colmont et al., 2013) as well as molecular 

signatures of embryonic hair development (Sellheyer and Krahl, 2008). The similarities 

between BCC and hair follicle development led to the hypothesis that BCC initiation and 

progression likely follows similar molecular pathways as hair follicle development and 

regeneration. Thus, to study the regulation of Sox9 I initially started with ORS derived 

keratinocytes. Wnt/β-catenin signaling is one of the first signaling pathways activated 

Figure 1.19 Regulation of Sox9 Regulatory Components in Normal Skin and 
BCC. (A-E) Expression of Wnt7b, LEF1, Wnt5a, Sp5, and TEAD1 in normal skin compared 
to primary BCC tumors. Data obtained from the Oncomine Database. 



66 
 

during hair follicle development and is upstream of Sox9 expression within the epithelial 

placode. Previous studies have shown that Sox9 is not detected in cells with high β-

catenin expression and nuclear localization during early development of the hair follicle 

in the epithelial placode, but is instead found in the suprabasal layer (Nowak et al., 

2008a). Similarly, during the telogen-to-anagen phase of hair growth β-catenin marks the 

actively growing secondary germ where Sox9 is lost. Furthermore, using Axin2 as a 

reporter of Wnt signaling in bulge stem cells, Sox9 was found to be downregulated in the 

Axin2 positive cells within the bulge (Kadaja et al., 2014). Early expression of 

constitutively activate β-catenin in embryonic epidermis results in a differentiated hair 

follicle-like fate of the epidermis in that several of the markers of hair differentiation are 

expressed though Sox9 is not expressed (Zhang et al., 2008b). In mature hair follicles, 

studies have shown that Wnt signaling is active in the matrix and precortex of the hair 

follicle where Sox9 is not expressed (DasGupta and Fuchs, 1999b). Immunostaining of 

Sox9 and β-catenin in the anagen hair follicle, in my hands, also showed that increased 

cytoplasmic accumulation of β-catenin in the bulb of the follicle was associated with a 

lack of Sox9 expression.  

To probe the down-stream effects of Wnt/β-catenin signaling in the ORS 

keratinocytes I used the small molecule inhibitor of GSK-3β, BIO, and found that 

treatment with BIO rapidly reduced Sox9 mRNA and protein levels. Using ChIP assays I 

found that β-catenin was enriched at the transcription start site (TSS) of Sox9 in the ORS 

keratinocytes, demonstrating that β-catenin is likely directly repressing transcription of 

Sox9 in these cells. However, the TSS of Sox9 does not contain a consensus TCF/LEF1 

binding site indicating that the canonical β-catenin transcriptional mediators are not likely 
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involved with Sox9 suppression. There are two Sp1 consensus binding sites just upstream 

of the TSS (-40 and -177 bp) and Sp1 is a transcription factor that has been previously 

shown to directly interact with β-catenin. There is also a CREB binding site just upstream 

of the Sox9 TSS (-150 bp). CREB transcriptional regulation is activated by the CREB 

binding protein (CBP), which has also been shown to bind β-catenin directly (Takemaru 

and Moon, 2000). There are two more CREB binding sites further upstream (-842 and -

878 bp) that could also be involved with recruitment of β-catenin to the TSS. Both SP1 

and CREB have been shown to positively regulate Sox9 directly in chondrocytes (Piera-

Velazquez et al., 2007). The putative binding sites for these transcription factors, the fact 

that they can bind β-catenin, and that they have been previously shown to regulate Sox9, 

suggest that they may be the binding partners for β-catenin at the TSS. Sp5 is a 

transcriptional repressor in the Sp1 family of transcription factors that will bind to the 

same consensus DNA binding sites with three conserved zinc finger domains. Sp5 was 

found to be transcriptionally activated by canonical Wnt signaling and the Sp5 protein 

then down-regulated Sp1 target genes during hair shaft differentiation (Fujimura et al., 

2007; Zhang et al., 2008b).  This leads to the possibility that β-catenin is down-regulating 

Sox9 by two mechanisms, first by binding and repressing or displacing Sp1 or CBP, and 

further by activation of Sp5 to form a stable repressor at the Sox9 TSS. The activation of 

Sp5 would also explain why inhibition of HDAC using Trichostatin-A (TSA) resulted in 

a further decrease in Sox9 expression when combined with BIO treatment: if BIO causes 

nuclear β-catenin to displace or repress Sp1 while increasing Sp5, then Sox9 expression 

would be expected to decrease further if TSA inhibition of HDAC allowed for an 

increase in Sp5 expression. My results and those cited above suggest that Wnt/β-catenin 
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signaling directly represses Sox9 in the hair follicle stem cells and ORS, which leads to 

the differentiation of the hair follicle. 

The comparison of 14 BCC tumors to 4 normal skin samples from the Oncomine 

database shows that the level of Sp5 is significantly reduced in BCC tissue (Fig. 1.19D). 

The loss of Sp5 possibly prevents the downregulation of Sox9 through subsequent Wnt 

signaling within the tumor. The hypothesis that Sp1 and Sp5 play a dichotomous role in 

Sox9 regulation by β-catenin should be further examined in the future. Knockdown of 

Sp5 in ORS keratinocytes should demonstrate if the effect observed after HDAC 

inhibition is eliminated when ORS keratinocytes are also treated with BIO. Secondly, 

knockdown or overexpression of Sp1 should show if it is indeed regulating Sox9 in the 

ORS keratinocytes. Finally, ChIP assays for both Sp1 and Sp5 would potentially 

demonstrate a direct correlation to the regulation of Sox9 before and after BIO treatment. 

Promoter bashing of Sox9 would also help establish the role of Sp1/Sp5 in Sox9 

regulation. 

The activation of CREB is often associated with the ERK/MEK map kinase 

cascade leading to RSK-mediated phosphorylation of CREB (Xing et al., 1996). Ligand 

binding to epidermal growth factor receptors (EGFR) and fibroblast growth factor 

receptors (FGFR) is well known to activate the MEK/ERK kinases, which leads to CREB 

phosphorylation and increased DNA binding (Lemmon and Schlessinger, 2010). More 

recently, non-canonical Wnt signaling, through the Wnt5a-ROR2 interaction, was also 

found to activate MEK/ERK (Cheung et al., 2011). Inhibition of MEK using the small 

molecule inhibitor PD98059 reduced Sox9 expression in the treated ORS keratinocytes 

indicating this pathway, and potentially CREB/CBP, is involved in the maintenance of 
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Sox9 expression (Fig. 1.20A). Wnt5a is expressed in the dermal condensate and dermal 

papilla downstream of Shh expression from the epithelial placode or matrix. Wnt5a has 

been shown to regulate the expression of LRP5/6 (Okamoto et al., 2014), which may 

prime the epithelial cells of the hair follicle to respond to Wnt signaling more potently. 

Furthermore, CREB is most commonly known to be phosphorylated by PKA, and Wnt5a 

has also been shown to activate PKA (Torii et al., 2008). Wnt5a is associated with 

increased proliferation of epidermis and thus Sox9 regulation by CREB/CBP through 

activation of the MEK/ERK kinases or PKA by Wnt5a seems possible. Upregulation of 

Wnt5a in BCC tumors (Fig. 1.19C) also indicates a role for non-canonical Wnt signaling 

in BCC tumorigenesis and potentially Sox9 expression as well. 

Fhit, a known β-catenin nuclear repressor, also immunoprecipitated at the Sox9 

TSS along with β-catenin after GSK-3β inhibition in ORK keratinocytes, which provides 

a mechanism for how β-catenin is suppressing transcription. Regardless of whether β-

catenin is binding Sp1, Sp5, CBP, or another transcription factor entirely, Fhit did 

mediate some of the repressive effect seen with LiCl or BIO treatment. This is consistent 

with the results that Fhit knockdown significantly reduced the suppressive effect of GSK-

3β inhibition with LiCl on the levels of Sox9 mRNA. It would be interesting to look at 

the global, genome-wide, regulation of genes by Fhit in the hair follicle ORS 

keratinocytes to see if Fhit and β-catenin mediate the repression of other ORS and stem 

cell specific genes.  

While β-catenin and Fhit were both found at the promoter of Sox9, which was 

then down-regulated, Fhit was actually decreased at a TCF/LEF1 site in the promoter of 

Axin2, which is upregulated in response to inhibition of GSK-3β. This potentially 
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demonstrates that canonical Wnt/β-catenin signaling through TCF/LEF1 does not recruit 

the Fhit repressor complex. More research is needed to fully evaluate the role of Fhit on 

global gene regulation and the differences of Fhit recruitment at different β-catenin 

binding sites. This could be accomplished with ChIP-seq pull-down of both β-catenin and 

Fhit before and after GSK-3β inhibition. To show relevance in vivo, hair follicle ORS and 

Matrix cells could be isolated and the ChIP sites that were found in vitro could be 

verified in vivo. 

Fhit is a tumor suppressor found mutated or with decreased expression in a very 

broad range and large number of cancers (Huebner and Croce, 2001b). In BCC, Fhit 

expression has been detected in early lesions (Kiyici et al., 2010) whereas more invasive 

and later stage tumors lose expression (Goldberg et al., 2006). In fact, a comparison of 15 

BCC tumors with 4 biopsies of normal skin showed a significant decrease in Fhit 

expression. This suggests that the loss of Fhit is not necessary for tumor initiation, but 

may lead to a more invasive tumor upon its loss and that Fhit is generally decreased or 

lost in BCC tumors. Knockdown of Fhit in BCC cells led to an increase in Sox9 

expression and invasiveness through Matrigel, which supports the hypothesis that loss of 

Fhit increases tumor invasiveness. However, the knockdown of Notch1, also caused an 

increase in Sox9 expression, but did not lead to a more invasive BCC phenotype. This 

indicates that Sox9 may not be directly involved with invasiveness, but that increased 

Wnt/β-catenin activation due to loss of Fhit repression on β-catenin can lead to a more 

invasive tumor. However, loss of Sox9 by shRNA knockdown still reduced colony 

formation and proliferation, indicating it is an important regulator of tumor progression. 
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Similar to the expression of Fhit, Notch1 expression is found in early lesions of 

BCC but is lost in late stage and invasive tumors (Panelos and Massi, 2009). As 

mentioned above, the loss of Notch1 in BCC cells increased Sox9, indicating that it either 

directly represses Sox9 or more likely it acts through competition with β-catenin. The 

Notch1 intracellular domain can bind β-catenin directly and may be acting to titrate out 

Figure 1.20. Model of Sox9 Regulation During Hair Follicle Morphogenesis and 
Regeneration. (A) Treatment of ORS keratinocytes with PD98059, a MEK inhibitor, 
reduces Sox9 protein expression as determined by western blot. (B) Potential signaling 
pathways involved in Sox9 regulation in ORS keratinocytes and proposed during development 
and regeneration of the hair follicle. Proteins labeled in italics remain to be studied in this 
context. 
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functional β-catenin in the tumor cells. Thus overexpression of β-catenin should increase 

Sox9 expression in BCC, consistent with the observation that treatment with BIO raised 

Sox9 levels significantly, though only by 1.5 fold. 

 

Figure 1.21. Sox9, Notch1, Shh, and Nuclear β-catenin Expression During Hair 
Follicle Development and Regeneration. Embryonic epidermis (1) initially forms an 
epithelial placode (2) after Wnt/β-catenin signaling is activated in the basal layer. Notch1 is 
expressed in the suprabasal layer, where Sox9 is first observed. As the hair peg (3) grows 
downward the separation of β-catenin activated cells and Notch1/Sox9 positive cells becomes 
more apparent. Eventually Notch1 is lost, but Sox9 positive cells remain, in the upper section 
of the developing follicle (4). In the β-catenin activated cells of the developing matrix (4) and 
in the fully developed anagen follicle (5) Notch1 activation begins to be observed. When the 
follicle enters catagen (6) and telogen (7) Notch1 expression is found in the inner cells of the 
bulge and the hair germ along with Sox9. At the telogen-to-anagen transition (8) β-catenin 
signaling is detected in the hair germ and lower bulge, and Sox9 is subsequently lost from 
those cells. Notch1 is also then decreased and eventually only found in the matrix of the 
anagen hair. Shh is found only in cells after β-catenin activation. 
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In the early embryonic mouse epidermis Notch1 is expressed in the suprabasal 

layer of the epidermis. Corresponding to the localization of Notch1 activation during 

epithelial placode formation, Sox9 is first expressed in the suprabasal layer as well. As 

the follicle continues down-growth Notch1 continues to be expressed in the Sox9-

positive region above the highly proliferative cells with high β-catenin and Axin2 

expression (Fig. 1.21). However, when the follicle has fully developed and is in the 

anagen phase, Notch1 activation is lost from most of the follicle except within the matrix 

where Sox9 has already been shut off. The lack of Notch1 expression in the ORS during 

anagen along with the positive expression of Sox9 makes the results of Notch1 

knockdown in ORS cells counterintuitive. Notch1 knockdown lead to a loss of Sox9. 

However, during telogen in the human hair follicle I found that Notch1 expression is 

again turned on within the inner cells of the bulge. In the mouse, Notch1 activation is 

seen in the lower bulge and secondary hair germ at the telogen-to-anagen transition 

(Kadaja et al., 2014). Therefore, Notch1 may be necessary for the initiation of Sox9 

expression in the placode and might become a positive regulator of Sox9 only during 

wounding or during the telogen phase when the bulge region is being reestablished. Sox9 

is also known to be able to positively regulate itself in a feed-forward loop indicating it 

may only require Notch1 for the initial expression during embryogenesis and during 

bulge reestablishment. 

In the ORS keratinocytes, loss of Notch1 through siRNA knockdown or inhibition 

of Notch cleavage with DAPT led to a decrease in Sox9 expression. Notch1 has been 

shown to directly regulate Sox9 in lung adenocarcinomas (Capaccione et al., 2014) and 

Müller glia (Muto et al., 2009), which is consistent with a role for positive Notch 
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regulation of Sox9 during hair follicle development and regeneration. Due to the fact that 

Notch1 positively regulated Sox9 in the ORS keratinocytes whereas β-catenin, a direct 

binding partner of the NICD, down-regulated Sox9, it seems reasonable that nuclear β-

catenin could bind and disrupt the NICD at the RBP-J binding site upstream of Sox9. 

Using ChIP assays that is exactly what I found: a decrease in NICD bound at an RBP-J 

binding site upstream of Sox9 after treatment with BIO. These data suggest that the Wnt-

Notch axis is reversed in BCC and ORS cells.  In other words, β-catenin drives 

expression of Sox9 in BCC through an unknown mechanism, whereas in the ORS 

keratinocytes, β-catenin disrupts the NICD activation of Sox9. Further experiments 

should be done to verify that β-catenin is binding Notch1 in the nucleus. Co-IP 

experiments in the ORS keratinocytes should show a Notch1 and β-catenin interaction in 

nuclear extracts only after treatment with BIO. Conversely, β-catenin and Notch1 should 

be found to interact in nuclear extracts from the BCC cells regardless of treatment. 

How β-catenin becomes a positive regulator of Sox9 in BCC rather than a 

negative regulator as seen in ORS keratinocytes is not known. However, in the SHH-

group medulloblastoma, the Hippo pathway has been implicated as a necessary 

component of β-catenin driven tumorigenesis and Sox9 expression (Fernandez-L et al., 

2009). In those studies recombinant Shh was able to increase Yap1 expression in 

esophageal stem cells leading to the direct activation of Sox9 (Song et al., 2014). 

However, treatment with Shh did not increase Yap1 in the ORS keratinocytes. Yap1 is 

expressed at relatively high levels in the ORS keratinocytes without Shh treatment, so it 

is possible other components of the Hippo pathway need to be activated as well in order 

for Yap1 to positively regulate Sox9. Treatment with Shh did abolish the effect of BIO-
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mediated suppression of Sox9, indicating that Shh is likely activating other transcription 

factors that prevent β-catenin from repressing Sox9.  This is consistent with the 

hypothesis that other members of the Hippo pathway are upregulated after Shh treatment 

such as TEAD1. Yap1 and Taz have been shown to inhibit beta-catenin nuclear 

translocation in the absence of a Wnt signal by recruiting β-catenin to the destruction 

complex and promoting phosphorylation (Azzolin et al., 2014; Imajo et al., 2012). 

Therefore it is likely then that Yap and Taz in the ORS are contributing to the prevention 

of β-catenin signaling because there is very little canonical Wnt signaling. Likewise, 

anagen mouse follicles have cytoplasmic Yap1 and do not display any nuclear staining, 

indicating that Yap1 may primarily be acting as a β-catenin inhibitor in the ORS (Zhang 

et al., 2011). Upon Wnt activation or GSK-3β inhibition the β-catenin destruction 

complex is disassembled and β-catenin becomes stabilized and translocates to the nucleus 

along with Yap and Taz (Azzolin et al., 2014). In the nucleus Yap and Taz can both bind 

TEAD1, the transcriptional mediator of the YAP/TAZ pathway. In ORS keratinocytes, it 

is possible, though not explored yet, that TEAD1 might not be expressed and therefore 

Yap1 would not be able activate transcription of Sox9 as it did in the esophageal stem 

cells.  
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In BCC the level of TEAD1 expression is significantly increased compared with 

normal skin (Fig. 1.19E) indicating that activation of the SHH pathway leads to an 

increase in TEAD1 in the skin. The increase in TEAD1 may account for the activation of 

Sox9 in cooperation with β-catenin. Though TEAD1 is upregulated in BCC tumors more 

work needs to be done to determine if it is a target of SHH signaling. Overexpression of 

TEAD1 in ORS keratinocytes might prevent the downregulation of Sox9 after GSK-3β 

inhibition, similar to pretreatment of the cells with recombinant Shh. Similarly, ChIP 

Figure 1.22. Model of Sox9 Regulation in BCC. An initial mutation in Patched or 
Smoothened leads constitutive activation of Gli1/2. Wnt5a is upregulated, likely in the 
surrounding mesenchyme, along Wnt7b in the tumor, and the YAP/TAZ transcriptional 
mediator TEAD1 and LEF1. Sp5 is downregulated (not shown). Wnt/β-catenin signaling is 
activated leading to YAP/TAZ and β-catenin nuclear translocation along with PKA and Map 
Kinase (ERK/MEK) signaling and activation of CREB. Together these transcription factors 
(LEF1, TEAD, CREB, SP1) all form a complex with β-catenin and drive Sox9 transcription. 
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assays would need to be performed to see if β-catenin, Yap1, and TEAD1 were all found 

within the promoter after treatment with Shh or overexpression of TEAD1 in 

combination with GSK-3β inhibition. 

Altogether, my work and the research of many others suggests a model of Sox9 

regulation in normal epidermis, hair follicles, and BCC that revolves around Wnt/β-

catenin signaling, Notch signaling and MEK/ERK signaling (Fig. 1.20 & 1.22). The 

model for the initial expression of Sox9 during development and regeneration of the hair 

follicle starts with Notch1 signaling initially turning on Sox9 in the suprabasal layer of 

the hair placode as well as during reestablishment of the bulge after catagen and during 

telogen. Sox9 is then maintained in the ORS by Sp1 and through the MEK/ERK cascade 

and CREB phosphorylation, potentially via Wnt5a, EGF, or FGF, as well as through self-

regulation with feed-forward control by Sox9 itself. Signals, including Wnts, from the 

dermal papilla, or the developing dermal condensate, increase Wnt/β-catenin signaling in 

the hair follicle stem cells and secondary hair germ, which leads to suppression of Sox9 

expression. Wnt/β-catenin activation also leads to the activation of Shh expression and 

proliferation within the matrix cells. Following Shh expression, Wnt5a is turned on in the 

dermal papilla and dermal condensate, which further increases the responsiveness of the 

matrix cells to Wnt signals and leads to differentiation. Wnt5a is also produced in the 

bulge of the follicle and most likely helps maintains Sox9 expression through either 

MEK/ERK or PKA activation. The temporally coordinated events starting with Wnt/β-

catenin suppression of Sox9 prevents the uncontrolled growth of a BCC tumor, where, 

unlike the hair follicle, Sox9 is still expressed in conjunction with all the other pathways. 
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Finally, my work has clearly shown that there is a difference in the regulation of 

Sox9 in BCC and ORS derived cells that revolves around whether β-catenin activates or 

represses Sox9. In the ORS keratinocytes, I showed that nuclear β-catenin represses Sox9 

expression through Fhit and disruption of Notch1. In the BCC cells, Sox9 is driven by β-

catenin. A model that explains how β-catenin can act as an activator, rather than 

repressor, during the formation of a BCC tumor from the interfollicular epidermis or the 

Figure 1.23. Model of the Temporal Progression of Normal Hair Differentiation 
or Tumorigenesis. Depending on the first signal the epidermis receives it will go down 
either the path of hair follicle differentiation or tumorigenesis. If the first signal is canonical 
Wnt signaling then hair follicle differentiation will occur, partially due to the prevention or 
loss of Sox9. If the Shh pathway is activated through Patched, Smoothened, or Gli mutations 
prior to the onset of Wnt activation then Sox9 will be expressed and tumorigenesis can 
proceed.  



79 
 

hair follicle ORS must start with constitutive activation of Shh signaling through Patched 

or Smoothened mutations and followed by activation of Gli1/2. Early activation of Shh, 

prior to a Wnt/β-catenin activation, prevented β-catenin-mediated repression of Sox9 in 

ORS keratinocytes, which suggests that the correct spatiotemporal activation of the Wnt 

or Shh pathways are therefore critical for establishment of normal differentiation or 

tumorigenesis (Fig. 1.23). The activated Gli1/2 proteins likely then lead to an increase in 

the Hippo pathway transcriptional effector TEAD1 (see Fig. 1.19E) as well as LEF1 (see 

Fig. 1.19B and Mill et al., 2005). Wnt5a is likely upregulated in the surrounding 

mesenchyme and Wnt7B in the tumor itself (See Fig. 1.19A&C). Canonical Wnt 

signaling then disrupts the β-catenin destruction complex allowing β-catenin, Yap1, and 

Taz to translocate to the nucleus where they then complex with LEF1 and TEAD1, 

respectively, to transcriptionally activate Sox9 at their respective binding sites. Wnt5a 

activates the non-canonical Wnt pathway, which can lead to increased expression of 

LRP5/6, thus increasing the effectiveness of canonical Wnt signaling at the tumor 

periphery. Wnt5a can activate PKA or the map kinases MEK and ERK to lead to CREB 

activation, further enabling Sox9 expression and proliferation. Fhit, though present 

during initial tumor development, is not expressed strongly enough to fully repress β-

catenin and suppress Sox9 expression, and therefore growth of the tumor proceeds 

unchecked. Eventually Fhit is lost and the tumor becomes more invasive.  

In conclusion, this work has shown several lines of evidence for the differential 

regulation of Sox9 by Wnt/β-catenin signaling in normal ORS keratinocytes and BCC 

cells. β-catenin rapidly reduces Sox9 expression in the ORS keratinocytes, but drives the 

expression of Sox9 in BCC cells. The loss of Sox9 is important for both normal 
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differentiation within the bulb of the hair follicle as well as reducing BCC tumor 

proliferation and self-renewal capacity. Importantly, by finding that Fhit and Notch1 are 

capable of reducing Sox9 in the BCC cells by inhibiting β-catenin, it provides a new 

potential therapeutic target. This is because Fhit, complexed with β-catenin, is required 

for the loss of Sox9 in normal ORS keratinocytes, but in BCC Fhit is reduced and Sox9 

levels increased. Thus increasing Fhit in BCC may force differentiation to occur partly by 

reducing Sox9, which would slow the growth of the tumor, while potentially not affecting 

normal hair growth. Fhit is often hypermethylated (Goldberg et al., 2006) in BCC tumors 

and so drugs inhibiting DNA methyltransferases might relieve the repressive methylation 

marks and increase Fhit expression. Similarly, Notch1 was found to be necessary for 

promoting Sox9 expression in the ORS keratinocytes but Notch1 is not expressed in the 

anagen ORS in vivo. Therefore, small molecule agonists of Notch1 signaling might not 

affect normal hair growth, or they might potentially increase hair differentiation within 

the matrix where Notch1 activation is found. However, decreasing Sox9 through Notch1 

activation in BCC tumors would reduce proliferation and self-renewal in the BCC 

tumors. The work I have done to show a differential regulation of Sox9 in BCC and ORS 

cells has opened many doors to further research. The models I proposed for Sox9 

regulation by β-catenin in BCC should be explored further, especially the role of 

YAP/TAZ and TEAD1 in tumor development as they have been shown to play a major 

role in Wnt/β-catenin driven medulloblastomas as well. 
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Materials and Methods 

Isolation and Culture of Cells 

 Full thickness punch biopsies taken from a 37 year old male’s occipital scalp 

during a hair transplant was given to me by Dr. Gary Rogers in accordance with Tufts 

IRB approval. The tissue was placed in Dispase II (Gibco) for 2 hours at 37°C. Hair 

follicles where then easily pulled out of the tissue using forceps. After removing the hair 

follicles they were washed in PBS and placed in ice cold DMEM:F12 (Life 

Technologies) containing 1% of an antibiotic-antimycotic solution (Gibco, Life 

Technologies). Under a dissecting microscope the upper and lower 1/5th of the hair 

follicle, including the bulb was removed and discarded leaving the mid-follicle. Between 

15 and 30 of the dissected follicles were then placed directly on a 100 mm tissue culture 

plate with a minimal amount of DMEM:F12 supplemented with B-27 Supplement (Life 

Technologies) and 20 ng/mL bFGF (Peprotech) and 10 ng/mL EGF. The minimal amount 

of media is just enough to keep the pieces of tissue hydrated but not enough not allow 

them to float. The explanted hair follicles were then incubated overnight at 37°C and 5% 

CO2 to allow attachment. The following day the follicles had attached and were fed 

10mL DMEM:F12 with B-27, bFGF (20 ng/mL), and EGF (10 ng/mL). The explanted 

follicles are fed every day for 10-14 days until large outgrowths appear. Cells are then 

dissociated with 0.25% Trypsin-EDTA (1x) (Life Technologies) and seeded into a Falcon 

T-75 flask in serum free EpiLife Media supplemented with 100x Human Keratinocyte 

Growth Supplement (HKGS, Life Technologies), 20 ng/mL bFGF, and containing 60 µM 

CaCl2. When indicated, in experiments involving Notch signaling, the ORS keratinocytes 

are grown in DMEM:F12 media with B27, bFGF, and EGF to maintain a higher level of 

Ca++ (1.0 mM). BCC cells were purchased from CellProgen and were maintained in 
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DMEM (Life Technologies) containing 10% Fetal Bovine Serum (Fisher) and fed daily. 

All cells were passaged when they reached 80-90% confluency. 

Immunofluorescent Staining 

Skin samples containing BCC and normal tissue were either frozen in OCT at -

80°C or fixed in 10% neutral buffered formalin for 48 hours. The frozen tissue was 

sectioned at 6 µm thickness and placed onto Superfrost Plus slides and placed into 4% 

paraformaldehyde in PBS for 10 minutes. The slides were then washed twice in PBS and 

blocked in PBS containing 5% Normal Goat Serum for 30 minutes. The Fixed tissue was 

dehydrated in increasing ethanol concentrations and finally in xylene then placed in 

paraffin to be embedded. The embedded tissue was sectioned at 6-8 µm and 

deparafinized in xylene and then rehydrated in decreasing concentrations of ethanol and 

water and finally washed in PBS. The paraffin embedded sections were boiled in sodium 

citrate buffer for 30 min for heat-induced epitope retrieval. For staining of cultured cells, 

I grew them to 80-90% confluence and fixed them in 4% paraformaldehyde for 10 

minutes prior to addition of primary antibody.  

Antibodies used in this study: 

Antibody Catalogue# Manufacturer Dilution (IF/Western) 
Sox9  Cell Signaling Technology 1:500 / 1:1000 
Beta-Catenin ab2365 AbCam 1:100 
Beta-Catenin NBP2-03615 Novus Biologicals 1:200 / 1:1000 
Notch1 ab27526 AbCam 1:100 
Notch1  Santa Cruz Biotech 1:100 
Notch2  Santa Cruz Biotech 1:100 
Notch3  Santa Cruz Biotech 1:100 
Fhit sc-292538 Santa Cruz Biotech 1:100 
HDAC1 ab19845 AbCam 1:200 
IgG  AbCam 1:100 
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Chromatin Immunoprecipitation (ChIP) 

The following ChIP assay were done according to the SimpleChIP Plus 

Enzymatic Chromatin IP Kit instructions. Briefly, 5x106 cells (either ORS cells or BCC 

cells) are fixed in 1% formaldehyde for 10 minutes and then quenched with 0.125M 

glycine for 5 minutes. Cells are harvested and spun down and the cytoplasmic 

membranes are lysed and nuclear membranes permeabilized. The nuclei are then treated 

with Micrococcal Nuclease to cleave unbound DNA. The nuclear membranes are then 

disrupted with sonication using a Branson S450 sonifier for 6 pulses of 20 seconds at 

15% amplitude with 30 seconds intervals to cool on ice. The chromatin membrane 

suspension is then centrifuged at 14,000xg and the supernatant containing chromatin is 

diluted and primary antibody is added. 3 µg of all antibodies were used: rabbit anti-

Notch1 (AbCam), rabbit anti-β-catenin (AbCam), rabbit anti-Fhit (Santa Cruz), control 

rabbit anti-IgG (AbCam). After overnight incubation with the primary antibody at 4°C 

paramagnetic Protein G beads were added for 2 hours. The beads and antibody 

complexes were pulled down with a magnet and the washed several times. Then the 

crosslinking was reversed with high salt overnight at 65°C and protein digested with 

Proteinase K. DNA was purified and qPCR was performed to amplify and detect 

chromosomal DNA pulled down.  

Primers used for ChIP: 

Primer Name Sequence 
Sox9TSS Forward TTTATTAAAGAGACCCTGGGCTGG 
Sox9TSS Reverse TTCTCTTCTCCTCCTGCAAAGAAA 
E3 Forward ACTGGCAGTTTCAGTTGACCT 
E3 Reverse ATCTGTTTCCAGCGGTCCAA 
Notch1BindingSite Forward AGAGAAAGGCCAGGTCATAATCG 
Notch1BindingSite Reverse GACCTTGCTGCCCAAATATACAAT 
Axin2Promoter Forward GGTTTCGCCATATTAGGCAGGCTG 
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Axin2Promoter Reverse TCTGCTGCTGCTATAGAATGATTC 
RPL30 Forward Cell Signaling Technology, ChIP kit #9005 
RPL30 Reverse  Cell Signaling Technology, ChIP kit #9005 
  

siRNA Knockdown 

ORS cells were seeded at 1x105 cells per well of 24-well plates and incubate 

overnight. The next day the cells are fed new EpiLife Media, supplemented with HKGS, 

that does not contain antibiotics. Transfections were performed using RNAiMax (Life 

Technologies) transfection reagent according to manufactures protocol: each well of the 

24-well plate received 25 pmol siRNA duplex with 1.5 ul RNAiMax. The duplex siRNAs 

and RNAiMax were mixed and incubated for 5 minutes at room temp. 50 µL of the 

siRNA and RNAiMax solution was added to each well. Transfections of BCC cells were 

exactly the same except 2x105 cells were seeded per well of a 24-well plate. Cells were 

either lysed after 24 hours or given new media and incubated for another 24 or 48 hours 

depending on the experiment. Transfections were scaled up for 12-well and 6-well plates 

according to the surface area, 12-well plates are essentially 2x the surface area of a 24-

well plate so all reactions were doubled. All siRNAs were purchased from the Sigma 

Aldrich. 

To analyze expression, cells were lysed and RNA purified using RNeasy Mini 

Kits (Qiagen). 1µg total RNA was then used for reverse transcription using the High 

Capacity cDNA Reverse Transcription Kit (Life Technologies). qPCR was performed 

using either TaqMan probes with the TaqMan Advanced 2x Master mix (Life 

Technologies) or with primers and Sybr Green Power Master Mix. The qPCR was run on 

a Stratagene Mx3000P qPCR machine.  
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siRNAs used in this study: 

Gene Mission siRNA Reference # 
Sox9-1 SASI_Hs01_00240733 
Sox9-2 SASI_Hs02_00302379 
Notch1-1 SASI_Hs02_00350287 
Notch1-2 SASI_Hs01_00052328 
Notch2 SASI_Hs01_00068799 
Notch3 SASI_Hs01_00101286 
CTNNB1-1 SASI_Hs01_00117958 
CTNNB1-2 SASI_Hs01_00117960 
Fhit SASI_Hs01_00185824 
SF-1 SASI_Hs01_00124447 
DAX1 SASI_Hs01_00164534 
Gli1 SASI_Hs01_00148505 
Gli2 SASI_Hs01_00027717 
 

Primers used in this study: 

Gene Forward Reverse 

GAPDH TTGAGGTCAATGAAGGGGTC     GAAGGTGAAGGTCGGAGTCA     

MKi67 GCTGGCTCCTGTTCACGTA      CCTGTACGGCTAAAACATGGA    

Sox9 GCTCTGGAGACTTCTGAACGA CCGTTCTTCACCGACTTCCT 

Lef1 TCCTGGAGAAAAGTGCTCGT     TGGATCTCTTTCTCCACCCA     

Axin2 CTGGTGCAAAGACATAGCCA    AGTGTGAGGTCCACGGAAAC     

TCF3 GCACCACTGGCACTTTGTTA     ATGGCCACTGCTTGATGTC      

TCF4 CCTGGCACCGTAGGACAAAT TATGGGGAGGGAACCTGGAC 

Wnt5a TTCAGCTCCGGTTCACTGC ATGGACTTCTTCATGGCGAG 

Wnt10a CAAAAGCGCTCTCTCGGAA      AACACCAATTCAGGGACCAG     

SFRP1 GGCTTCTTCTTCTTGGGGAC     ATCTCTGTGCCAGCGAGTTT     

LHX2 GTAAGAGGTTGCGCCTGAAC     CCAAGGACTTGAAGCAGCTC     

EpCam GCTGGCCGTAAACTGCTTTG ACATTTGGCAGCCAGCTTTG 

Trichohylain GCTTCGGAGACCACATGACC TCGACACGCCCATTACTGTC 

YAP1 TGACCCTCGTTTTGCCATGA GTTGCTGCTGGTTGGAGTTG 

Notch1 GACAGCCTCAACGGGTACAA CACACGTAGCCACTGGTCAT 

Notch2 CACAGGGTTCATAGCCATCTC   GGAGGCGACCGAGAAGAT       

Notch3 TGAACTCTGGCAGACACCAC     GTGTGCAAATGGAGGTCGTT     

Jag2 TGCAAAAACCTGATTGGCGG TTCACCAGGTCCTTGCAGGT 

Jag1 GTCTCAACGGGGGAACTTGT GCGTGCTCAGCAATTTCACA 

S100A6 TCTTCCACAAGTACTCCGGC GCAGCTTCGAGCCAATGGTG 

CD200 CCAGCTGGGACTCCAAAACT GGCTGTACATAGACGGTGAGG 
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LGR5 GTTTCCCGCAAGACGTAACT     CAGCGTCTTCACCTCCTACC     

LGR6 GATGAGGTTGGCATCTAGGC     GCCTGAAAATCCTGATGCTG     

P-Cadherin CAGTGCTAAACAGAGCTGGC    AGGCTGAAGTGACCTTGGAG     

Lrig1 CTGCTTTTGCTTCGGCTGG TTGTAACTCAGGTTTAGGCTCCG 

GATA3 TGTAGTAGAGCCCACAGGCA    CTCATTAAGCCCAAGCGAAG     

K14 TCTGCAGAAGGACATTGGC      GGCCTGCTGAGATCAAAGAC     

K15 GCATTGTCGATCTCCAGGAT     AGCCCAGAATGCGACTACAG     

K17 AAACTTGGTGCGGAAGTCAT     AATTGAGGAGCTGCAGAACAA    

K25 GTTCACGTTGCCTCCAGC       ATGAAACCCTGAGTGAGGAGA    

K27 CTCGGTCTCTGTCAAGGAGC     CCGAGATGAAACGCACTCTT     

K28 TAGTTGCTCTCGGTCTCCGT     GATCTCCCACGACTCAGGC      

K75 GGTTTCCACCTCCAATGCT      CAGGTTGAGTGGAGAGGGAG     

K85 AACTGCCACTTGGTCTCCAG     GGAGCAGATCAAGTCCCTCA     

K35 TGAAGTCATCTGCAGCCAAT     TCGAGGAGCTCCAGAAGAAG     

 

TaqMan Probes Used in this study: 

Gene Assay ID 
GAPDH Hs02758991_g1 
ACTB Hs01060665_g1 
Sox9 Hs01001343_g1 
CTNNB1 Hs00355049_m1 
LEF1 Hs01547250_m1 
Axin2 Hs00610344_m1 
SF-1 Hs00610436_m1 
DAX1 Hs03043658_m1 
Notch1 Hs01062014_m1 
Notch2 Hs01050702_m1 
Notch3 Hs01128541_m1 
Gli1 Hs01110766_m1 
Gli2 Hs01119974_m1 
K14 Hs00603237_m1 
 

 

Lentiviral Production and Infection 
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293-FT cells were cultured in DMEM with 10% FBS and supplemented with 500 

µg/mL Geneticin. The day prior to transfection of lentiviral constructs the 293-FT cells 

were seeded at 3x106 cells onto 100mm culture dishes. The following day psPAX2, 

pMD2.G, and vector plasmid were mixed at a ratio of 9:3:12 µg in 500 µl OptiMem.  50 

µL Lipofectamine 2000 was mixed with 500 µL EpiLife. The Lipofectamine and plasmid 

solutions were then added together and incubated at room temperature for 5 minutes. All 

1 mL of the Lipofectamine/plasmid mix were added dropwise to a plate of 293FT cells. 

The following day the 293FT cells were fed keratinocyte media (EpiLife with HKGS, 

bFGF, and EGF). Media was collected 48 and 72 hours post transfection and was 

centrifuged at 1000xg for 5 minutes to pellet any cells and supernatant was stored at -

80°C. Cells at 70-80% confluence were then infected using viral supernatant 1:1 with 

new media containing 8ug/mL hexadimethrine bromide (Sigma Aldrich). Media was 

changed after 6 hours of infection. 

 Lentiviruses used in this study: 

Viral Insert Selection Company Plasmid # 
shSox9 Puromycin AddGene 40644 
shGFP Puromycin AddGene 30323 
Beta-Catenin WT Blasticidin DNASU BC058926 
Beta-Catenin ∆N90 Neomycin AddGene 36985 
GFP Blasticidin AddGene 40125 
NEO Neomycin AddGene 19067 
psPAX2  AddGene 12260 
pMD2.G  AddGene 12259 
 

 

 

Colony Forming Assays 
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Colony forming assays were performed as previously described. Briefly, ORS or 

BCC cells were infected with lentivirus and maintained under selection for two days. The 

cells were then split and seeded at 1000 cells per well of a 6-well plate. Cells were fed 

daily and selection was maintained for the entire time. ORS cells were fed for 14 days 

and BCC cells fed for 12 days. All cells were then fixed with 1% formaldehyde and 

stained with 0.5% Crystal Violet solution (25% Methanol in water; 0.5% crystal violet 

(Sigma Aldrich). Stained cells were then washed in water and allowed to dry overnight 

before photographing. 

Edu Proliferation assay 

Proliferation assays performed using the Click-iT® Plus EdU Alexa Fluor® 488 

Flow Cytometry Assay Kit (Life Technologies) to label newly synthesized DNA. Breifly, 

ORS and BCC cells were seeded into 6-well plates at 1.5x105 or 2.5x105 cells per well, 

respectively. The following day cells were treated with siRNAs or with lentiviruses for 

gene knockdown and incubated at 37°C and 5% CO2 overnight. 48 hours after siRNA 

knockdown Edu was added to the media for 8 hours in ORS cells or 6 hours in BCC 

cells. For shRNA knockdown experiments, 24 hours after lentiviral infection cells were 

fed selection media and incubated for another 48 hours. The cells were then split into new 

6-well plates and cultured for another 48 hours in selection media at which point Edu was 

added. After incubation with Edu cells were harvested with trypsin and fixed with 4% 

paraformaldehyde in PBS. Cells were then permeabilized and Clicki-iT chemistry was 

performed to fluorescently label the DNA that had incorporated Edu.  The Cells were 

then run through a FACSCalibur (BD Biosciences) flow cytometer to measure the 

percentage of Edu positive cells. 
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Chapter 2: Macrophage Polarization Using Silk Films 

 
Introduction 

 

The innate immune system is the first line of defense against pathogens upon 

infection or wounding. Macrophages are the powerhouses of the innate immune system, 

as they clear dead cell debris from a wound, help fight pathogens, and present pathogen-

associated antigens to T-cells to activate the adaptive immune response. While 

macrophage are extremely important for immune defense and wound healing, chronic 

activation of different types of macrophages is associated with several diseases, including 

atherosclerosis (Hansson and Libby, 2006a; Khallou-Laschet et al., 2010), insulin 

resistance or metabolic syndrome (Aron-Wisnewsky et al., 2009; Chawla et al., 2011; 

Odegaard and Chawla, 2013), and cancer (Noy and Pollard, 2014). Treating these 

diseases by targeting the macrophages systemically is not ideal, as the treatment can 

impair the immune system as a whole. Localized delivery of treatments for chronic 

macrophage activation is therefore highly desired. Silk protein derived from the cocoons 

of the Bombyx mori silk worms has proven to be a very versatile material for biomedical 

purposes, including controlled and localized drug delivery (Leal-Egaña and Scheibel, 

2010; Yucel et al.). In particular, films made from silk protein are highly flexible and 

robust, potentially allowing them to be wrapped around blood vessels and tumors, or 

transplanted into fat tissue to locally modulate the macrophage response in those tissues. 

Silk protein has an advantage over other commonly used implantable materials because it 

has the ability to stabilize drugs and proteins (Pritchard et al., 2012), has a slow and 
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controllable degradation rate, and the degradation products are non-toxic (Rajkhowa et 

al., 2012; Wang et al., 2008b).  

 

The Innate Immune System 

 The innate immune system, unlike the adaptive immune system, is a rapid 

response system for clearing infections and dead cells in a non-specific way. Cells of the 

innate immune system, such as macrophages, have receptors that recognize common 

epitopes found on the surface of bacteria and fungi. Many gram-negative bacteria create 

lipopolysaccharide (LPS), a highly immunogenic polysaccharide that is covalently bound 

to a lipid moiety embedded in the outer membrane. LPS is recognized by the Toll-Like 

Receptor 4 (TLR-4) found on the surface of most cells of the innate immune system, 

including macrophages and monocytes (Chow et al., 1999). Once LPS binds the TLR-4 

receptor it activates a cascade of signaling, mainly through the NFkB signaling pathway, 

resulting in the activation of several pro-inflammatory responses (Akira et al., 2006). In 

macrophages, one of the first responses to LPS and NFkB activation is the production of 

toxic molecules like nitric oxide (NO) that can kill bacteria (Jones et al., 2007). NFkB 

activation also leads to the expression of cytokines (IL-1β, IL-6, TNF-α) that can attract 

more monocytes or other cells of the adaptive immune system, such as T-cells, to help in 

killing any bacteria (Zhang and Ghosh, 2001). There are many other innate immune 

receptors that recognize other commonly found antigens on bacteria or fungi (Romani, 

2011). Many of these Pattern Recognition Receptors (PRR) are in the Toll-like Receptor 

family as well and can cause a variety of different responses. 
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The first responders of the innate immune system to a wound are neutrophils 

(Kim et al., 2008). These short lived leukocytes are the most abundant of the white blood 

cells whose main function is the killing of pathogens by phagocytosis and secretion of 

toxic molecules. However, the toxic secretions from neutrophils can also kill cells from 

the surrounding normal tissue, leaving dead cell debris along with the dead pathogens and 

neutrophils (Segel et al., 2011). The neutrophils rapidly apoptose after infiltrating into a 

wound site and secrete several more inflammatory cytokines. Monocytes are then 

recruited to the wound site by the signals derived from the dying neutrophils to help fight 

pathogens and clear away the dead cell debris. Monocytes are also circulating white 

blood cells that differentiate into phagocytic macrophages or dendritic cells once they 

enter into tissue. These macrophages are able to clear the dead cell debris and 

phagocytose remaining bacteria that may still be in the wound (Silva, 2011). Monocytes 

also routinely enter normal, non-infected or damaged tissues of the body, including the 

brain (where they are called microglia), to replenish the macrophages and dendritic cells 

that normally reside there (Epelman et al., 2014).  

Bacterial infections can cause resident macrophages to secrete cytokines such as 

TNF-α, IL-1β, and IL-6, in turn causing the endothelial cells of nearby blood vessels to 

express the adhesion molecules P- or E-selectin (Gotsch et al., 1994; Rahman et al., 

1998). Circulating leukocytes, including neutrophils and monocytes, bind to the selectins 

via the P-selectin ligand (PSGL-1) (Zou et al., 2005) or other sialylated glycoproteins 

(Kannagi et al., 2004), thereby causing the cells to adhere to the endothelial lining. The 

leukocytes then undergo extravasation through the capillaries and into the tissue. TNF-α 

secretion from the resident macrophages at the site of a wound also stimulates the 
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surrounding tissue to express the chemokine CCL2 (Chen et al., 2004), which is a potent 

chemoattractant that helps monocytes find the location of the wound.  

There are at least two temporally distinct stages of macrophage differentiation at 

the site of a wound (Davis et al., 2013a). Early infiltrating macrophages at the site of a 

wound express inflammatory cytokines such as TNF-α, IL-1β, and IL-6.  These 

macrophages also correspond to the early infiltration of T-helper 1 (Th1) cells that were 

found to activate the early macrophages, and thus the term M1 corresponds to Th1 cell 

infiltration (Martinez and Gordon, 2014). Th1 cells secrete IFN-γ, which on its own is 

capable of inducing the M1 macrophage phenotype. LPS from gram-negative bacteria has 

also been found to stimulate the M1 inflammatory phenotype in conjunction with IFN-γ 

(Martinez et al., 2008). When IFN-γ is bound to the IFN-γ Receptor it leads to 

phosphorylation and transcriptional activation of Stat1 (Schroder et al., 2004), a 

necessary effector of M1 polarization. The M1 macrophages express high levels of TNF-

α and produce toxic molecules like the free radical nitric oxide (NO) and hydrogen 

peroxide that inhibit cell growth and induce apoptosis (Davis et al., 2013a). Like all 

macrophages and dendritic cells, these M1 macrophages will phagocytose pathogens and 

dead cell debris, but they also aid in attracting more inflammatory cells to the site of the 

wound through secretion of cytokines such as IL-12 and more TNF-α (Xing et al., 2000).  

M1 macrophage polarization is considered the “classical pathway” and can be 

induced in culture by subjecting monocytes or primary, unpolarized, macrophages to 

IFN-γ or bacterial LPS (see Illustration. 2.1). LPS activates the NFkB pathway, which 

along with IFN-γ activation of Stat1 leads to the expression of the various M1 specific 

genes. M1 macrophages can be distinguished by expression of the surface marker CCR7 
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(Cytokine Receptor 7) (Martinez et al., 2006), CD80, and CD86 (Rutkowski et al., 2003), 

as well as secretion of IL-12 and TNF-α. Furthermore, expression of induced Nitric 

Oxide Synthase (iNOS) is a common marker of the M1 phenotype. Nitric oxide is a toxic 

molecule that helps combat bacterial infections. Finally, M1 polarization leads to the 

increased expression of MHCII (Celada et al., 1989), called HLA-DR in humans, though 

other subsets of macrophages will also express MHCII at lower levels.  

Later, following the M1 inflammatory response, another physiologically separate 

type of macrophage emerges at the site of the wound, termed M2 that similarly 

corresponds to the emergence of Th2 cells within the wound (Martinez and Gordon, 

2014). These macrophages are responsible for aiding tissue regeneration by secreting 

anti-inflammatory cytokines and growth factors, such as IL-10 and TGF-β respectively 

(see Illustration. 2.1). There are three subsets of M2 macrophage, M2a, M2b, and M2c 

(Mantovani et al., 2004). The M2a macrophages are polarized through the “alternative 

activation pathway”, which requires activation of the IL-4 receptor with either IL-4 or IL-

13 that activates the Jak/Stat pathway. Stat6 is the primary target of Jak phosphorylation 

after IL-4 receptor activation leading to the homodimerization of Stat6, binding to DNA, 

and transcriptional activation of M2a genes (Szanto et al., 2010). M2a macrophages are 

commonly defined by expression of CD206, CD163, transglutaminase, and the secretion 

of IL-10 (Murray et al., 2014). M2b macrophages are similar to M1 in that they elicit 

more of an inflammatory response than M2a or M2c, as evidenced by their expression of 

IL-1 and TNF-α as well as iNOS, but they also express the anti-inflammatory cytokine, 

IL-10. M2b are activated in culture by treating primary macrophages with immune 

complexes and LPS. M2c are more like the M2a in that they secrete anti-inflammatory 
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and tissue regenerative cytokines and growth factors. M2c macrophages are marked by 

expression of TLR1 and TLR8, but share most of the same markers as M2a, such as 

CD163, and are differentiated with IL-10 and TGF-β. 

All macrophage subtypes likely represent a spectrum of phenotypic changes over 

time or in response to different types of wounding rather than distinct terminally 

differentiated cell types. In fact M1 macrophages can be converted into M2 in vitro and 

vice versa (Davis et al., 2013b), demonstrating the remarkable plasticity of the 

macrophage differentiation states. In mucosal tissues such as the intestine (Bain et al., 

2013; Thiesen et al., 2014) and lung (Davis et al., 2013b; Jones et al., 2013) the resident 

macrophages most resemble the M2 phenotype but have M1characteristics as well, likely 

representing the need to clear pathogens but not induce unnecessary inflammation. 

Macrophages are the bridge between the innate and the adaptive immune system 

because they are involved in both non-specific recognition and destruction of pathogens 

and are also necessary for the activation of adaptive immune T-cells through a process 

called antigen presentation (Itano and Jenkins, 2003). When a macrophage or dendritic 

cell phagocytoses a pathogen the cell membrane will fuse around the pathogen to form a 

phagosome. The phagosome rapidly becomes toxic by acidifying and fusing with 

lysosomes that help break down proteins into smaller peptides. Eventually, peptides 

derived from pathogen degradation within the phagolysosome come in contact with the 

Major Histocompatibility Complex Class II (MHC class II). MHCII binds these small 

peptides and shuttles them to the surface of the cell. In this way, peptides derived from 

the pathogen are then presented on the surface of the macrophage where they are 

accessible to pre-T-cells waiting to be activated.  
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After macrophages process an antigenic peptide and present it with MHCII on 

their surface, they will then migrate out of the tissue into lymph nodes where they can 

come into contact with T-cells (Itano and Jenkins, 2003). T-cells, along with B-cells, are 

an integral component of the adaptive immune system. All T-cells produce a T-cell 

receptor (TCR) that contains a domain that recognizes MHCII and also contains a unique 

domain region that is created through random DNA recombination of the VDJ regions of 

the TCR locus (Market and Papavasiliou, 2003). Most TCRs will not bind the MHCII-

peptide complex with high affinity. However, those T-cells that have randomly 

rearranged their TCR to specifically recognize MHC-peptide complex on macrophages 

will then become activated and proliferate, creating more cells that express that specific 

TCR. After T-cells become activated and proliferate they migrate out of the lymph nodes 

and into the blood stream where they can quickly be distributed throughout the body to 

help macrophages attack pathogens by secreting more cytokines and other toxic 

molecules. The T-cell is also necessary for the activation of B-cell antibody production, 

the activation of which follows a similar pathway as with macrophage activation, 

requiring CD40 and the CD40 ligand to establish recognition of the presented antigen 

(Parker, 1993). The activated T-cells create a feed-forward loop that helps macrophages 

clear the pathogens from the body and recruit more macrophages to the site of pathogenic 

infection. 
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Diseases Associated with Macrophages 

Atherosclerosis is the hardening of arteries due to cholesterol and plaque buildup 

around arteries (Weber and Noels, 2011). The hardening of the arterial walls prevents 

blood flow and leads to stroke, heart attacks, and peripheral vascular diseases. These 

cardiovascular diseases are the leading cause of death in the US and are a major burden to 

the healthcare industry due to the costs of treatment (Go et al., 2014). The plaques of an 

Illustration 2.1. Macrophage Differentiation and Polarization. In culture, primary 
monocytes can be differentiated into general macrophages (M0) using M-CSF, or for THP-1 
monocytes the small molecule PMA. The macrophages can then be polarized to M1 using 
IFN-γ alone or a combination of IFN-γ and LPS. The three characteristic M2 macrophage 
(M2a-c) are polarized with IL-4, IgG & LPS, or IL-10 & TGF-β, respectively. Markers of 
each subtype are listed below as well as common cytokine secretion. M1 macrophage are 
generally thought to initiate an inflammatory response, while M2 are tissue regenerative but 
can also promote cancer.  
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atherosclerotic lesion contain high levels of M1 macrophages, which surround fatty 

deposits containing high levels of cholesterol and phagocytose them. The increased lipid 

content in the macrophages makes them appear foamy and thus these cells are referred to 

as foam cells. Concurrent with the presence of the M1 macrophages are Th1 cells that 

express high levels of IFN-γ (Mallat et al., 2009), which may act as a positive feedback 

for the infiltration and polarization of more M1 macrophages. As the macrophages 

phagocytose the fatty buildups, they also die, leaving more cell debris and lipids in the 

plaque, which forms the necrotic core. In a mouse model of atherosclerosis, in which the 

Apolipoprotein E is knocked out, the number of M1 polarized macrophages at the lesion 

site predicts the progression of an atherosclerotic lesion (Khallou-Laschet et al., 2010). 

However, the ApoE knockout mice also showed that the initial infiltration of 

macrophages at the site of newly forming atherogenic lesions are typically M2 

macrophages that are then repolarized into the M1 subtype. This study hints at the 

plausibility of using cytokine intervention for the treatment of atherosclerosis in order to 

either maintain M2 polarization during the initial infiltration stage, or to repolarize M1 

macrophages at the site of the lesion back into M2. However, injections of IL-4 into the 

blood of ApoE knockout mice does not lead to significant reduction of atherosclerotic 

plaques (King et al., 2007). Another solution may be to have higher locally sustained 

concentrations of IL-4 or IL-13 in order to induce M2 repolarization. Furthermore, an 

inhibition of IFN-γ signaling may be necessary due to the very high levels found in an 

atherosclerotic plaques.  

Chronic inflammation in obesity is associated with insulin resistance, diabetes, 

and metabolic disease and is correlated to macrophage accumulation in the adipose tissue 
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(Hotamisligil, 2006; Weisberg et al., 2003). M1 macrophages in adipose tissue is 

responsible for the secretion of TNF-α, IL-1, and IL-6 that promote inflammation. 

Interestingly, adipose tissue itself secretes TNF-α, which recruits more macrophages to 

adipose tissue. The increase in these inflammatory cytokines causes peripheral insulin 

resistance as a means to limit nutrient storage, which is necessary for preventing 

infections in wounds, but in the case of obesity, leads to metabolic syndrome (Chawla et 

al., 2011; Odegaard and Chawla, 2013; Wynn et al., 2013). With increases in adipose 

tissue in obese patients, the level of inflammation due to M1 macrophages is increased. 

However, both M1 and M2 macrophage subtypes coexist within adipose tissue. In obese 

humans and mice, the M1 subtype is dominant, however after weight loss M2 reemerge 

as a dominant macrophage population. In normal, lean, animals and humans, M2 

macrophages are the most commonly detected macrophages in the adipose tissue as well 

(Lumeng et al., 2007). Therapeutic inhibition of TNF-α with infliximab, adalimumab, or 

etanercept reduces the symptoms of metabolic syndrome and increases insulin sensitivity 

(Stagakis et al., 2012). Direct manipulation of macrophage polarization in obesity has not 

been studied, though activation of the peroxisome proliferator activated receptor gamma 

(PPAR-γ) with the thiazolidinedione (TZD) class of drugs was shown to reduce 

inflammation and increase glucose sensitivity, which was partially due to M2 

macrophage polarization (Hevener et al., 2007). Conversely, loss of PPAR-γ in 

macrophages reduced the ability of TZD to restore insulin sensitivity. 

 Inflammatory bowel disease (IBD), and in particular Crohn’s disease, are caused 

by chronic inflammation of the gastrointestinal tract, ultimately causing disruption of the 

tissue and an increased bacterial exposure (Abraham and Cho, 2009). In normal colon 
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tissue, the resident macrophages are most similar to M2 macrophages in that they do not 

express toll-like receptors or respond to LPS, nor do they express inflammatory 

cytokines. They also constitutively produce IL-10, and express the M2 markers CD163 

and CD206. However, they are also able to phagocytose the commensal bacteria in the 

gut and express MHCII, so they are therefore thought to represent a macrophage subtype 

somewhere in the continuum between M1 and M2. In mice that are induced to have acute 

colitis, monocytes infiltrate and become M1-like, TLR-responsive, inflammatory 

macrophages (Bain et al., 2013). Similarly, the human macrophage population in Crohn’s 

disease represents a more M1-like inflammatory macrophage that secrete IL-1β, IL-6, IL-

12, IL-23 and TNF-α. Along with the M1 macrophages are Th1 cells and another 

inflammatory T-cell the Th17 cells that can respond to the IL-23 (Abraham and Cho, 

2009). The source of the inflammatory macrophages was shown to be classical 

monocytes that respond to CCL2, migrate into the tissue, and polarize into the 

inflammatory M1-like macrophages (Thiesen et al., 2014). 

There is a fourth type of M2 macrophage, called tumor associated macrophage 

(TAM). As their name suggests, these macrophages are found associated with many types 

of tumors, and typically their presence leads to a poor prognosis when compared to 

similar tumors without the TAMs (Lewis and Pollard, 2006; Sangaletti et al., 2008). 

TAMs secrete a number of M2 cytokines and growth factors such as IL-10 and TGF-β 

that inhibit M1 polarization and thereby block the ability for the M1 cells to help attack 

the tumor. However, TAM express a distinct set of genes from the other subtypes of 

macrophages including the normal M2. Most notably, TAMs express Vascular 

Endothelial Growth Factor (VEGF) (Gonzalez et al., 2007) as well as VEGF-C and 
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VEGF-D, which are lymphatic endothelial growth factors (Schoppmann et al., 2002, 

2006). A primary mechanism for macrophage associated tumor progression and 

metastasis may be from the promotion of angiogenesis and lymphangiogenesis due to 

expression of VEGF and VEGF-C/D. The TAMs may also assist with the migration of 

tumor cells through tissue by degrading extracellular matrix proteins with enzymes such 

as MMP-2, 9 (Heusinkveld and Burg, 2011a), 11 (Steidl et al., 2010), and 12 (Yang et al., 

2007). Repolarization of TAMs into M1 macrophages has been proposed as a possible 

therapeutic avenue for cancer treatment (Heusinkveld and Burg, 2011b), though this has 

not been clinically tested yet. However, clinical trials using the anti-IL-6 antibody 

siltuximab to reduce M2 macrophages associated with ovarian tumors showed mixed 

results, but overall a general decline in macrophages associated with the tumors and a 

decrease in VEGF expression (Coward et al., 2011). 

 

Silk Materials for Controlled Release of Therapeutics 

 Given the role of macrophage polarization in several major diseases involving 

chronic inflammation due to macrophages (cardiovascular disease, and insulin 

resistance/metabolic syndrome, IBD, and cancer) it seems imperative to create 

therapeutics that will control the macrophages polarization. One problem with systemic 

treatments for polarizing macrophages is the importance of all types of macrophages in 

normal immune defense; systemically blocking macrophage activation could lead to 

serious infections and hampered wound repair. The ideal way to solve the problem will 

be local delivery of biologics or small molecule drugs with implantable or injectable 

biomaterials. These will also have the added benefit of being able to sustain the release of 
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the therapeutics. In this regard, silk protein has proven to be an excellent biopolymer for 

creating implantable biomaterials that can release therapeutic agents. 

 Silk spun by the Bombyx mori silkworm to make its cocoon is a very strong, 

fibrous, material composed mostly of fibroin (75%) and sericin (25%). For centuries, silk 

threads have been used for suturing wounds (Mackenzie, 1973) due to their incredible 

strength and because they do not induce a strong immunogenic reaction. Before the 

threads can be used for suturing however, sericin must be removed from the silk because 

it induces an immune response in the body. The sericin is typically dissolved out of the 

silk fibers by boiling the cocoons in an alkaline solution, a process called degumming 

that results in fibers that are nearly pure silk fibroin. These fibroin fibers can then be 

woven together to make the threads for sutures. 

 More recently, silk fibroin has been found to be a versatile biopolymer that can be 

used for many biomedical purposes. The silk fibroin, after degumming, can be dissolved 

using a high concentration of lithium bromide (LiBr), followed by dialysis against water 

to yield a pure solution of regenerated silk fibroin. The silk solution can then be used in 

various ways to make implantable, non-immunogenic, biomaterials that can be shaped 

into any form including films with diverse mechanical properties that are bioresorbable 

(Rockwood et al., 2011). Another benefit of silk materials is that the polymers are self-

assembling and do not require harsh solvents or chemical crosslinking agents to form the 

material. Without the need for crosslinking reagents or solvents, silk materials can have 

protein biologics added to the material without disrupting the activity of those proteins. 

As such, various silk materials have proven to be very good at encapsulating small 

molecule drugs (Gobin et al., 2006; Pritchard et al., 2010a, 2013; Wenk et al., 2008) and 
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proteins (Guziewicz et al., 2011; Karageorgiou et al., 2006a; Uebersax et al., 2008; Wang 

et al., 2009) for long-term release. 

 In solution, the silk fibroin protein contains a large percentage of random coil 

protein domains as well as parallel beta-sheet domains and is highly water soluble (up to 

30% w/w). Silk in this state is called Silk I. Induction of antiparallel beta-sheet formation, 

referred to as crystallization, leads to the insoluble, fibrous, form of silk, or Silk II (Gil et 

al., 2014). Silk II can be formed in three different ways: 1) shear stress during the 

spinning of a cocoon or mechanically-induced shear with reconstituted silk using 

sonication (Wang et al., 2008a), vortexing (Yucel et al., 2009), or high pressure extrusion 

through a small needle; 2) water removal and hydrophobic domain exposure after solvent 

treatment of dried silk protein, and 3) self-assembly of the fibroin proteins (Zhong et al., 

2014). The speed at which self-assembly occurs can be greatly increased by 

concentrating the protein. Drying silk solutions increases the concentration, but if done 

rapidly enough prevents the rearrangement of the protein domains and β-sheet 

crystallization, and so the silk is still soluble. Water annealing (WA) is a process of 

crystalizing dried silk without solvents (Hu et al., 2011a; Jin et al., 2005). Putting dried 

silk protein into a vacuum chamber that is then filled with water vapor allows the 

concentrated silk protein to absorb some water allowing for enough molecular motion for 

the protein to rearrange itself into the more energetically favorable Silk II configuration. 

The advantage of this process is that biologics, which may lose activity when exposed to 

solvents, can retain their activity in the dried silk. The formation of antiparallel beta-

sheets after WA or other methods of silk crystallization can be detected by Fourier 

Transform of the absorbed IR spectrum (FT-IR) (Hu et al., 2006). The amide I region of 
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IR absorbance primarily detects C=O stretching in the 1600 to 1700 cm-1 region and is 

useful for identifying structural components of a protein. β-sheet domains (1610-1625 

cm-1) as well as random-coil protein domains (1640-1650 cm-1) are the predominant 

structures of silk fibroin that absorb IR within the amide I region. Using deconvolution 

algorithms to assign peaks to the absorbance spectra within the amide I region makes it 

possible to quantitate the contribution of β-sheet structure to the overall structure of the 

fibroin protein.   

 The various mechanical properties of silk biomaterials can be controlled by using 

different means of inducing beta-sheet crystallinity or through chemical modifications. 

Silk materials range from ultra-soft hydrogels, to very rigid and strong matrices that can 

be used as bone screws. Upon crystallization, silk protein forms interconnected fibrils and 

the density of these fibrils is an indicator of the strength of the material. Hydrogels are 

soft materials with a low density of networked fibrils allowing for a lot of water to be 

retained between the fibrils. Dried silk films, on the other hand, have a very high density 

of silk protein but still contain mainly Silk I and can be completely solubilized when put 

back into water. Thus simply drying the silk is not ideal for implantation into the body. 

Residual water can be removed from dried films by treatment with Methanol or other 

solvents, which will induce crystallinity and fibril formation by exposing the hydrophobic 

domains. Alternatively, conformational changes can be induced by WA, whereby the 

films will adopt the Silk II conformation and form fibrils that are completely insoluble 

and very strong. Ultra-dense and crystalized silk protein can be made using a high 

concentration of silk fibroin dissolved in hexafluoro-2-propanol (HFIP) and casting into 

molds that are then soaked in methanol to crystallize the silk. These ultra-dense silk 
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materials have been used to make bone screws and bone plates to hold together bone 

fractures—demonstrating their incredible strength. 

 Hydrogels are the least rigid form of silk materials. Hydrogels can be formed by 

rapid transfer of high energy using sonication (Wang et al., 2008a) or vortexing (Yucel et 

al., 2009), which induces inter and intra molecular anti-parallel beta-sheet formation (Silk 

II). This allows the protein network to be widely dispersed, while retaining all of the 

water from the original silk solution. Similarly, lowering the pH of a silk solution below 

pH 4 will also form a gel by forcing a conformational change that exposes the beta-sheet 

surface for intermolecular beta-sheeting while still retaining the water in solution. The 

formation of a gel can occur spontaneously when fibroin begins to self-assemble (Zhong 

et al., 2014). The rate at which self-assembly occurs depends on the concentration and 

size of fibroin protein fragments. The degumming process for removing sericin also leads 

to the partial hydrolysis of the silk protein, so the longer silk is boiled, the smaller the 

average molecular weight of the fibroin protein becomes. The smaller fibroin fragments 

do not self-assemble as easily and in fact sonication or vortexing will not induce gelation 

if the silk has been boiled for longer than 90 minutes. From here on out, 30 minute 

boiling of silk will be referred to as high molecular weight (HMW) silk and 90 minute 

boiling will be low molecular weight (LMW) silk. 

Silk films and scaffolds are produced by the removal of water from silk protein. 

Removal of water is as simple as letting the silk solution dry in open air to make films of 

concentrated Silk I protein, or by lyophilization to retain a sparse network of protein that 

can be used as a scaffold. After water removal, crystallization can be induced to cause the 

films or scaffolds to become insoluble and very strong. These solid materials can be 
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finely tuned to alter their tensile strength, rigidity, and elasticity by varying the 

degumming times or adding excipients that modify the silk’s properties, such as glycerol 

(Lu et al., 2010b). Once the films are dry they are then treated with methanol to induce 

crystallinity. Granules of salt can also be added to a silk solution at a high concentration 

such that the water is pulled from the silk protein to the salt granules, allowing the protein 

to precipitate out around the granules. When kept at 60°C, the precipitated silk protein 

will crystalize with the surrounding water and salt. After crystallization the salt is leeched 

out by submersing the entire block of silk/salt into deionized water. Using salt in this 

manner to make crystallized silk results in a 3D scaffold of silk protein with pores the 

size of the salt granules. These scaffolds can be used for tissue engineering or as tissue 

filler. 

Various degumming times or temperatures during WA can be used to modulate 

the structural properties and the degradation rates of silk films or scaffolds. Degumming 

silk for 5-10 minutes is enough to remove the sericin and reduces the amount of 

hydrolytic cleavage that is common during degumming. Solutions of silk in this state will 

self-assemble into gels relatively quickly, on the order of a few days or weeks unless 

diluted. When made into films, the short degumming time increases the tensile strength 

of silk films and also decreases the rate of natural degradation. LMW silk cannot self-

assembly as well and gel formation in the static system is prevented entirely. However, 

gels, solid films, or scaffolds can still be made from this silk but require increased energy 

input or treatment (methanol or WA) for longer times. Scaffolds made with LMW silk 

have less tensile strength compared with those higher molecular weight silk (Wray et al., 
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2011). Intermediate molecular weights of silk have varying spontaneous gelation time 

and degradation rates.  

Maintaining protein stability in encapsulated silk is also another benefit of silk 

materials. Vaccines (Zhang et al., 2012), antibodies (Guziewicz et al., 2013), and 

enzymes have been shown to be stabilized when mixed with a silk solution and dried. At 

temperatures ranging from 4°C to 37°C silk stabilized the enzymatic activity of horse 

radish peroxidase (Lu et al., 2010a), glucose oxidase and lipase (Lu et al., 2009) for 8 

weeks. Similarly, the measles, mumps and rubella vaccine, which contains live viral 

particles, was stabilized for 6 months at 45°C in lyophilized silk films and was able to 

infect with near 100% efficiency whereas the powdered form rapidly lost potency and 

was unable to infect cells by 20 weeks (Zhang et al., 2012). The ability to stabilize 

proteins is essential for long term release so that, by the end of the study, the released 

therapeutic is still active. 

Release of large molecules such as proteins or long chain polysaccharides can be 

difficult due to the tightly woven network of dried silk films. A study looking at the 

release of various sizes of dextrans from silk films showed that the release rate of lower 

molecular weight dextrans (4-20kD) was relatively quick, whereas the larger 40kD 

dextrans were released from the films very slowly (Hines and Kaplan, 2011). This 

demonstrates that release of larger molecules such as protein and dextrans is controlled 

mostly by the diffusion of molecules through the silk lattice during the first 30 hours. The 

larger particles, with a larger hydrodynamic radius, take longer to diffuse through the 

matrix of a silk film. Proteins such as IGF-1 (10kD) are also able to diffuse out of a silk 

matrix after crystallization. The release profile of IGF-1 was linear for 7 days and then 
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rapidly dropped off. The mechanism of release for IGF-1 in this system may also be due 

to degradation of the silk, or either hydrophobic or ionic binding to the silk, as very little 

release of larger dextrans (10 and 20kd) occurred after 30 hours, whereas the smaller 

IGF-1 release continued for much longer. Similar to IGF-1, several BMP proteins were 

loaded into a solution of silk and converted into microparticle spheres for controlled 

release. These spheres released BMP for two days before plateauing (Bessa et al., 2010). 

Interestingly, increased concentrations of BMP actually prohibited the total percentage 

released, indicating lower concentrations may actually be superior for the release 

kinetics, though the mechanism of this reaction was not investigated. 

Adsorption of protein to silk is another means of storing an active biologic for 

controlled release. For example, BMP-2 was adsorbed to 3D porous silk scaffolds and 

used for differentiation of mesenchymal stem cells (MSCs) in vitro and in vivo 

(Karageorgiou et al., 2006b; Kirker-Head et al., 2007). The scaffolds were soaked in a 

solution containing 0.05 mg of BMP-2 for several hours and the final scaffold contained 

2.5 µg of adsorbed BMP-2. Though the release of BMP-2 from the scaffold is relatively 

fast, it is nonetheless an easy way of holding proteins on the surface of a biomaterial and 

can cause an effect in vitro and in vivo. 

Multiple layers of silk can be used to increase the barrier of diffusion so that the 

rate of release of an internal molecule is reduced (Bayraktar et al., 2005; Pritchard et al., 

2010b). Furthermore, each layer may contain different amounts of the molecule to be 

released with some released quickly and some taking longer to diffuse out, thereby 

providing a system of controlled release. Using such a silk layering technique was shown 

to work well, giving a slow and sustained release of adenosine. A pellet of adenosine was 
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dipped into silk solution, coating it with a thin layer of silk, and allowed to dry. After 

drying the silk, it was then crystallized in methanol and dried again. This process was 

repeated up to eight times, which created a diffusion barrier thick enough to allow the 

release of adenosine for 14 days (Pritchard et al., 2010b).  

 

Specific Aims 

 Silk fibroin was chosen based on its mechanical properties, slow degradation rate, 

and lack of an immunogenic response to create a material that is capable of controlling 

macrophage polarization. Silk films can be implanted directly or coated onto various 

scaffolds and are therefore the ideal format for testing the proof of concept that silk-based 

materials can be used to control macrophage polarization. The THP-1 monocytic cell line 

was used as model for human monocyte and macrophage differentiation to test with the 

silk films. THP-1 cells have been shown in numerous studies to closely mimic the normal 

differentiation process from monocyte to macrophage and can be maintained in culture 

for many passages unlike primary monocytes or macrophages. The hypothesis was that 

by using various thicknesses of silk films the rate of cytokine release could be controlled 

to maximize the macrophages response to the films. Furthermore, it was hypothesized 

that by controlling the solubility of the silk films the release rate of the cytokines could be 

controlled as well. In order to control the solubility of the silk films two approaches were 

taken: first, the length of time the films were WA was optimized, second silk protein with 

high or low molecular weight was tested. 
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Results 

Characterization of Silk Films 

Films consisting of pure silk fibroin protein can be made by casting a solution of 

silk (in this study I used silk solutions ranging from 5.5% to 7% w/v silk) onto a flat 

surface and letting it air dry. For this work I used thick films ranging from 10 to 30 mg 

silk fibroin protein cast onto 1.54 cm2 PDMS surface. As expected, adding more silk 

protein when casting resulted in thicker films (Fig. 2.1A & B). The first 10 mg creates a 

film that is about 20 µm thick, but each subsequent 10 mg adds only about 10 µm to the 

thickness of the film. The films were clear and smooth with a homogenous thickness as 

seen under scanning electron microscopy (SEM) (Fig. 2.1A).  

Dried films made from 10 and 20 mg silk protein were water soluble unless first 

crystalized via WA or methanol treatment. However, the 30 mg silk films do not 

completely dissolve when placed in water indicating that there is some auto-

crystallization that occurs during drying of the 30 mg films. WA is a means of silk 

crystallization that allows excipient biological proteins to retain their structure and 

activity, whereas crystallization using solvents might denature and inactivate proteins. 

Therefore WA was the only approach used for silk crystallization. The amount of time 

that films were WA determined the degree of Silk II, or β-sheet content in the film. Using 

FT-IR to detect absorbance from β-sheet bonds at 1620nm I found that the different 

thicknesses of films did not affect their β-sheet content after WA for 60 min (Fig. 2.1C). 

However, without any WA the 30 mg silk films showed slightly higher β-sheet content 

than either the 10 or 20 mg films (Fig. 2.1C), which explains why the 30 mg films were 

not as soluble in water. 
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Solubility of Silk Films 

Preliminary tests of the release of IFN-γ from films that had been WA for 16 

hours showed very little release indicating that high amounts of β-sheet in the film 

prevented the escape of IFN-γ from the films. Without any β-sheet crystallinity however, 

films will completely dissolve very rapidly, which is not ideal for sustained or controlled 

release. In order to determine the solubility of silk films with varying β-sheet 

crystallinity, I used WA for various amounts of time at room temperature. I first looked at 

Figure 2.1. Casting of Silk Films. (A) Silk films are cast on PDMS cylinders at 10, 20, or 30 
mg per 1.54 cm2. After casting, the silk solution is allowed to air dry and the Films are then 
WA for various times to induce crystallinity. The films are homogenous, smooth, and without 
pores as seen by SEM. (B) The thickness of each silk film is increased by about 10 µm for 
each 10 mg of silk that is added aside from the first casting which is solidifies around 20 µm. 
(C)The β-sheet content of the films was measure by FT-IR at the 1620 β-sheet absorption 
region. Using peak fitting software to quantitate the percentage of β-sheet contribution at the 
1620 peak, in variable thickness films WA for 60 minutes or compared to control films that 
are not WA. (A) Scale bars = 20um. (B) The increase in thickness was statistically significant 
(F(2,6) = 372.9, p<0.0001). 
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the solubility of 10 mg dried films that were WA for 0, 15, 30, 45, 120, 240, and 720 

minutes. After WA, the films were dried again and placed in 1 mL PBS for 24 hours. The 

soluble silk concentration was measured by taking 200 uL of the PBS and measuring UV 

absorbance at 280 nm. Nearly all of the 0 and 15 minute WA films dissolved rapidly in 

PBS. However a transition at 30 minutes was seen where only 20% of the film dissolved 

after 24 hours. By 45 minutes the films were nearly insoluble, dissolving only 1% of the 

total silk film. All WA times longer than 45 minutes resulted in films that were insoluble 

and no protein was detected in the PBS after 24 hours (Fig. 2.2A). 

I next looked at whether the thickness of the film caused any differences in the 

solubility of the films during the transition period between 30 and 45 minutes. For 10 mg 

films, WA for 30 minutes caused about 75% of the film to crystalized and remain 

insoluble while 25% of the protein was detectable in the PBS after 24 hours. After 30 

minutes of WA the 20 mg films were 77% insoluble and 23% solubilized into the PBS, 

similar to the 10 mg films. The 30 mg films, on the other hand, became 99% insoluble 

after 30 minutes WA. After 45 minutes of WA all films become nearly completely 

insoluble when placed in PBS, with less than 1% silk protein detected in solution after 24 

hours in PBS (Fig. 2.2B). Furthermore, the 30 mg silk films were only 6.2% soluble 

without WA (Fig. 2.2C), unlike the 10 and 20mg films which were nearly 100% soluble 

without any WA indicating that the thicker films induce β-sheet structure on their own 

without the need for WA, consistent with the increase in β-sheet content from Fig. 2.1C.  
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Release of Cytokines from Silk Films 

Interferon-gamma (IFN-γ) and Interleukin-4 (IL-4) are the classical and 

alternative activators of macrophage polarization, respectively. Classical activation with 

IFN-γ leads to the M1 inflammatory phenotype, whereas alternative activation leads to 

the M2 tissue regenerative phenotype. Previous in vitro studies using THP-1 monocytic 

Figure 2.2. Solubility of Silk Films. (A) Solubility, of 10mg films WA for various times, as 
measured by A280 in PBS. Films were completely soluble after 0 and 15 minutes WA 
whereas by 30 minutes the films became less soluble and were completely insoluble after 120 
minutes. (B) Silk Films of varying thickness (10, 20, or 30 mg) were WA for 30 min or 45 
min to determine their solubility in PBS after inducing β-sheet structures. (C) Dried 30 mg 
films that had not been treated or were WA for 30 minutes were then placed in PBS for 24 
hours and the amount of silk that dissolved was measure by UV absorbance (A280). Without 
WA the 30 mg films are still mostly insoluble with only 6.2% dissolving out of the film and 
the 30 min WA film dissolved 1%. Students t-test, p-value is displayed on the chart, n = 3. 



114 
 

cells have shown that 20 ng of either IFN-γ or IL-4 per mL of media is sufficient to cause 

M1 or M2 polarization, respectively, of the macrophages (Chanput et al., 2013). 

Therefore, I used 10 times the amount of IFN-γ needed for differentiation in vitro 

(200ng/film) and cast into either 10, 20, or 30 mg silk films to account for low release. 

The films were then WA for 30 minutes to induce crystallinity. After crystallization the 

films were air dried again and then placed in 1 mL PBS to allow for release of the 

cytokine. Samples were collected every 24 hours for 5 days and the concentration of IFN-

γ was measured by ELISA. After each sample was collected, another 1 mL of PBS was 

added to each well containing the films. An initial burst release of IFN-γ was seen after 

24 hours from all films, and a subsequent slow release of 1%  per day or less following 

the burst release (Fig. 2.3A). The 10 mg film released nearly 80% of the initial 200ng 

loaded into the films over the course of 5 days. The 20 mg film released near 60% of the 

IFN-γ, whereas the 30 mg films released 10%. A release of 10% (or 20ng) in 24 hours is 

the ideal amount for in vitro differentiation of THP-1 cells so I continued to use 30 mg 

films that were WA for 30 minutes for further studies. 30 mg films containing IL-4 were 

also tested and release was analyzed by ELISA every 12 to 24 hours (Fig. 2.3B). Again, a 

burst release was seen within the first 12 hours and a slow release followed out to 5 days, 

releasing nearly 10% of the initial 200 ng IL-4. The initial burst release is good for in 

vivo implantation studies as well, because monocyte infiltration and macrophage 

differentiation occurs rapidly within the first 24 to 40 hours of a wound (He and 

Marneros, 2013). 
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The Influence of Molecular Weight of Silk and BSA Poragen on Cytokine Release 

Silk fibroin is first obtained from silk cocoons by boiling them in an alkali 

solution of 20mM Na2CO3 to remove the sericin. Boiling in the alkali solution causes 

hydrolysis of the protein and the longer the protein is boiled, the more hydrolysis occurs 

resulting in a reduced average molecular weight of the silk protein (Wang and Zhang, 

2012; Wray et al., 2011). The solubilized silk protein obtained by boiling for various 

amounts of times will also produce materials with different mechanical properties (Wray 

et al., 2011). Therefore, cytokine release was tested using two different boiling times to 

Figure 2.3. Release of IFN-γ and IL-4 from Silk Films. (A) Silk films made from 10, 20, or 
30 mg of silk and loaded with 200ng IFN-γ each were dried and WA for 30 minutes. Films 
were placed in 1 mL PBS and samples were analyzed by ELISA every 24 hours. 10mg films 
released the majority of IFN-γ (76%) by 5 days. 20 mg films released nearly 60%, and 30 mg 
only films released 10% by day 5. (B) A similar release profile for IL-4 was seen with 30 mg 
silk films as well, where they released almost 10% of the IL-4 after 5 days. IL-4 release over 
time was significant (F(6,14)=75.49, p<0.001).   
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determine the effect of molecular weight on cytokine release. Dissolved and desalted 

HMW silk is very viscous and will spontaneously form a gel after 2-3 months. LMW 

silk, on the other hand, will never spontaneously form a gel and is much less viscous. 

These two different molecular weight silk protein solutions were different enough that I 

used them to make 30 mg films for the release of IFN-γ. I also varied the WA times from 

30 to 60 minutes to determine the best crystallinity to induce in the silk films for 

sustained released. All films were 30 mg. Cytokines loaded into silk films made from 

fibers that were boiled for 90 minutes released slightly more IFN-γ than the films made 

from 30 minute boiled silk fibers (12% vs 10%). Interestingly, the WA times between 30 

to 60 minutes did not appear to have a significant impact on the total amount released 

from HMW or LMW silk, though the LMW films that were WA for 30 or 45 minutes 

showed slightly higher percentages of release after the initial burst, likely due to 

increased solubility of LMW silk films (Fig. 2.4A).  

Diffusion is the main mechanism of small molecule drug release through a 

crystalized silk polymer matrix. However, larger proteins cannot diffuse easily through 

the network of fibers that are interconnected through β-sheet domains. The fibrillar 

network of dried silk films is very dense allowing only small molecules to diffuse 

through easily. Pores can be created by doping various molecules into the silk solution, 

which form small interconnected pores of that molecule after drying. This method of 

using a poragen that takes up space and can create interconnected pores has been proven 

useful for diffusion-based drug release systems (Tongwen and Binglin, 1998). 

 To test if adding bovine serum albumin (BSA) as a poragen would enhance the 

release of cytokines from silk films by creating pores for which the proteins could escape, 
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several concentrations of BSA were added to silk solutions. Loading more than 1% BSA 

in the silk films caused them to lose their homogenous nature and became cloudy at the 

edges and very brittle. At 1% BSA the films were still clear and without any observable 

changes to stiffness. However, films containing 1% BSA did not improve the release of 

the IFN-γ with either HMW or LMW silk (Fig. 2.4A). In fact, with HMW films, the BSA 

poragen actually prevented the release of some IFN-γ from the films. The various WA 

times had little effect in terms of enhancing or preventing release of cytokines from BSA 

loaded films. If addition of BSA increased the β-sheet content it could explaining the 

decreased release profile, however the FT-IR spectrum was measured and there was no 

significant change in β-sheet content within the Amide I region of the IR spectra after 

addition of BSA (Fig. 2.4B). This indicates that the silk network is not effected by the 

addition of 1% BSA, and therefore the BSA must prevent the release by other means, 

either by blocking pores or by binding both IFN-γ and silk. 
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Figure 2.4. Effect of Silk Molecular Weight and BSA Poragen on IFN-γ Release. (A) 
LMW and HMW silk was used for making silk films to release IFN-γ. All films were WA for 
30, 45, or 60 min to induce some level of crystallinity. Furthermore, some films had 1% BSA 
added to them to act as a poragen. Neither WA time nor BSA addition significantly affected 
the release of IFN-γ from LMW films (F(5,24)=0.517, p=0.76). However, in HMW films the 
addition of BSA significantly prevented release of IFN-γ (F(5,24)=404.6, p<0.0001), though 
WA times did not impact the release. (B) Using HMW silk, films were analyzed by FT-IR to 
quantitate the contribution of β-sheet structure after 30, 45, and 60 min WA. Addition of BSA 
did not significantly alter β-sheet structure, though at 30 min WA the BSA may have 
prevented some of the β-sheet structure. 
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Macrophage Polarization with Silk Films 

 THP-1 cells are monocytic cells derived from an acute monocytic leukemia 

patient that are highly proliferative, unlike peripheral blood monocytes, and they 

maintain the ability to differentiate into macrophages. In order to differentiate THP-1 

cells towards the general macrophage phenotype, or M0 macrophages, they need to be 

treated with phorbol myristate acetate (PMA), which activates protein kinase C (Chanput 

et al., 2013). Overnight treatment of THP-1 cells with PMA forces the cells to adhere to 

the substrate. In order to determine how well silk films can polarize M1 or M2 

macrophages, I either seeded THP-1 cells on top of the films or directly on tissue culture 

plastic followed by submersion of the films in the media. The cells seeded directly on top 

of the films were also treated with PMA concurrently, whereas THP-1 cells seeded on 

tissue culture plastic were treated with PMA 16 hours prior to submersion of the films. 

This approach reveals whether the cells are differentiating from the cytokines alone or 

from interactions with the silk. 

 When THP-1 cells were seeded onto silk films containing either IFN-γ, IL-4, or 

no cytokine as control, and treated with 100ng/mL PMA they adhered and 

morphologically looked like M0, M1, or M2 macrophages. The M0 macrophages, seeded 

on control films adhere strongly and only slightly spread out, whereas cells seeded on IL-

4 containing films will also attach and spread but they spread much further and adopt the 

common “fried egg” morphology. Cells seeded onto the IFN-γ films will adhere and send 

out projections, reminiscent of dendritic cells (Fig. 2.5B). 

 Using qPCR, expression of M1 or M2 macrophage markers were investigated. 

First THP-1 cells were seeded into 24-well plates in media containing 100ng/mL PMA. 
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The THP-1 cells were then incubated overnight until they were strongly adherent to the 

wells. These adherent cells are referred to as M0 macrophages because they upregulate 

the general macrophage marker CD68 compared with THP-1 monocytes from suspension 

culture (Fig. 2.5C). After PMA treatment films containing either IFN, IL-4 or control 

films were then submerged in the media to release the cytokines. The M1 marker CCR7 

was strongly upregulated after treatment with films containing IFN-γ. Macrophages 

treated with IFN-γ films also suppressed expression of CD206, a common marker of M2 

macrophages. M0 cells treated with IL-4 films showed the opposite expression pattern 

with an increase in CD206 and a decrease in CCR7 expression (Fig. 2.5D). 



121 
 

 

Figure 2.5. Macrophage Polarization with Silk Films. (A) To differentiate THP-1 cells into 
macrophage and polarize them to M1 or M2 the cells are either seeded into a well containing 
PMA (100ng/mL) and allowed to attached to the surface of a cytokine loaded silk film or to 
the tissue culture plastic. After overnight attachment and differentiation in PMA the media is 
changed and if cells were initially seeded onto plastic then films are submerged in the media. 
(B) THP-1 cells, after PMA treatment and attachment to a control silk film with no cytokines, 
spread on the surface and small, flattened, round cells. Attachment to the IFN-γ film induces 
M1 differentiation and the cells become elongated with long processes (black arrowhead), 
some also appear dendritic-like and send out processes in all directions (white arrowhead). On 
the IL-4 films, the cells adhere and spread, and unlike the M1macrophage, processes are not 
common. (C) qPCR of THP-1 cells treated with PMA for 24 hrs as compared to control cells 
show an increase in CD68 expression. (D) Polarization of the macrophage with either IFN-γ or 
IL-4 loaded films leads to expression of markers of M1 (CCR7) or M2 (CD206), respectively. 
Student’s t-test. *p  <  0.01. 
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Macrophage Plasticity 

One of the hallmarks of macrophages is their plasticity in response to stimuli. M1 

and M2 are extremes of polarization phenotypes, but in vivo macrophages exist in a 

continuum of various states. Not only do they exist in various states but they are able to 

change states depending on the environment and paracrine signals. For instance M2 

macrophages in atherosclerotic plaques can become phenotypically M1, which are the 

cells that cause plaque formation in the first place (Hansson and Libby, 2006b; Swirski et 

al., 2007). In culture, M1 and M2 macrophages can be reversed by changing the cytokine 

supplemented in the media (Davis et al., 2013a).  

In order to show that silk films were also capable of repolarizing macrophages, 

the THP-1 cells were first polarized to M1 (with IFN-γ) or M2 (with IL-4) and then 

treated with the opposing cytokines loaded into silk films. THP-1 cells were treated with 

PMA to differentiate them to macrophages and then treated with 20 ng/mL IFN-γ for 48 

hours. After 48 hours they expressed high levels of CCR7, the M1 marker. Similarly, 

when the THP-1-derived macrophages are treated with IL-4 for 48 hours they expressed 

the M2 marker, CD206. Remarkably, when polarized macrophages were treated with the 

opposing cytokine, or with silk films loaded with the opposing cytokine, for another 48 

hours, the expression profiles nearly reverse. For instance, when THP-1 derived 

macrophages are initially treated with IFN-γ for 48 hours and then the media is switched 

to IL-4 for another 48 hours the expression of CCR7 is dramatically reduced and the 

expression of CD206 emerges (Fig. 2.6A). The opposite is true as well: initial M2 

treatment with IL-4 for 48 hours and then switching to IFN-γ causes the loss of CD206 

and a strong increase in CCR7 (Fig. 2.6B). 
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Macrophage Degradation of Silk Films 

 When silk films are WA for greater than 2 hours the β-sheet content of the films is 

high enough that very little silk is still soluble (data not shown). The β-sheet content can 

be induced more rapidly also by increasing the temperature during WA (Hu et al., 

2011b). When IFN-γ or IL-4 was loaded into films that were WA for 2.5 hours at 50°C, 

the release of IFN-γ and IL-4 from the high β-sheet content films was negligible (Fig. 

Figure 2.6. Macrophage Plasticity. THP-1 cells were treated PMA for 16 hours and media 
was then changed to either 20ng/mL IFN-γ or IL-4 for 48 hours. After 48 hours in the initial 
polarization the media was again changed such that cells that had received IFN-γ initially then 
got IL-4, and cells treated with IL-4 were switched IFN-γ. The cells were lysed at the 48, or 96 
hour time points after PMA treatment to look at CCR7 (M1) or CD206 (M2) expression. The 
cells initially treated with IFN-γ showed very strong CCR7 expression at 48 hours and 96 
hours. When cells were switched from IFN-γ to IL-4 they lost their CCR7 expression and 
gained CD206 expression. Similarly, cells initially treated with IL-4 had strong expression of 
CD206 at 48 and especially at 96 hours post PMA treatment, but when they were switched to 
IFN-γ they lost most CD206 and strongly gained CCR7 expression. Student’s t-test. *p < 0.01. 
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2.7A); IFN-γ released a total of 0.6% of 200ng over 5 days. Similarly, IL-4 release was 

even less at 0.16% over 5 days.  The β-sheet content was measured at 35% in films WA 

for 2.5 hours at 50°C (Fig. 2.7B), which is about a 40% increase from films WA at room 

temperature for 60 minutes (see Fig. 2.4B).  

 The release from the high β-sheet content films alone was not enough to polarize 

the macrophages when the films were submerged in the media and did not make direct 

contact with the macrophages. However, when the macrophages were seeded on top of 

the films so that they adhered and were in direct contact with the films, they did polarize, 

though to a lesser extent than after adding the cytokines to the media directly (Fig. 2.7C). 

IFN-γ loaded films caused macrophages to increase expression of CCR7 nearly 8-fold 

compared to cells on control films. IL-4 films increased CD206 expression 4.5-fold 

compared with the control. This demonstrates that the macrophages were able to access 

the cytokines within the films when in direct contact, but not when the films were 

suspended in the media above the macrophages.  

 In order to determine if the macrophages were degrading the films to access the 

cytokine reserves trapped in the high β-sheet content films, the THP-1 macrophages were 

trypsinized off the films and the films were imaged using SEM. The areas where cells 

had attached was very obvious in all films (Control, IFN-γ, and IL-4) loaded films. In 

areas surrounding the locations that macrophages had adhered to the films were many 

small holes. Individual macrophage locations are easily distinguishable by the holes and 

rough surface of the silk surrounding a 10 µm circular indentation where the actual cell 

had adhered. (Fig. 2.7D). The holes and indentations on the silk most likely represent the 
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degradation of the silk films by the macrophages, which would explain how they are able 

to access the cytokines. 
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Figure 2.7. Macrophage can Degrade Silk Films. (A) Films that were WA for 2.5 hours at 
50°C released very little of the cytokines that were loaded into them. Each film contained 
200ng of either IFN-γ or IL-4 and released a total of 0.6% and 0.157%, respectively. (B) The 
β-sheet content of the 50°C annealed films was about 35% of the Amide I region (high β-sheet 
content) as compared to the control film that had not been WA, which had just over 16% β-
sheet content. (C) CCR7 or CD206 expression was measured in THP-1 cells that were either 
seeded directly onto high β-sheet content films or were seeded on tissue culture plastic and 
had the films submerged in the media. CCR7 and CD206 were only measured to change 
significantly when the cells had direct contact with the films. (D) Macrophage were 
trypsinized off of the films and the films were then visualized under SEM, showing signs of 
degradation around the macrophage. 
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Silk Films In Vivo 

Silk films were implanted subcutaneously in C57/Blk6 mice to determine if they 

had a negative effect on the mouse and to look for changes in macrophage response. 

During the wound healing process, monocyte and macrophage infiltration begins around 

24 hours post wounding and peaks at 48 hours. Therefore, 48 hours after implantation the 

skin surrounding the implanted films was resected to look at effects of macrophage 

polarization. The resected skin also included the film itself, which was encapsulated in a 

thin fibrous capsule. The films implanted were all 30 mg films, using LMW silk, and WA 

for 30 minutes. Each film contained 600ng IFN-γ, IL-4, or a control with no cytokines. 

Staining for the M1 marker CCR7 along with the general macrophage marker, 

CD68, showed that there was little infiltration of macrophages surrounding control films. 

Strangely, IFN-γ loaded films did not result in higher numbers of M1 macrophages in the 

vicinity of the film similar to the control films. Staining for CCR7 or CD68 was nearly 

absent with IFN-γ films. However, the IL-4 films seemed to result in increased levels of 

M1 macrophages (CCR7+) as well as more CD68 positive cells. These staining results 

showed that IL-4 lead to a higher macrophage infiltration, but that the population of 

macrophages was a heterogeneous mix of both M1 and M2 macrophages (Fig. 2.8). M1 

macrophages were most commonly seen around the base of hair follicles in sections from 

IL-4 loaded films. Previous studies have shown that during the regressive phase of hair 

growth, or catagen, higher levels of M1 macrophages are present. The increased level of 

M1 macrophages seen around hair follicles after IL-4 film implantation may indicate that 

IL-4 induces the exit from anagen hair growth to catagen.  However, this data alone is 

insufficient support for this conclusion. 
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Looking at M2 markers after implantation of the films led to a similar result: 

control films and IFN-γ films caused very little infiltration of macrophages (M1 or M2) 

after 48 hours, whereas IL-4 films increased both M1 and M2 macrophage infiltration 

Figure 2.8. M1 Macrophage Polarization In Vivo. Staining for CCR7, CD68, and DAPI in 
sections derived from mouse skin with 10 mg films, WA for 30 minutes and loaded with 600 
ng of IFN-γ or IL-4. Both control and IFN-γ films do not have infiltrated macrophage. IL-4 
films show an increase in CCR7 staining and CD68 throughout the adipose tissue. Dotted 
lines mark the border of the silk film with tissue, and * indicates the silk film. 
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(Fig. 2.9). IFN-γ films showed little infiltration of M2 macrophages, though there were 

some pockets of tightly packed CD206/CD68+ cells that may represent monocytes in the 

blood vessels within the adipose tissue. IL-4-loaded films on the other hand had large 

areas of CD206 and CD68 staining along the panniculus carnosus muscle and in the 

adipose tissue. Staining for macrophage markers (either CCR7, CD206, or CD68) was 

not detected within the fibrous capsule surrounding the films. Staining of CD206 in 

sections from IL-4-loaded films did not show any increased staining around hair follicles. 

Altogether, the silk films do not elicit a strong immune reaction even with 

cytokines loaded into the films. There was no observable immunogenic reaction on the 

skin above the implanted silk films out to 7 days post-transplantation. A thin fibrous 

capsule does surround the films 48 hours after implantation, but does not stain positive 

for macrophage markers CD68, CCR7, or CD206 indicating it is not likely giant cell 

formation. IL-4 films appear to increase the infiltration of macrophages to the site of the 

film but do not prevent M1 macrophage polarization or promote an especially strong M2 

response. A more interesting site to follow up would be in the wound itself where a lot of 

macrophages would be recruited normally. Another site worth investigating is the 

intraperitoneal cavity where many macrophage reside normally and a strong macrophage 

response can be elicited 24 hours after injection of 3% Brewer thioglycollate medium. 
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Multi-layered Silk Films for Diffusion Controlled Release 

 The previous experiments showed that a vast majority of the release from the WA 

silk films was likely due to the soluble portions of the film that had not entirely 

Figure 2.9. M2 Macrophage Polarization In Vivo. Control films transplanted 
subcutaneously show very little staining for CD68 or CD206. Similar to control films, IFN-γ 
films show little staining for CD68 or CD206 in the tissue but there do appear to be small 
clusters (arrowheads) of CD68 or CD206 positive cells throughout the adipose tissue likely 
within blood vessels. IL-4 films, however show an increase in CD206 staining outside of 
blood vessels along panniculus carnosus and within the adipose tissue. 
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crystalized. Therefore, a diffusion based release system, rather than a solubility based 

release system, where the barrier to diffusion is easily tunable is highly desirable. To this 

end, I created a multi-layered silk film where the outer layers are fully crystalized and the 

inner layer is completely soluble. To allow diffusion of the inner layer through the 

crystallized outer layer, small holes (~100 µm diameter) were burned through outer 

layers with a laser cutter. 

To make the layered films a three step strategy was employed. First the outer 

most layers were crystalized with high heat and high pressure by squeezing them between 

two blocks made of polydimethylsiloxane (PDMS) in an embossing press at 50 psi and 

120°C (Fig. 2.10A), which removes most of the water from the films and causes rapid β-

sheet formation. The crystallized outer layers were then placed in a laser cutter that was 

programmed to cut holes at specific spots on the film. Second, a “glue layer” consisting 

of a soluble silk film that has its center punched out is then sandwiched between the two 

outer films. The glue layer is hydrated with steam from a sonication humidifier, which 

allows it to crystalize at low temperatures and pressure when all the films are pressed 

together. One hour prior to making the outer layers, the inner soluble silk film, which 

contains fluorescently labeled albumin as model protein for release, was placed in 

chamber with Drierite desiccant to keep the films as dry as possible. Keeping the film dry 

prevents the crystallization that occurs in the hydrated glue layer due to the temperature 

and pressure increase in the embossing press. Finally, all the components are sandwiched 

together and pressed in the embossing press at 7.5 psi and 75°C for 10 seconds. The heat 

and pressure causes the hydrated glue layer to crystalize, sticking the outer layers 

together, whereas the inner layer remains entirely soluble (Fig. 2.10B). 
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Figure 2.10. Heat and Pressure Annealed Multi-layered Silk Films. (A) The outer two 
layers of silk films are compressed at 50 psi and heated to 120°C to fully crystallize the films 
and holes are cut in one of them with a laser cutter. A hydrated and soluble ring of silk, or 
“glue layer”, is sandwiched between the outer crystallized films. A dry and fully-soluble silk 
film loaded with albumin-fluorescein is placed in the center of the construct. The whole 
sandwich of films is then compressed at 7.5 psi and 75°C to crystalize the glue layer but 
leaving the inner drug loaded film uncrystallized. (B) When placed in PBS the inner layer 
completely solubilized and diffuse out of the holes in the outer layer. With no holes the inner 
layer will still solubilize but cannot diffused out of the construct. With 9 holes all of the inner 
soluble layer diffused out after 48 hours (holes are marked by an arrowhead). (C) The number 
of holes cut into the outer layer, from 0 to 9, determined the amount and rate of release. The 
inner film is loaded with 120 µg Albumin-fluorescein. Fluorescence was measured by 
removing 100 µl supernatant and measuring fluorescence and returning the supernatant to the 
wells contain the compressed films. One-way ANOVA, F(4,25)=15.01, p<0.0001. 
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Fluorescein-conjugated albumin was loaded into the inner layer as a model 

protein, because it is large and cannot diffuse through crystalized silk. The linear range of 

detection for fluorescein-albumin was empirically tested to be between 1µg/mL to 500 

µg/mL, so 120 µg was chosen to be tested for release from the pressure/heat annealed 

films. Release from such films was controlled by the number of holes cut into the outer 

layer. As a proof of concept 0 to 9 holes were cut into the films. With no holes in the in 

the outer films very little of the albumin-fluorescein conjugate was released, ~%15 total. 

The albumin- fluorescein that was released from the films with no holes was likely due to 

a small amount of leakage from the glue layer. Air trapped between the films during 

compression in the embossing press occasionally led to small holes or incomplete 

crystallization of the glue layers. This can be corrected in the future by keeping the entire 

apparatus and films in a vacuum during the heat and pressure treatment. 

 

Discussion and Conclusions 

 Silk has been used for medical sutures for centuries though more recently silk 

materials have really begun to emerge as versatile material for medical applications and 

in fact the FDA approved the Seri Surgical Scaffold for soft tissue reinforcement during 

surgery in 2013. A great many more medical uses for silk proteins have been published as 

well, displaying the promise that this biodegradeable, bioresorbable, and non-

immunogenic silk material holds. In this work, I generated silk films using various 

techniques for the controlled release of cytokines to manipulate macrophage polarization 

in vitro and in vivo.  
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Macrophages have been implicated as a driving factor in numerous diseases from 

cancer to atherosclerosis and metabolic syndrome. The medical benefits of having an 

implantable film that locally controls inflammation, particularly through directing 

macrophage polarization, holds great promise for these various diseases. I have shown 

that silk films that are loaded with cytokines are capable of a controlled release that 

polarizes the macrophages to either the M1 or M2 phenotype. In addition, I showed that 

by using these films, macrophages can be repolarized from an M1 or M2 state to the 

opposite state. The repolarization is important for diseases such as atherosclerosis, in 

which many M1 macrophages are already present and repolarizing them towards M2 

macrophages could be very beneficial. Similarly, in cancer, where TAMs are present, 

polarizing them towards an M1 phenotype may help in attacking the cancer and 

preventing its spread. 

 Several variables were taken into account to control cytokine release from silk 

films: solubility and crystallinity, thickness, poragen addition, and diffusion barriers. The 

solubility of silk films with respect to the amount of crystallinity the films contain was 

first investigated. Using thin films containing 10 mg silk fibroin and a short WA time of 

15 minutes induced very little β-sheet content in the films as compared with untreated 

films and they dissolve rapidly when placed in PBS, leaving only a small ring of 

crystalized silk that does not dissolve. By increasing the time of WA to 30 or 45 minutes, 

there was a slight increase in β-sheet content, but a drastic decrease in solubility. Longer 

than 2 hours of WA caused the films to become insoluble. WA times, therefore, can be 

used to fine tune the solubility of the silk. Between 30 and 45 minutes of WA there is the 

initiation of intermolecular β-sheet formation, however large portions (about 20%) of the 
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silk still remain in the Silk I configuration and will dissolve out. There does not appear to 

be an intermediate structure of silk that dissolves more slowly, as no extra dissolved silk 

was detectable after 48 hours in PBS.  Thus the silk is either in a fully soluble or fully 

insoluble state, and only the amount that dissolves can be controlled by varying the WA 

time. 

One hypothesis was that thicker films would release IFN-γ more slowly because it 

would take longer to dissolve the silk out of the films. However, the release rate was not 

significantly slowed by making films thicker, but instead the total amount released was 

changed. When 200 ng of IFN-γ was loaded into 10, 20, or 30 mg silk films the solubility 

of those films correlated well with the release of the IFN-γ. Most of the IFN-γ (80%) was 

released from the 10 mg films that had been WA for 30 minutes and were 25% soluble. 

Similarly with the 20 mg films, the release of IFN-γ was decreased to 60% and the 

solubility was decreased to 23%. The 30 mg films on the other hand released only 10% of 

the IFN-γ and had a solubility of only 1%. This indicates that the amount of release can 

be correlated with the amount of silk that dissolves from the films. This data indicates 

that there will always be a burst release of the cytokine as the silk will dissolve out 

relatively rapidly within the first 24 hours. Over the course of 5 days the release of IFN-γ 

or IL-4 only slightly increased, potentially due to the degradation of the silk, though the 

amounts released were within the physiological range detected in human plasma in vivo 

after and infection (Hailu et al., 2004).  However, the degradation rate, and subsequent 

release of cytokines was not tested out past 5 days. 

Smaller fragments of silk protein generated by hydrolysis with longer boiling 

times was hypothesized to increase the speed at which silk degrades by decreasing the 
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strength of the β-sheet domains. This would allow a steady release of physiological 

concentrations of cytokines over time. However, 30mg films made from LMW silk only 

released slightly more IFN-γ than HMW films, indicating that even the smaller fragments 

of silk protein are able to form fairly strong β-sheet bonds after WA. Adding poragens 

was also hypothesized to allow more of the protein to be released from beta-sheeted films 

after the initial burst release by potentially disrupting some of the β-sheet structure and by 

creating paths for more of the cytokines to escape from β-sheeted sections of the films. 

However, addition of BSA did not seem to have an effect on release from LMW silk 

films but from HMW films it actually reduced the amount of IFN-γ released. The β-sheet 

content was the same with or without BSA meaning that the introduction of BSA did not 

interfere with silk β-sheet formation and that it was not a functional poragen because 

release was actually decreased by addition of BSA in the HMW films. 

Initial experiments creating layered film structures such that the outer layers were 

completely insoluble while the inner drug-containing layer remained 100% soluble 

showed some promise for more controlled release profiles. Small holes cut by laser into 

the surface of the outer layers allowed for release of the inner soluble layer, which could 

be controlled by increasing the number of holes. This technique of adding pores to a 

crystalized layer can be controlled down to the nanometer scale by addition of polyvinyl 

alcohol (PVA) to the silk solution (Wang et al., 2010). Though it was not tested in vitro 

or in vivo, these porous layered films may hold the greatest promise for controlled release 

of larger proteins, such as cytokines, from films. 

I used the THP-1 monocytic cell line as an in vitro model for control of 

macrophage polarization by silk films. PMA treatment of the THP-1 cells differentiates 
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them into M0, or general macrophages, as gauged by an increased expression of CD68, 

and the cells attach well to the tissue culture plastic or to the films. Macrophage 

polarization to M1 or M2 was controlled using films with 200ng IFN-γ or IL-4, 

respectively, which were put either in direct contact with the cells (cells were seeded on 

top of the films) or the films were placed in the media above the cells. Both methods 

caused polarization as long as the films released at least 10% of the cytokine within the 

first 24 hours. Films with a high degree of β-sheet content induced by high temperature 

(50°C) and long WA times (2.5 hours) did not release enough cytokines to polarize the 

macrophages when indirectly added to media.  However, when the cells were directly 

seeded onto the films they were able to degrade the silk allowing access to the cytokines 

inside. This shows that there are two potential uses for these silk films, first to control 

macrophage polarization in surrounding tissue by releasing cytokines, or second to 

control macrophage polarization only at the location of the implant. The second option 

may be desirable in tissue engineering application where normal immune responses may 

be necessary for tissue integration but formation of giant cells or fibrous capsules may be 

inhibited by controlling macrophages directly at the site of the scaffold tissue. 

To show that the cytokine-loaded films could potentially be used to treat diseases 

such atherosclerosis or chronic inflammation in obesity that would require the 

repolarization of resident macrophages, the films were used to test the plasticity of 

polarized macrophages. To do this, macrophages were polarized for 48 hours toward the 

M1 or M2 phenotype with the addition of IFN-γ or IL-4 to the media, respectively. After 

that initial polarization, films containing the opposite cytokine were introduced to see if 

the macrophages could switch from M1 to M2 or vice versa. The films very efficiently 
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repolarized the macrophages as determined by looking at CCR7 and CD206 as markers 

of the M1 or M2 phenotype. This demonstrates that these films could potentially be 

wrapped around blood vessels showing early atherosclerotic lesions or by implantation 

into subcutaneous fat tissue to regulate the activity of the M1 macrophages. Similarly, 

many tumors have associated M2 macrophages that indicate a more invasive phenotype 

and poor prognosis. The IFN-γ films may be able to treat these types of tumors as well by 

forcing the M2 tumor-associated macrophages into the M1 type, which are known to be 

able to kill tumor cells and prevent tumor invasiveness. 

Finally, several films were implanted subcutaneously into mice. The films 

contained IFN-γ, IL-4, or no cytokine as a control. Interestingly, the films loaded with IL-

4 had the strongest effect by recruiting more macrophages within the tissue near the site 

of the films, as marked by expression of CD68. However, both M1 and M2 macrophages 

were observed within the adipose tissue when the IL-4 films were implanted, indicating 

that either the films did not contain enough IL-4 to force M2 macrophage polarization 

exclusively or that in vivo IL-4 recruits macrophages of all types. Another possibility is 

that IL-4 recruited M2 macrophages that then recruited other M1 macrophages through 

downstream mechanisms. Strangely, INF-γ films were indistinguishable from the control 

films with very little staining for macrophages near the films. 

 

Future Directions 

 By tuning the solubility of the silk with WA I was able to control the amount of 

cytokine released from silk films, though I was unable to control the rate at which the 
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cytokines were released. There are several strategies that can be deployed that may work 

to create a sustained release of cytokines. The first approach I would take to generate 

steady release kinetics would be to functionalize the silk with a hydrolysable linker that 

covalently connects the cytokines to the silk. For example, functionalizing the films with 

sulfhydryl groups could allow attachment of IFN-γ or IL-4 via disulfide bonds with their 

accessible cysteine sulfhydryl residues. The IFN-γ or IL-4 could also be functionalized 

using N-succinimydyl 3-(2-pyridyldithio) propionate (SPDP) to add sulfhydryl moieties 

to their free amines. The IFN-γ or IL-4 could then be released through hydrolysis or 

reduction by conditions produced by macrophages and other immune cells and the water 

found in all tissues. Disulfide bonds are naturally hydrolysable and therefore the release 

rate in water would depend only on the reaction rate constant of hydrolysis. This method 

was previously used with a wool keratin sponge, which has many cysteines that can form 

disulfide bonds with the functionalized surface of lysozyme (Kurimoto et al., 2003). The 

keratin and lysozyme were oxidized in the presence of SPDP to link the free amines on 

lysozyme to the sulfhydryl groups on keratin through a disulfide bond. The lysozyme was 

released stably for 21 days and the linkage stabilized the enzyme so that it maintained its 

activity the entire time. There are other reagents that can be used to generate free thiol 

groups on silk as well such as traut’s reagent or diazonium coupling linked with a 

sulfoaniline. Diazonium coupling has been used to functionalize the tyrosines on silk 

fibroin with hydrophobic or hydrophilic analines (Murphy et al., 2008). The same process 

can easily be done with sulfhydryl analines such as 4-phenylamino ethanethiol. 

Creating the heat- and pressure-annealed films with micro-pores for the slow 

release of cytokines from the fully-soluble inner layer is likely the easiest method for 
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controlling release. Though the release may be fast, on the order of days or weeks, it may 

be more amenable for locally controlling macrophage responses than the WA films that 

gave a burst release followed by very slow release of the cytokines. In order to make the 

porous outer layer of films PVA of varying concentrations can be added to the silk 

solution. As the silk dries the PVA will coalesce as small droplets throughout the silk 

film. After crystalizing the silk, the PVA droplets can be leached out in water to produce 

small pores throughout the film. By adjusting the concentration of PVA the pore sizes 

can controlled as well. 

 Finally, I presented strong evidence that silk films can be used to control the in 

vitro polarization of macrophages.  However, in vivo evidence could be much stronger. 

By implanting the films subcutaneously away from the site of the incision I limited the 

macrophages response that I saw. The hope was to see high infiltration of macrophages 

due to the films, but unfortunately there was very little macrophage infiltration and the 

polarization results were inconclusive. Using a better site, such as directly on a full-

thickness skin punch biopsy (Lucas et al., 2010), or in the intraperitoneal cavity after 

induced peritonitis using thioglycollate (Zhang et al., 2008a), the macrophage response 

should be much more pronounced. An increased macrophage response could demonstrate 

the capacity of the films to polarize macrophages in vivo more convincingly than the 

subcutaneous implant location. 
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Materials and Methods 

Silk Degumming and Dissolving 

Silkworm cocoons from Bombyx mori were purchased from Tajima Shoji Co., 

LTD (Yokohama, Japan) and are processed into pure silk fibroin solution as previously 

described (Rockwood et al., 2011). Briefly, cocoon are cut into small pieces and placed 

into boiling 0.02mM Na2CO3 for various times depending on experiment (in this study 30 

minutes or 90 minutes). Silk fibers boiled for 30 minutes are referred to as “high-

molecular weight silk” (HMW) and 90 minutes as “low-molecular weight silk” (LMW). 

After boiling the fibers are washed in deionized water and left to dry in a fume hood 

overnight. The next day a solution of 9.3 M LiBr is added to the silk fibers at a ratio of 

1:4 weight (g) to volume (mL) and then allowed to dissolve at 60°C for 4 hours. The silk 

solution is then dialyzed against 4L deionized water for 3 days, changing the water 3 

times per day for a total of 7 changes. At that point the silk fibroin is centrifuged at 

4,000xg to remove particulate matter and is ready for experiments. To determine the 

concentration of the silk solution, 1mL of solution is added to weigh boat and weighed 

before and after drying in a convection over at 60°C overnight.   

Silk Casting and Water Annealing 

Polydimethyl siloxane (PDMS) (GE Plastics, Pittsfield, MA) was cast into 24-

well culture plates to make 1.4cm diameter PDMS cylinders. Silk solutions were added 

on top of the cylinders and allowed to dry overnight under constant air flow. The dried 

silk films were then placed in a vacuum chamber with basin of water inside. The vacuum 

chamber was sealed and a vacuum was pulled to -80 kPa. The vacuum was removed to 

allow the water to evaporate and build the water pressure in the chamber. The amount of 
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time in the WA chamber is specified in each experiment and determines the amount of β-

sheet crystallinity that will be induced in the material. 

Heat and Pressure Annealing for Layered Films 

Dried films were placed between PDMS and a thin sheet nickel and loaded into an 

embossing press to compress the PDMS-silk-nickel sandwich at a pressure of 50 psi and 

at temperature of 120°C, which generated insoluble films. Adjusting the pressure down to 

7.5 psi and the temperature to 75°C will crystalize hydrated films whereas dry films will 

not crystalize and remain soluble. Films are hydrated by passing through room 

temperature steam generated by a Vicks® ultrasonic humidifier. To keep films dry they 

are stored in a jar filled with Dierite Dessicant. Four-layered silk films were created using 

two insoluble films for the outer layers with a hydrated silk-ring inner layer that acts as a 

glue that crystallizes at 75°C and 7.5 psi. The inner most layer is a dry film that will not 

crystalize and remains soluble. The inner dry-film contained 120 µg Albumin-fluorescein 

(Sigma Aldrich). Prior to combining the films the outer layers would have various 

numbers of 100µm holes cut in them with a Trotec Speedy 300 laser cutter. 

FTIR Analysis 

Fourier Transform Infrared spectroscopy (FTIR) measurements were recorded 

with a was performed with a Jasco FT/IR-6200 Spectrometer with a MIRacle™ 

Attenuated Total Reflectance (ATR) crystal (Piketech). The wavenumber spectrum 

analyzed was from 400 to 4000 cm-1 and beta-sheet content was measured within the 

amide I region from 1590-1700 cm-1. Origin software was used for peak fitting of the 

deconvoluted IR spectrum. Area under the peaks was calculated at full-width at half-max 
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and were used for quantitation of β-sheet content using the peaks within the 1610 to 1626 

cm-1 range. 

Solubility testing 

1.4cm diameter silk films were placed in 1 mL 1X Phosphate Buffered Saline 

(PBS) (Gibco) in wells of a 12-well culture plate (Falcon) and placed on a shaker for 24 

hours. Wells that had either 10, 20, or 30 mg of silk solution added to PBS was used as 

the 100% control. Standard curves were made by diluting silk 1:1 starting with 30mg/mL 

down to 0.47mg/mL in PBS. 200ul of dissolved silk solutions were added to 96-well UV 

microplates (Thermo Scientific) and the absorbance at 280nm (A280) was measured. 

IFN-γ and IL-4 Release 

200ng of human recombinant IFN-γ or IL-4 (Peprotech) were added to the silk 

solution to be cast into a film. After the films were dried and WA they were placed in 12-

well plates containing 1mL PBS and placed on a shaker to allow release of the cytokines 

from the films. At each time point to be measured the full 1mL was removed from each 

well and a fresh 1mL PBS was added. All samples were frozen at -80°C. To measure the 

amounts of IFN-γ or IL-4 in each sample ELISA kits (R&D Systems, IL-4 Duo Set, 

DY204; IFN-γ Duo Set, DY285) were used according to manufacturer protocol.  

THP-1 cell culture and treatments with IFN IL-4 & Films 

THP-1 cells were purchased through ATCC. They are maintained in RPMI-1640 

with 10% Fetal Bovine Serum (FBS) and 1% antibiotic-antimicotic (Gibco, Life 

Technologies). 5 x 105 cells were seeded per well of 24-well plate in RPMI/10% FBS 

containing 100 ng/mL phorbol myristate acetate (PMA) (Sigma Aldrich) and allowed to 

attach to the plate overnight. The next day media was changed to polarization media or 
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films were added. M1 polarization media was composed of RPMI/10% FBS containing 

20 ng/mL IL-4. M2 polarization media is the same as M1 but with 20 ng/mL IFN-γ 

instead of IL-4. 

Scanning Electron Microscopy 

Silk films were dried and cut in half then sputter coated with platinum. Images 

were taken with a Zeiss Supra 55 VP SEM. 

In Vivo Implants 

30mg silk films made from low-molecular weight silk containing 600ng IL-4, 

IFN-γ, or PBS as control were WA for 30 minutes and implanted subcutaneously onto the 

backs of C57/Blk6 mice according to IACUC protocol#. Prior to insertion of the films 

under the skin, mice were anesthetized with 5% isofluorane in air and their backs were 

shaved, swabbed clean with ethanol followed by iodine. After implantation the wounds 

were stappled shut and the mice were injected with ibuprofen. After 48 hours post-

transplantation the mice were euthanized with CO2 and cervical dislocation. The skin 

surrounding and containing the silk films was excised and fixed in neutral buffered 

formalin for 48 hours. 

Immunofluorescence staining 

Fixed skin samples were dehydrated with increasing concentrations of ethanol 

followed by xylene. The tissues were then embedded in paraffin wax and 8 µm sections 

were cut with a microtome and placed on SuperFrost Plus microscope slides. Paraffin 

was removed with xylene and the tissue sections were rehydrated in decreasing 

concentrations of ethanol and finally deionized water. Heat induced epitope retrieval was 

performed by boiling slides in 10 mM citrate buffer, pH 6, for 30 minutes. Sections were 
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blocked with 5% goat serum in PBS for 30 minutes and then primary antibodies were 

added to the slides for 1 hour. Slides were washed in PBS-T (PBS with 0.05% Tween-20) 

and secondary antibodies were added for an additional hour. Images were taken with a 

Zeiss Axiovert 40 CFL.   
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